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ABSTRACT: The synthesis of N-heterocycles is of paramount importance for the pharmaceutical industry. They are often
synthesized through atom economically and environmentally unfriendly methods, generating significant waste. A less ex-
plored, but greener alternative, is the synthesis through the direct intramolecular C-H amination utilizing organic azides. Few
examples exist using this method, but many are limited due to the required use of stoichiometric amounts of Bocz0. Herein,
we report a homoleptic C,0-chelating mesoionic carbene iron complex, which is the first iron-based complex that does not
require the addition of any protecting groups for this transformation and that is active also in strong donor solvents such as
THF or even DMSO. The achieved turnover number are an order of magnitude higher than any other reported catalytic system.
A variety of C-H bonds were activated, including benzylic, primary, secondary and tertiary. By following the reaction over
time, the presence of an initiation period was determined. Kinetic studies showed a first-order dependance on substrate con-
centration and half-order dependance on catalyst concentration. Intermolecular competition reactions with deuterated sub-
strate showed no KIE, while separate reactions with deuterium-labeled substrate resulted in a KIE of 2.0. Moreover, utilizing
deuterated substrate significantly decreased the initiation period of the catalysis. Preliminary mechanistic studies suggest a

unique mechanism involving a dimeric iron species as the catalyst resting state.

1. Introduction

Formation of carbon-nitrogen bonds is an important step
in the synthesis of pharmaceuticals, agrochemicals and nat-
ural products.! Of the FDA approved drugs, some 60% con-
tain a nitrogen heterocycle, making them an important class
of C-N bond containing compounds in the pharmaceutical
industry.23 Among them are for example the strong opioid
pain relievers oxycodone* and morphine,® blood thinners
apixaban® and rivaroxaban,” paroxetine® used as an antide-
pressant, and methylphenidate® to treat ADHD. Many of
them are listed in the top 200 sold drugs worldwide.10

Formation of the C-N bond makes the synthesis of this
class of compounds challenging, common methods to from
C-N bonds are nucleophilic substitution, cycloadditions and
reductive aminations.!112 These methods often require ad-
ditional synthetic steps, in order to install the required func-
tional groups. More attractive, but far less developed meth-
ods are nitrene transfer reactions, such as direct C-H ami-
nation or alkene aziridination, which are often catalyzed by
transition metal complexes.!314 Even though many different
methods are available for the generation of the highly active
nitrene, most of them suffer from a poor atom economy, as
they are derived from e.g. hypervalent iodides,!> and there-
fore generate significant amounts of waste products.!516 Ar-
guably, the most atom-economic nitrene precursors are or-
ganic azides, as dinitrogen is the only waste product formed
upon nitrene generation.

Pioneering work by Betley et al. revealed the synthesis of

N-heterocycles by direct intramolecular C—H amination us-
ing azides in the presence of an iron-dipyrrin catalyst and
stoichiometric amounts of Bocz0 in order to form protected
N-heterocycles (Scheme 1).17 While turnover numbers
(TONs) were low (5.7), this work demonstrated the feasibil-
ity of using azides. Several hundreds of TONs were accom-
plished with van der Vlugt’s iron complex bearing a redox-
active NNO ligand, though stoichiometric amounts of Boc20
were still needed to prevent catalyst inhibition by the amine

product (Scheme 1).18 Direct C—H amination with azides
was also demonstrated with cobalt,920 iron2!-2¢ and palla-
dium?252¢6 catalysts, but they were all limited by the use of
Boc20. Only recently, Betley et al. developed a cobalt- and a
nickel-dipyrrin system, which operate at room temperature
and do not require addition of Bocz0 or other protecting
groups. 2728 Key was the availability of pyridine, either as an
additive or as a built-in ligand, to suppress catalyst deacti-
vation (Scheme 1). However, TONs remained moderate and
all catalysts known so far of Earth-abundant iron require
stoichiometric amounts of Bocz0, which produces consider-
able amounts of waste and deteriorates the atom-economy
of this reaction.

Based on our experience in utilizing mesoionic carbenes
(MICs) in catalytic transformations,?® we envisioned that
their extremely electron donating nature disfavors amine
coordination; therefore, circumventing product inhibition



in C-H amination. Coordination of MICs to first-row transi-
tion metals has considerable catalytic potential,3® though
catalyst robustness is a challenge since first row transition
metals, especially in high valence states, prefer ionic inter-
actions while MIC are known to form bonds with highly co-
valent character. In order to tackle this mismatch, we de-
signed a phenoxy chelating moiety, which favors ionic inter-
actions as a means to support MIC bonding to the first-row
transition metal center. Herein, we report the synthesis of a
C,0-chelating homoleptic iron complex, which is highly ac-
tive in the catalytic intramolecular C-H amination for the
synthesis of N-heterocycles. For the first time, no addition
of Bocz20 - or any other protecting group - is required with
an iron catalyst, and the accomplished TONs are unprece-
dentedly high and surpass the state-of-the-art by one order
of magnitude.
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Scheme 1. Selected examples of previously reported cata-
lysts for the intramolecular C-H amination using al-
kylazides, in comparison with the herein reported cata-
lyst.17.18.27.28

2. Results & Discussion

2.1 Synthesis of Iron complex 1. Iron complex 1 was
synthesized from ligand L1 by phenol deprotonation of L1
with KHMDS (Scheme 2 and SI), followed by addition of 0.5
equivalents of Fe(HMDS)23! and stirring for 16 h. Purifica-
tion by precipitation and several extractions afforded pure
(by CHN combustion elemental analysis) yet highly air- and
moisture-sensitive complex 1 as an orange powder. The
synthetic procedure is robust and has been successfully ap-
plied to gram-scale preparations of 1. Single-crystals suita-
ble for X-ray diffraction analysis were obtained by laying a
concentrated benzene solution of 1 with hexane.
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Figure 1. ORTEP representation of 1 (50% probability el-
lipsoids, H atoms omitted for clarity).

The molecular structure displays a highly distorted tetra-
hedral homoleptic iron complex (74 = 0.79 7's = 0.81),3233 in
which two ligands with identical bond lengths and angles
coordinate in a C,0-bidentate chelating fashion (Fig. 1). The
high distortion is attributed to the fixed bite angle of the bi-
dentate ligand (O-Fe-Cu- 90.29(4)°) and the high O...0 elec-
trostatic repulsion, which leads to a large O-Fe-0 angle of
126.92(5)°. The Fe-Cu, bond distance is 2.0406(12) A,
which is longer than any of the previously reported Fe(II)-
Cu- bonds, typically ranging between 1.92 and 2.02 A.3+-3

Characterization of the complex by *H NMR spectroscopy
suggests an open-shell electronic structure, due to the sig-
nals ranging from +60 and -20 ppm and absence of any mul-
tiplicity (Fig. S25). Furthermore, the complex was com-
pletely silent in 13C NMR spectroscopy. Magnetic suscepti-
bility (uefr) measurements in solution by Evans Method® in
CeDs afforded a magnetic moment of 4.87 us, consistent with
the spin-only value (4.90 us) of a quintet (S = 2) spin system,
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Figure 2. (a) VT-SQUID magnetization data of a solid sample of
1, recorded with an applied DC field of 1 T, in the temperature
range between 2 and 300 K. The simulation (red line) yields pa-
rameters D = 10.03 cm-! for the axial component of the mag-
netic dipole-dipole interaction, and giso = 1.99. For VT-VF
SQUID data, see S129-S130. (b) Zero-field 57Fe Mossbauer
spectrum of a solid sample of 1, recorded at T = 77 K. The red
line represents the best fit obtained (¢ = 0.75 mm-s-1, AEq =
2.34 mm-s-t, [fwhm = 0.3 mm-s-1). All simulations performed
with JulX2.41



indicative of a high-spin iron(II) complex (Fig. S26-S27).
SQUID measurements in the solid-state are in agreement
with the magnetic data obtained from Evans Method*? in so-
lution and revealed a magnetic moment of 4.86 us at 280 K
(Fig. 2a). The equal values suggest an identical molecular
structure in the solid-state and in solution. As expected for
a high-spin iron(Il) complex, the magnetic moment of 1 in
the solid-state is temperature-independent in the 60-300 K
range. Below 60 K, a sharp decrease due to zero-field split-
ting is noted. No spin-crossover is observed, indicating a
high-spin electronic configuration of 1 over the entire 2-
300 K temperature range.

A zero-field 57Fe Mossbauer spectrum, recorded on a
powderous sample of 1 at 77 K, features a single quadrupole
doublet, with an isomer shift, , of 0.75 mm-s-! and a quad-
rupole splitting parameter, AEq, of 2.34 mm-s-! (Fig. 2b), in-
dicative for the presence of a single iron species in the solid
state.

2.2 Catalyst activity and optimalization. To explore the

reactivity of complex 1 in the intramolecular C—H amina-
tion, we initially used (4-azido-4-methylpentyl)-benzene
(S1) as a model substrate for the formation of pyrrolidine
P1 as aminated product (Table 1). Using 1 mol% of 1 in CeDs
or toluene-ds at 100 °C resulted in a 91% yield after 24 h
(entries 1-2). Formation of the pyrrolidine product was con-
firmed by 'H, 13C NMR spectroscopy and HRMS. In addition,
two minor side products were observed by 'H NMR spec-
troscopy and HRMS and were identified as the linear amine
formed upon reduction of the azide and the cyclic imine, re-
spectively. The latter presumably formed by

dehydrogenation of the pyrrolidine product P1 before
product release rather than in a post-catalytic reaction,
since its proportion did not increase when the reaction was
kept beyond full conversion. Notably, when performing the
reaction in THF-ds, a similar yield of 88% was obtained (en-
try 3), contrary to previously reported iron catalysts, which
are fully inhibited by THF.1” Hence, complex 1 is the first
iron-based catalyst that shows catalytic activity in donor
solvents, such as THF. Increasing the temperature to 120 °C
in toluene-ds significantly increased the rate of the reaction
and afforded full conversion and 92% product yield in just
6 h (entry 4). A comparable yield of 89% was obtained when
using DMF-d7 as solvent, while DMSO-ds decreased the rate
substantially and resulted in a modest 43% yield after 6 h
(entries 6-7). This drop in yield might be rationalized by the
acidity of DMSO, by the presence of trace amounts of water
in DMSO, or by the coordination ability of DMSO. Nonethe-
less, the activity in DMSO is noteworthy, since only one com-
plex has been reportedly evaluated in DMSO to date, and
that nickel-dipyrrin system displayed no catalytic activity at
all in this solvent.28

Remarkably, and irrespective of the solvent used, com-
plex 1 catalyzes the intramolecular C-H amination effi-
ciently in the absence of Bocz0. This behavior is unique for
any iron-based complex catalysing this transformation us-
ing unfunctionalized alkyl azides,?!-2¢ and indicates that the
catalytically active species is not impacted by the presence
of pyrrolidine product as potential ligand. Previous exam-
ples of iron complexes that do not require Boc20 in the in-
tramolecular C-H amination all require either aromatic or

Table 1: Optimization of the intramolecular C-H amination reaction catalyzed by 12.

N3 Ironcat1 ©/(,\>\/
©/\/>< N
S1 P1
Entry Er?ltOlo/L(])ading Solvent Temp. (°C)  Time Yield (%)? E(;Jr;;/ersion
1 1 CeDs 100 6h/24h 11 /91 14 /100
2 1 Toluene-ds 100 6h /24N 12 /91 13 /100
3 1 THF-ds 100 6h/24h 8/88 15 /100
4 1 Toluene-ds 120 6h 92 100
5¢ 1 Toluene-ds 120 6h 0 0
6 1 DMF-d7 120 6h 89 100
7 1 DMSO0-ds 120 6h 43 46
8 0.1 Toluene-ds 120 48 h 78 81
9 0.01 Toluene-ds 120 7d 76 81
10 0 Toluene-ds 120 7d 0 0
11 1 Toluene-ds 25 7d 0
12 1d Toluene-ds 120 6h 0 0
13 1e Toluene-ds 120 6h 9/14 10

aCatalysis was performed on a 0.25 mmol scale in ] Young NMR tubes; see SI for exact experimental details. »Yields and
conversions were determined by 1H NMR spectroscopy using 1,3,5-trimethoxybenzene as internal standard. <One equiva-
lent of Boc20 was added. 9Fe(OAc)2 was used as catalyst. ¢FeClz was used as catalyst.
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specifically functionalized alkyl azides.*243 The formation of
a robust catalytic species that is insensitive to exogeneous
donors is also supported by the efficient catalytic transfor-
mations observed in strong donor solvents, such as THF,
DMF and, to some extent, even in DMSO (vide supra). Sur-
prisingly, the addition of one equivalent of Boc20 has actu-
ally a detrimental effect and fully inhibits catalytic turnover,
which was attributed to decomposition of 1 in presence of
Bocz0 (entry 5). In agreement with the high robustness of
the catalytically active species, lowering of the catalyst load-
ing was possible. Using 0.1 instead of 1 mol% of 1 resulted
in a 78% yield after 48 h (entry 8). Further lowering to just
0.01 mol% did not affect the yield significantly (76%, 81%
conversion), though extended reaction times of 7 d were re-
quired (entry 9). This performance corresponds to 7600
TON, which is an order of magnitude higher than any other
reported molecular catalyst reported to date.28 No conver-
sion was observed at room temperature, contrary to the
nickel?® and cobalt?744 catalysts reported by Betley et al.
Also, a blank reaction in the absence of the iron catalyst
does not afford any product (entries 10-11). Similarly, sim-
ple iron salts such as Fe(OAc)z and FeClz showed negligible
catalytic activity and gave 0% and 9% yield, respectively, af-
ter 6 h, cf. 92% with complex 1. These discrepancies demon-
strate a clear impact of the ligand environment in 1 for im-
parting catalytic activity and thus support the notion of a
molecularly defined active species.

The absence of a-hydrogens at the azide is crucial for high
selectivity. Performing the reaction with (4-azidobutyl)ben-
zene at 120 °C with 1 mol% 1 resulted in a mixture of mul-
tiple unidentified products (Fig. S123). While the character-
istic benzylic signal for the desired pyrrolidine was ob-
served, its quantification and hence determination of selec-
tivity was hampered due to overlap with other resonances.
We attribute the low selectivity to the high reactivity of the
formed nitrene intermediate and the ensuing fast hydrogen
atom abstraction (cf the high activity of 1), which leads to
multiple sides products when a-hydrogens and benzylic hy-
drogens are available. The high activity of complex 1 there-
fore limits the substrate scope to tertiary azides, in line with
previously reported less-active systems.28
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2.3 Substrate scope. The scope and limitations of the 1-
catalyzed amination was explored under optimized condi-
tions (cf Table 1, entry 4) with a range of tertiary alkyl az-
ides with different types of C-H bonds in the 3-positon and
with several functional groups. The tolerance of a variety of
functional groups was evaluated by introducing different
substituents in the para position of the model substrate.
Thus, substrates with Me (P2), OMe (P3) and Br (P4)
groups smoothly underwent C-H amination and gave com-
parable yields and time-conversion profiles after 6 h
(Scheme 3). Accordingly, the weakly coordinating ability of
aromatic ethers is not problematic, nor are aromatic bro-
mides, despite their potential to undergo homolytic bond
cleavage. Likewise, substituting the phenyl group with a
weakly coordinating thiophene group (P5) did not result in
any significant change in yield after 6 h. The catalytic system

is remarkably versatile and allows for a large variety of C—
H bonds to be aminated. Thus, C-H bond activation of the
tolyl Ar-CHs group afforded the fused bicyclic isoindoline
P6 in 87% yield after 6 h (Scheme 3), indicating that pri-
mary C—H bonds are also prone to be activated. Although
the aliphatic C—H bond has a higher bond dissociation en-

ergy (BDE) than benzylic C—H bonds,* using (5-azido-5-
methylhexyl)benzene as substrate, afforded the kinetically
favorable five membered heterocyclic amine P7 in a 73%
yield after 24 h. Formation of the thermodynamically more
favorable six-membered ring was not observed, insinuating
that the selectivity-determining step of the reaction is kinet-
ically controlled. Furthermore, the successful transfor-
mation suggests that 1 may also catalyze the amination of
unactivated strong aliphatic C—H bonds. Indeed, non-aro-
matic substrates with tertiary, secondary, and primary ali-
phatic C-H bonds in 3-positon were amenable to catalytic
amination and provided products P8-P10. Yields obtained
for amines P8-P10 are gradually declining as the BDE in-
creases from tertiary to secondary and to primary C—H
bonds in the corresponding substrates.*5 Especially the for-

mation of amine P10 from the activation of a primary C—H

H

o

P2
6 h: 89% 6 h: 92% 6 h: 93%
H H H
P8 P9 P10
6 h: 88% 6 h: 55% 6 h: 8%
24 h: 95% 24 h: 83% 24 h: 29%

H
N N N
H H X H NH
MeO Br \_s
P3 P4 P5 P6 P7

6 h: 92% 6 h: 87% 6 h: 46%
24 h: 73%
N N3
H
Br
P11 P12 S13
6 h: 78% 6 h: 78% No reaction
24 h: 84% 24 h: 84%

Scheme 3. Substrate scope of the intramolecular C-H amination, blue thick bond represents the formed bond upon cycliza-
tion. Catalysis was performed on a 0.25 mmol scale in ] Young NMR tubes; see SI for exact experimental details. Yields were
determined by H NMR spectroscopy using 1,3,5-trimethoxybenzene as internal standard.
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bond proved to be challenging, in line with previous obser-
vations.17.2844 Bridged bicyclic amine P11 and bicyclic spiro
amine P12 were both obtained from their corresponding
azide upon cyclization in high yields. We note that substrate
$13 featuring an alkyl bromide did not show any activity in

C—H amination, presumably because of bromide abstrac-
tion by the iron catalyst as demonstrated with Betley’s
nickel-dipyrrin system.28

2.4 Kinetic studies. Insights into the mechanism of the

C—H amination of complex 1 was sought from kinetic stud-
ies. Attempts to follow the fate of 1 under catalytic condi-
tions by 'H NMR spectroscopy revealed no change in signals
for 1 upon addition of substrate S1 at room temperature.
When heating the reaction to 120 °C, i.e. the temperature
used for catalytic conversion, 'H NMR spectra (at room tem-
perature) showed a gradual decrease of the signals for 1
over time. When utilizing 1 mol% of catalyst, all signals cor-
responding to 1 disappeared within 2 h (Fig. S4), suggesting
that the catalyst requires an activation step to form the ac-
tive species. No new signals were observed, which points to
an NMR-silent active species/resting state.

Reaction orders were determined by varying the starting
concentration of both substrate and catalyst by using the az-
ide S1 under optimized conditions (Table 1, entry 4). Nota-
bly, time-dependent monitoring of the conversion reveals
an induction period (Fig. 3a), in line with a catalyst activa-
tion step and an initiation phase before reaching the highest
rate, consistent with the 'H NMR spectroscopic observa-
tions (vide supra). Variation of the substrate concentration
at constant catalyst concentration indicates that the initia-
tion is faster at higher starting concentration of substrate
$1, as the highest reaction rate is reached earlier (Fig. 3a).
This maximum reaction rate correlates linearly with the in-
itial substrate concentration, in excellent agreement with a
first-order dependence of the reaction rate on substrate

concentration for the catalytic C—H amination (Fig. 3b).4¢
This dependence is in sharp contrast to most other ob-
served rate laws reported for this reaction, in which the
substrate concentration has a zero-order dependance. Only
the cobalt porphyrin system by de Bruin et al. also has a
first-order dependence on substrate.!?
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Figure 3. (a) Yield of the N-heterocycle P1 by intramolecular C-H amination over time with varying substrate concentrations at t =
0, [sub]o =0.22 - 1.8 M, and with [cat] = 4.5 mM. (b) Variation of the maximum reaction rate against substrate concentrations at t=0,
[sub]o = 0.22 - 1.8 M, and with [cat] = 4.5 mM together with a linear regression fit (solid line, R2 = 0.9996). (c) Yield of the N-hetero-
cycle P1 by intramolecular C-H amination over time with varying catalyst concentrations [cat] = 1.1 - 9.0 mM and with [sub]o = 0.45
M. (d) Variation of the maximum reaction rate against catalyst concentrations [cat] = 1.1 - 9.0 mM and with [sub]o = 0.45 M together
with a power function fit dP/dt = 1.17[cat]%5 (solid line, R2 = 0.995).
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The rate order in catalyst was probed by varying the con-
centration of iron complex 1 while keeping the starting con-
centration of substrate S1 unchanged. Again, the catalyst in-
itiation period is shorter with higher catalyst concentra-
tions (Fig. 3¢). Remarkably the highest observed reaction
rate is not linearly correlated with the catalyst concentra-
tion (Fig. 3d), and points to a deviation from classic first-or-
der kinetics as observed with previously reported catalytic
systems.17:18.2527.28 [nstead, the data provide an excellent fit
with a power equation (y = ax?), where b equals 0.5, com-
mensurate with a rate law that is half-order in catalyst (Fig.
3d). This order suggests that the catalytically active species
is a dimeric structure that is cleaved in the turnover-limit-
ing step.

The kinetic isotope effect (KIE) was measured by an in-
termolecular competition reaction between the non-deu-
terated and bis-deuterated isotopomer of the substrate (S1
vs S1-d2) in the benzylic position (Scheme 4a).4748 Follow-
ing the reaction over time shows a preferred selectivity for
S$1-d: at early stages of the reaction (Fig 4a,b). However, af-
ter the catalyst initiation the product distribution (P1 vs
P1-d:) is close to the starting ratio of deuterated and non-
deuterated substrate, indicating no KIE. It is worthnoting
that this is only the second catalytic system for C-H amina-
tion that does not show any KIE next to de Bruin’s cobalt
porphyrin complex.1® All other systems feature a KIE be-
tween 1.9 and as high as 38.4.2444

Notably, separate intermolecular KIE experiments pro-
vided deviating results. The initiation period of the catalyst
is significantly lower when using S1-d2 as substrate when
compared to S1 (Fig. 4c). This behavior also rationalizes the
apparent inverse KIE observed at the initial stages of the
competition experiment (cf Fig. 4b). Likewise, monitoring
the reaction by 'H NMR spectroscopy shows a faster de-
crease of the signals of 1 in the presence of deuterated sub-
strate compared to the reaction with non-deuterated S1
(Fig. S5). Moreover, comparison of the time-conversion pro-
files of separate catalytic runs performed exclusively with
S1-d: and with non-deuterated S1, respectively, indicates
faster catalyst activation and slower catalytic conversion for
the deuterium-labeled substrate S1-dz. The different rates
from these separate experiments yield a KIE of 2.0. How-
ever, due to the different induction periods, the KIE values

determined by intermolecular competition experiments ap-
pear more reliable (vide infra).
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Scheme 4. (a) Intermolecular KIE competition experiment
between S1 vs S1-dz. (b) Intramolecular KIE competition
reactions using S1-di.

Further KIE measurements included monodeuterated
substrate S1-di to discriminate intramolecular C-H vs C-D
bond activation (Scheme 4b). Time-dependent monitoring
of the ratio of P1-din, formed via D-atom abstraction, and
P1-di1c, produced via HAA, revealed a strong preference for
the formation of P1-dicat early stages of the reaction, e.g.
KIE = 14.3 at 14% yield (Table S2). During the course of the
reaction this selectivity erodes significantly, e.g. KIE = 3.9 at
34% yield, and eventually reaches a KIE of 2.2 at late stages,
indicating a progressive shift to more competitive C-D bond
activation. We note that conversion of S1-d: does not in-
volve any significant initiation period, similar to the conver-
sion of S1-dz and in the intermolecular KIE competition ex-
periment. These data point to a distinct role of the C-H/D
bond at catalyst activation stage. For example, agostic stabi-
lization of the iron center by a C-H bond is expected to be
stronger than with a C-D bond, therefore imparting more
substantial induction times. Once the catalytically compe-
tent species is formed, however, H atom abstraction is ki-
netically preferred over D atom abstraction. Such a scenario
is consistent with the high KIE observed at early stages in
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Figure 4. (a) Yield of pyrrolidine by intramolecular C-H amination over time for the intermolecular KIE competition experiment
([S1]o = 0.24 M [S1-dz]o = 0.21 M) with [cat] = 4.5 mM. (b) the ratio of the deuterated and non-deuterated product P1 with respect
to the yield of the reaction, black line at 1.15 corresponds to the initial ratio of S1 and S1-dz. (c) Yield of pyrrolidine P1 and P1-d2
by intramolecular C-H amination over time from isolated runs using deuterated and non-deuterated substrates S1 and S1-dz under
identical conditions.



the intramolecular competition experiment, as well as with
the divergences of rates and induction times observed when
comparing isolated runs with S1 and S1-da.

While formation of a non-molecular species upon catalyst
activation cannot be fully excluded, the low activity of sim-
ple iron salts, the reproducible and consistent initiation pe-
riod and the well-defined kinetic behavior of the catalytic
system lends strong support to a catalytically active species
that is molecularly defined.*® In addition, in situ Evans’
measurements showed a gradual change of the magnetic
moment for the iron complex from 4.87 us to 4.73 us (Fig.
S6). These data point to the formation of a new S = 2 com-
plex with a slightly decreased magnetic moment, which
might result from an increased diamagnetic contribution
due to substrate binding or small contribution of spin states
involving antiferromagnetic coupling, which is known for
nitrene complexes.5°

2.5 Mechanistic considerations. All previous studies of
intramolecular C-H amination utilizing azides as a nitrene
precursor propose similar mechanisms (Scheme 5a).17-2851
Accordingly, the first step consists of azide coordination to
the metal center, followed by release of dinitrogen to obtain
a metal bound nitrene. Subsequently, the nitrene undergoes
a hydrogen atom abstraction (HAA) from the C-H bond,
which has been identified for most reported catalysts as the
turnover-limiting step based on the obtained KIE and zero-
order rate dependence on substrates. An exception is the
cobalt porphyrin system by de Bruin et al.,, in which azide
coordination has been proposed as the turnover limiting
step due to the observed first-order rate in substrate and

a)

Ph/Q< N
5

A - S~
NG Ph NN

| )
ML ML
N,
Xi NP
HN -
i Ph "“
ML ~_ ML

b)

the absence of any KIE.1? The HAA step is followed by a rad-
ical recombination to form the metal-bound cyclic amine.
Product release then closes the catalytic cycle. Most cata-
lysts require Boc:0 as additive to protect the released
amine and to avoid re-coordination, which is competitive to
substrate coordination and typically leads to product inhi-
bition and prevents catalyst turnover.17-26

In contrast, all data on iron complex 1 indicate a distinctly
different mechanism featuring a dimetallic intermediate as
catalyst resting state in agreement with the prominent ini-
tiation period and the half-order rate law in catalyst concen-
tration. Specifically, we propose formation of a dimeric iron
complex, [FeL2(NR)]z, upon activation of complex 1 in pres-
ence of the organic azide (L = C,0-bidentate carbene ligand;
Scheme 5b). Formation of this species may involve an
(an)agnostic interaction that is more stable with C-H bonds
and therefore leads to slower catalyst activation than in the
presence of weaker interactions with C-D bonds. The di-
meric [FeL2(NR)]z acts as catalyst resting state and is pro-
posed to be in equilibrium with the monomeric iron species
which may be caught by an azide substrate in an unfavora-
ble equilibrium. Subsequent irreversible loss of dinitrogen
to form the iron nitrene is assumed to be the turnover lim-
iting step. This model is consistent with the observed power
one kinetics in substrate and the power half kinetics in cat-
alyst,52-55 as well as the absence of any kinetic isotope effect
in intramolecular competition experiments. Subsequent
HAA by the nitrene and radical rebound steps may proceed
in an analogous manner as deduced for other catalysts
(Scheme 5a). Final amine dissociation is favored with 1,

N
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\N\’\‘l
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Fel, intermediate
N2
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ﬂ ﬁk Mph
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NH 0.5 [FeLo(NR)], NSN-y
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Scheme 5. (a) Proposed mechanism of previously reported catalytic systems for the intramolecular C-H amination using
azides as a nitrene precursor; (b) diverging mechanism proposed for complex 1 (abbreviated as FeLz; t.1.s. = turnover limiting

step).
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presumably because the stability of the dimer prevents re-
coordination of the substrate. Therefore, additives like
Boc20 or pyridine!7-26 are not required for the catalysis to
proceed efficiently. The low product inhibition offers op-
portunities for efficient C-H amination, as demonstrated
with runs producing nearly 8,000 TON.

We attribute the resistance of the catalytic cycle to donor
solvents and product inhibition, in part, due to the high-spin
electronic configuration of the iron complex, which de-
creases the interaction between the iron center and the o-
donating amine, as all d-orbitals are partially or fully occu-
pied. In addition, unlike previously reported iron complexes
that are catalytically active in this transformation, 1 bears
two strongly electron donating carbene ligands; thus mak-
ing the iron center highly electron rich. Moreover, the two
chelating ligands shield the metal center in pseudo-tetrahe-
dral geometry, which may induce an entatic state for high
catalytic activity and simultaneously sterically shield the
metal center, thus further adding to the resilience of cata-
lytic intermediates to bind to pyrrolidine products or donor
solvent molecules such as THF or DMSO0.56:57

3. Conclusion

We present a new open-shell homoleptic iron complex
bearing two chelating phenoxy-carbene ligands as the first
example of a tetrahedral complex that is active in the intra-
molecular C-H amination using alkylazides as nitrene pre-
cursor. The catalyst is highly robust and efficiently catalyzes
the C-H amination, even at low loadings, achieving unprec-
edentedly high TONs of up to 7600, which is an order of
magnitude higher than any other catalyst known to date.
The transformation is operationally simple and highly
atom-economic, since - for the first time - an iron catalyst
does not require any Boc20 when using unfunctionalized al-
kyl azides to prevent product inhibition typically caused by
the amine. A variety of C-H bonds are activated, including
tertiary, secondary, and even primary aliphatic C-H bonds,
albeit the latter only in modest yields. The mode of opera-
tion of the catalyst is distinctly different when compared to
other systems, and proceeds through a unique dimeric iron
species. More detailed mechanistic studies to characterize
relevant catalytic intermediates and to elucidate the cata-
lyst activation process are currently ongoing in our labora-
tory.
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