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Abstract

An in-depth study of the mechanism of the azidation of C(s¢%)—H bonds with Zhdankin’s
A3-azidoiodane reagent catalyzed by iron(I1)(pybox) complexes is reported. Previously, it was
shown that tertiary and benzylic C(sp3)—H bonds of a range of complex molecules underwent
highly site-selective azidation by reaction with a A3-azidoiodane reagent and an iron(11)(pybox)
catalyst under mild conditions. However, the mechanism of this reaction was unclear. Here, a
series of mechanistic experiments are presented that reveal critical features responsible for the
high selectivity and broad scope of this reaction. These experiments demonstrate the ability of

the A3-azidoiodane reagent to undergo I—N bond homolysis under mild conditions to form
A-iodanyl and azidyl radicals that undergo highly site-selective and rate-limiting abstraction of a
hydrogen atom from the substrate. The resultant alkyl radical then combines rapidly with a resting
state iron(111)-azide complex, which is generated by the reaction of the A3-azidoiodane with the
iron(11)(pybox) complex, to form the C(sp3)—N3 bond. This mechanism is supported by the
independent synthesis of well-defined iron complexes characterized by cyclic voltammetry, X-ray
diffraction, and EPR spectroscopy, and by the reaction of the iron complexes with alkanes and the
A3-azidoiodane. Reaction monitoring and kinetic studies further reveal an unusual effect of the
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catalyst on the rate of formation of product and consumption of reactants and suggest a blueprint
for the development of new processes leading to late-stage functionalization of C(s0°)—H bonds.
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INTRODUCTION

Late-stage functionalization of C(sp3)—H bonds within complex molecules has the
potential to facilitate the synthesis of complex target molecules or to create chemical
libraries by diversifying structures at specific positions.1:2 Methods for the regioselective
functionalization of C(sp®)—H bonds in complex molecules with high functional-group
tolerance, however, are rare, and studies to understand the mechanisms of such reactions are
even less common.3-

Nature has developed a suite of enzymes possessing iron-containing active sites, which
catalyze the highly site-selective oxidation of C(s0°)—H bonds of complex molecules,®
and much effort has been expended to understand the mechanisms of these processes.”:8
In concert, researchers have sought to mimic this reactivity of iron-containing enzymes to
develop synthetic methods with small-molecule catalysts reacting by related mechanisms
involving metal-oxo intermediates.® These complexes include both metal-porphyrin
complexes that mimic the reactivity of hemoproteins and metal-amine and amidate
complexes inspired by the reactivity of non-heme iron enzymes (Figure 1).10-17

While the reactions occurring through metal-oxo intermediates have led to valuable
advances, we have sought processes that functionalize C—H bonds to form
carbon—heteroatom bonds with first-row metal catalysts reacting without the intermediacy
of oxo intermediates. Many such reaction pathways are possible and are challenging to
delineate. Yet, these alternative pathways may offer selectivity and reactivity diverging
from that of iron-oxo species and provide complementary reactivity for late-stage
functionalization.

As part of these efforts, our group discovered that the combination of an iron catalyst with
Zhdankin’s hypervalent iodine reagent 118:19 |ed to the azidation of C(s0%)—H bonds in a
mild and selective manner that was suitable for the functionalization of complex molecules
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(Figure 2).20.21 This method contrasts metal-free C(s0%)—H azidation reactions,1922-25
which often lack sufficient selectivity and functional group tolerance to be applied to
molecules that are dense in functional groups. Such C(s¢3)—H bond azidation reactions
are important because the newly formed C(s2°)—Nj3 bond can be transformed into a range
of high-value C(sp3)—N bond-containing functional groups, such as amines, amides, and
triazoles, all of which are important moieties in medicinal chemistry, therefore enabling the
introduction of valuable functional groups into complex molecules at a late stage and at
previously unfunctionalized sites. In addition, a particularly attractive application of azides
is for “click” cycloadditions with alkynes, a reaction that could enable the straightforward
attachment of fluorescent tags or bioconjugation to biotin,26:27 processes that could facilitate
the investigation of the biological activity of natural products and their targets.

While these studies and those of other researchers have led to valuable methodologies?®:28
such as Mn-,29:30 Cy- 3132 or asymmetric Fe-catalyzed33:34 azidation reactions, studies

that have revealed more precise information about the mechanisms of these reactions are
more limited. Such studies are made challenging by the ability of iron to readily undergo
both one- or two-electron reactions and the paramagnetism of many iron complexes.35-37
Consistent with this challenge, we reported preliminary studies including a primary kinetic
isotope effect, which supports a turnover-limiting C(so°)—H bond cleavage during catalysis,
but the identity of the critical species responsible for the site-selective cleavage of the C(sp°)
—H bond and for forming the C(s0%)—N3 bond was not revealed (Figure 3).

Herein, a detailed study of the iron-catalyzed C(st°)—H azidation reaction with hypervalent
iodine reagent 1 is reported. This study clarifies the reaction components that undergo the
crucial C—H bond-cleaving and C—N bond-forming steps and reveals the origin of the
high site-selectivity and functional-group tolerance of this reaction. These studies provide
evidence for the formation of carbon-centered radicals that are generated from hydrogen
atom abstraction (HAA) between azidyl or A2-iodanyl radicals and aliphatic C(sp®)—H
bonds and reaction of the iron(ll) precatalyst 1 to form an iron(111)—Ng3, which acts as an
electrophilic azide source to trap the alkyl radical and serves as the persistent radical in the
system.38:39 The rapid reaction of the alkyl radical by the iron(111)—N3 complex contributes
to the broad scope of the reaction.

RESULTS AND DISCUSSION

1. Proposed Mechanisms.

We considered several plausible classes of mechanisms for the iron(l1) catalyzed C(s0%)—H
bond azidation reaction, on the basis of our preliminary mechanistic data,2%-21 the previously
reported reactivity of 1,18:24 and the expected reactivity of an iron(I1) complex. In one class
of mechanism, a radical chain would be initiated by single-electron transfer from the iron(Il)
complex to 1.4 This electron transfer would generate azidyl and/or the corresponding
A2-iodanyl radical, which could abstract a hydrogen atom from a C(s¢°)—H bond in the
substrate.2441 DFT studies indicate that the A%-iodanyl radical generated from 1 contains
significant spin density on both iodine and oxygen and is best described as a hybrid of
resonance structures with radicals at these positions (Figure 3, potential H* abstractors, 1°).41
The transition state for hydrogen-atom abstraction is calculated to include an interaction of
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the hydrogen in the C—H bond with the oxygen atom distal from iodine.*2 This abstraction
of an H-atom would generate an alkyl radical, which would be trapped by 1 to form the alkyl
azide product and (re)form an A2-iodanyl species that abstracts a C(sp®)—H bond. In this
manifold, the iron(Il) complex would be responsible for initiating a radical chain and filling
the role of the benzoyl peroxide used by Zhdankin in a previously reported C(sp°)—H bond
azidation with 1 (Figure 4a).1°

In a second class of mechanism, a closed iron(I1)/(111) catalytic cycle involving similar
radical intermediates would occur. In this case, the iron(11) complex and 1 would react to
form an iron(111)-azide species and the A2-iodanyl radical from 1, the latter of which would
abstract an H-atom from the substrate to generate an alkyl radical. This alkyl radical would
be trapped by the iron(l11)-azide complex to form the alkyl azide product and reform the
original iron(Il) species (Figure 4b).

In a third class of mechanism, the combination of an iron catalyst and Zhdankin’s A3-
azidoiodane would lead to an intermediate that cleaves the C(sp®)—H bond without the
intermediacy of azidyl or A2-iodanyl radicals. In this case, the iron(11) complex and 1
would react to form an iron(l11) species that would cleave the C—H bond of the substrate.
Pathways involving hydrogen-atom abstraction or concerted cleavage of the C(s¢°)—H
bond, for example by a concerted metalation deprotonation of an C(sp®)—H bond by

a carboxylate to form a discrete iron-alkyl intermediate, could be envisioned. The alkyl
complex could react by dissociation of an alky! radical or by direct interaction with an azide
transfer source (Figure 4c). 4344

In a fourth manifold, the mechanism could occur by a pathway analogous to iron-catalyzed
oxidation reactions through an iron-oxo species.®#® In this case, reaction of a C(sp3)—H
bond with an iron-nitride or iron-nitrene complex could occur. Subsequent transfer of azide
from 1 or an iron-azide complex would form the C(s6%)—N bond.29:33.46

Finally, a fifth mechanism could occur by a hybrid of the previous four. In one such hybrid,
oxidation of iron(I1) by 1 would form an electrophilic iron(I11)-azide complex. Separately,
thermally induced homolysis of 1 could independently generate radicals that would undergo
C(s°)—H HAA from the substrate to form an alkyl radical. The resultant radical could
then selectively recombine with an iron(l11)-azide to forge the C(sp)—N bond. Concurrent
proton transfers could simultaneously exchange groups on iron and on iodine.

The described potential mechanistic pathways predict distinct steps by which the iron(l1)
complex reacts. Thus, we sought to distinguish between these mechanisms and hybrids of
them by the synthesis and reactivity of the Fe(ll) and Fe(I1l) complexes. These studies
constitute the foundation of the investigation and are described in the next section.

Identification of the Catalytically Active Iron Species and Investigation of the Reaction

of These Complexes with Zhdankin’s A3-Azidoiodane and C-(sp3)—H Bonds.

To determine the iron complexes involved in the catalytic reaction, a series of well-defined
iron(Il) and iron(l11) species were synthesized and characterized, and their chemical
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reactivity relevant to the azidation of C(s%)—H bonds with A3-azidoiodane 1 and substrates
with tertiary C(s03)—H bonds was studied.

Iron(11) complexes (L 1)FeCl, (Fe-1) and (L 1)Fe(OAc), (Fe-2) (L1 = ‘PrPybox) were
isolated and characterized. The reaction of a slight excess of Fe(OAc), or FeCl, with 1
equiv of ‘PrPybox in acetonitrile or DCM generated blue solutions from which dark purple/
blue solids were isolated (Figure 5a).4” The (L 1)FeCl, complex was crystallographically
characterized as a trigonal bipyramidal complex.*® The ATR-IR spectrum of (L 1)Fe(OAc),
contained two acetate stretches with a >150 cm™ difference between these asymmetric and
symmetric frequencies, with the symmetric frequency shifted by 20 wavenumbers to higher
frequency than those of Fe(OAc),,4? indicating coordination of L1 and x%-binding of the
acetate; therefore, the structure of (L 1)Fe(OAc), is likely similar to the trigonal bipyramid
of (L 1)FeCl,. Experiments on the reactions of Fe-2 were performed first, followed by
reactions of Fe-1 (vide infra).

The kinetic competence of diacetate complex Fe-2 was evaluated by conducting the
azidation of isopentyl benzoate 2 with 10 mol% of Fe-2 and 1. This reaction resulted in

a 77% yield of tertiary azide product 3, which is comparable to that obtained from reactions
with acetate complex Fe-2 formed in situ (75% yield). Thus, complex Fe-2 is competent to
be a component of the pathway for azidation of tertiary C—H bonds.

The reaction of Fe-2 with A3-azidoiodane 1 was investigated by allowing the two species to
react in the absence of any substrate containing a reactive C(sp°)—H bond and analyzing
the organic and inorganic components by UV/vis absorbance, 1H NMR, ATR-IR, and EPR
spectroscopy, as well as MALDI-MS. Upon mixing equimolar quantities of Fe-2 with
A3-azidoiodane 1 in acetonitrile, an instantaneous color change from blue to a blood-red
occurred. The UV/vis spectrum of the resulting reaction solution was characteristic of
iron(111) species, with a strong absorbance band at Amay = 480 nm.20:51 The absence of the
original absorbance band at A, = 587 hm showed that all of the starting Fe-2 had reacted
(Figure 5b).

The H NMR spectrum of the reaction mixture also showed that diacetate Fe-2 and 1
reacted. The paramagnetic signals of Fe-2 disappeared, which was consistent with the full
conversion of Fe-2 indicated by UV/vis spectroscopy. In addition, quantification of the
diamagnetic organic products revealed ca. 0.5 equiv of the initial 1.0 equiv of azidoiodane

1 was consumed. The expected organic products from homolytic cleavage of 1 and
exclusive azide transfer to Fe(l1), A3-iodane dimer 4 or 2-iodobenzoic acid 5, did not form,
suggesting that both azidyl and iodanyl units of 1 are transferred to Fe(ll) to generate
equimolar amounts of paramagnetic Fe(l11)-azide and Fe(I11)-carboxylate complexes.>2
Independent synthesis and isolation of the proposed products (L 1)Fe(OAc),N3 Fe-3 and

(L 2)Fe(OAC)2(2-1-benzoate) Fe-4 were unsuccessful. However, ATR-IR spectroscopy of

the reaction after removal of unreacted 1 and the solvent from the crude reaction mixture
contained an absorbance at 2039 cm™1 (vs 2050 cm™ of 1),1° which was characteristic of an
iron-azide bond (Figure 5b),%0:51.53 and MALDI-MS analysis of the same solution revealed
an ion corresponding to the iron-azide fragment [(L 1-Pr)Fe(OAc)(N3)]*.>* Furthermore,
analysis of the reaction mixture by EPR spectroscopy revealed a mixture of high-spin Fe(ll1)
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species, which partially fit g= 4.39 and g = 2.02. Therefore, one product of the reaction
between A3-azidoiodane 1 and complex Fe-2 was assigned as Fe(l11)-azide Fe-3 and the
other as Fe(l11)-benzoate Fe-4, based on the full consumption of the iron with just 0.5 equiv
of azidoiodane 1.%°

Cyclic voltammetry of an iron(I11) complex of L 1 and 1 revealed the redox properties of
these reagents and their possible electron-transfer processes in the catalytic reaction. The
cyclic voltammogram (CV) of 1 indicated an irreversible reduction £, at —0.43 V vs SCE,
with no observable return oxidation peak £y, even at high scan rates.56-> The CV of
iron(111) complex (L 1)FeCl3(Fe-5), which was prepared from the reaction of FeCl3 with

L 1, contained a reversible reduction wave for £2(Fe!!l/Fe!') at a more positive potential

of —0.045 V vs SCE.** Because the reduction of 1 is irreversible, it was not possible to
determine a formal reduction potential to compare with the reduction potential of (L 1)FeCls.
While the absolute difference in redox potentials is uncertain, the small difference between
the formal potential of Fe(l1/111) and irreversible reduction of 1 suggested that electron
transfer from Fe(ll) to 1 is possible (Figure 6).

To assess further if Fe-5 could reduce 1, we added 2 equiv of 1 to a solution of Fe-5

and scanned across the negative potential. The resultant CV revealed a significantly higher
current during the reduction of Fe(ll1) to Fe(ll) (Figure 6, red trace) than during the
reduction of Fe-5 alone (Figure 6, blue trace); this greater current is consistent with
repeating electrochemical reduction to Fe(ll) due to chemical oxidation of Fe(ll) to Fe(l1l)
by 1. In addition, the Fe(I1)/Fe(l11) oxidation peak was reversible in the absence of 1 but
was irreversible in the presence of 1, a result that is further consistent with the conversion of
Fe(lIl) to Fe(l11) by chemical oxidation of 1.

To study iron complexes containing the jPrPybox ligand that would be less dynamic than
the acetates but catalytically relevant, we studied the analogous Fe-chloride complexes.

The reaction of (L 1)FeCl, (Fe-1) with A3-azidoiodane 1 was performed and analyzed by
MALDI-MS, 1H NMR, EPR, and UV/vis spectroscopy. The UV/vis spectra of this reaction
displayed the same color change as observed previously with diacetate Fe-2, converting
from blue to blood-red with a nearly identical spectrum containing an absorbance at Amax
=494 nm. These data suggest the formation of complexes with analogous structures. Decay
of paramagnetic 1H NMR signals of Fe-1 were also observed, along with the appearance of
new, broadened paramagnetic 1H NMR signals, consistent with oxidation of Fe-1 to Fe(lII).
The MALDI mass spectrum contained fragments corresponding to the proposed iron(l11)-
azide and iron(111)-carboxylate species [(L 1-Pr)FeCl,(N3)]* and [(L 1)FeCl,(2-1-benzoate)]
*. EPR analysis was also consistent with high spin 5/2 complexes with rhombic distortions
of the octahedral crystal field from features in the spectra at g = 4.35 and the second peak at
g=2.03 (Figure 7a).

While in-situ analysis provided data that were consistent with the generation of octahedral
Fe(I11) complex (L 1)-FeCl,N3, an independent synthesis of this complex was performed
to substantiate our assignment. Iron(l11) azide complex (L 1)FeCl,(N3) (Fe-6) was isolated
in quantitative yield as a dark-red solid after substitution of an azide for a chloride in
(L1)FeCl3(Fe-5) by treatment with an equimolar quantity of sodium azide (Figure 7b).

JAm Chem Soc. Author manuscript; available in PMC 2022 September 06.
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Spectroscopic characterization of Fe-6 supported its assignment as (L 1)FeCly(N3). The
ATR-IR spectrum of Fe-6 contained an absorbance at 2035 cm™1, which is characteristic of
an Fe-azide unit®0:51.53 and close to that observed for the species formed by the reaction of
(L1)Fe(OAc), and 1 (complex Fe-3, 2039 cm™, vide supra); the UV/vis spectrum contained
an absorbance at Amax = 479 nm, which was identical to that of the product of the reaction
of (L 1)FeCl, with 1 (Figure 7a).

The oxidation state, spin state, and geometry of azide Fe-6 were assessed by EPR
spectroscopy. The spectra (Figure 7a) contained one signal at g = 4.35 and a second signal

at g= 2.03 were consistent with a high spin S=5/2 complex with rhombic distortions of the
octahedral crystal field. The paramagnetic 1H NMR signals of Fe-6 overlayed with signals
observed in the 1H NMR spectrum of the reaction between dichloride Fe-1 and 1, supporting
the assertion that Fe-6 forms from the reaction of Fe-1 with 1.58

The potential that the isolated iron(l11)-azide complex Fe-6, or a close analog of this
complex, is an intermediate in the catalytic azidation was assessed. Complex (L 1)FeCl,(Ns)
Fe-6 catalyzed the azidation of isopentyl benzoate 2 to give 43% of the tertiary azide 3,
alongside 19% of the tertiary chloride product 3-Cl, the latter of which presumably arose by
the transfer of a chlorine atom from the Fe—Cl unit.5?

The reactivity of isolated iron(l11)-azide complex Fe-6 with individual reaction components
also was assessed. Heating iron(l11)-azide complex Fe-6 at 50 °C did not lead to reaction
with isopentyl benzoate or with a fluorinated A3-azidoiodane (Figure 7c, the fluorine

atom was present to monitor the reaction by 1%F NMR spectroscopy). In addition, (L 1)Fe-
(OAC),(2-1-benzoate) generated in situ did not isomerize cis-decalin to frans-decalin after
heating at 50 °C for 24 h.%0 These results indicate that Fe(I11) complexes, either isolated or
generated in the catalytic process by the reaction of (L 1)Fe(OAc), with A3-azidoiodane 1,
are not involved in abstraction of the C(sz°)—H bond.

Finally, to assess whether the iron(l11)-azide complex Fe-6 can transfer an azide moiety

to an alkyl radical in the absence of an A3-azidoiodane, equimolar quantities of Fe-6 and
AIBN were heated in acetonitrile at 80 °C. This reaction gave a-cyano azide 9 in 50% yield
(Figure 7c), indicating that the azide of Fe-6 transfers to an alkyl radical.

The experimental results detailed here eliminate several possible mechanistic proposals of
section 1. The Fe(ll) complexes react rapidly with 1, but we conclude, by tracking the fate
of both organic and transition-metal species, that the reaction of 1 with the iron complex
does not form free radicals involved in the catalytic process. Instead, iron(l11)-azide and
Fe(l11)-carboxylate complexes form. These iron(111) species do not react with C(s0°)—H
bonds by a concerted metalation-deprotonation step, and heating azide Fe-6 did not lead
to reactions with C(s0%)—H bonds. This lack of reactivity implies that the azide does not
lead to other iron complexes, such as an iron(l11)—nitride that could abstract a C—H bond.
Instead, the iron(l11)-azide reacts with an alkyl radical to transfer the azide and generate a
C(sp%)—Nj3 bond. Therefore, the role of the iron catalyst in the C(s0%)—H bond azidation
reaction is likely to transfer the azide to an alkyl radical.

JAm Chem Soc. Author manuscript; available in PMC 2022 September 06.
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3. Understanding the Iron-Free Reactivity of 1.

The consumption of the azide and iodocarboxylate units of 1 by Fe(ll) to form Fe(l11)
complexes and lack of reactivity of the Fe(l11) complexes with C—H bonds led us to
investigate the reactivity of 1 alone. Reactions of A3-azidoiodane 1 with C(sp®)—H bonds
to form alkyl azides have been reported by Zhdankinl® at high temperatures in the presence
of a radical initiator, and an uncatalyzed azidation of the tertiary C(s°)—H bond of A-
phthaloyl leucine methyl ester with 1 was reported by Chen®? to occur at 50 °C. These
thermally initiated azidations of C(sp3)—H bonds with 1 suggest that 1, or derivatives of 1,
can abstract a C(s0°)—H bond and transfer an azide group.52

Calculated bond dissociation energies of the N—I bond in 1 range from 27.8—35.4 kcal/
mol.24.63.64 |f the true value lies at the lower end of this range, the homolysis of the

N—I bond could occur under mild thermal conditions to generate azidyl radical and the
corresponding A2-iodanyl radical, both of which have been demonstrated previously to
abstract hydrogen atoms from C(s®)—H bonds.24.64.65 Therefore, we hypothesized that
A3-azidoiodane 1 generates the species that undergoes HAA in these azidations of C(sp°)
—H bonds.

To assess the ability of A3-azidoiodane 1 to undergo homolysis of the I—N bond to generate
an azidyl radical and the A2-iodanyl radical, the reaction of 1 with £ and Zstilbene

was investigated (Figure 8). Under the standard conditions for the iron-catalyzed azidation
of C(s0%)—H bonds at 50 °C, but with replacement of the alkane with £- or Z-stilbene

10, diazidation of the olefin occurred to give diazide 11 in 59—64% yield, depending

on the starting isomer.56 Under the same set of conditions, but with added TEMPO, the
oxyazidation product 12 was formed in quantitative yield as a mixture of two diastereomers
by the addition of an azidyl group and TEMPO across the C=C bond. (Figure 8). Without
the iron(l1) catalyst or TEMPO, however, no benzylic azide product was detected; instead,
Z-stilbene simply isomerized to £-stilbene. In the absence of iron, but the presence of
TEMPO, the oxyazidation product 12 again formed.

These reaction outcomes agree with the proposal that homolysis of the I—N bond of 1
occurs at 50 °C. Many publications have shown that stilbene reacts with azidyl radicals,
even in the presence of iron(11) catalysts,29-67-69 to form a benzylic radical. In the presence
of the iron(l11) complex, this benzylic radical forms diazide 11; in the absence of iron, this
intermediate reverts to £-stilbene, and in the presence of TEMPO this benzylic intermediate
is trapped by TEMPO to form oxyazidation product 12.

These observations suggest that the diazidation with iron occurs because an azide transfer
reagent, most likely the Fe(l11)-azide species described in section 2, reacts faster with the
benzylic radical intermediate to form the diazide product than the benzylic radical reverts to
stilbene. In the absence of iron, the azidation of the benzylic radical must occur by 1, instead
of the iron-azide complex, and the lack of azide product in the absence of iron indicates that
transfer of the azide from 1 is slower than transfer by an iron azide and slower than reversion
of the benzylic intermediate to stilbene.

JAm Chem Soc. Author manuscript; available in PMC 2022 September 06.
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The homolysis of the N—I bond of azidoiodane 1 was further investigated by heating 1

in acetonitrile and DMSO at 50 °C in the absence of an iron complex or substrate with a
tertiary C(se°)—H bond (Figure 8b). The solubility of azidoiodane 1 in DMSO is greater
than 267 mM, which is more than an order of magnitude higher than the solubility of 1 in
MeCN (20.0 mM at 25 °C). Heating a solution of 1 in DMSO for 24 h consumed about

half of 1 to form 23% of acid 5 and 16% of dimer 4, whereas heating a suspension of 1 in
acetonitrile at 50 °C for 24 h led to just 5% of 2-iodobenzoic acid 5 and 1% of dimer 4,
with the remainder being unreacted 1. The greater conversion in DMSO than in acetonitrile
suggests that the insolubility of 1 in MeCN causes the rate of homolysis to be lower than
that in DMSO. These results also imply that the homolysis of 1 is reversible because heating
of A3-azidoiodane 1 with a substrate containing a tertiary C(sp°)—H bond in acetonitrile
solvent leads to significant consumption of 1 (ca. 80% conversion), but heating in the
absence of these partners led to only partial conversion; if the homolysis were irreversible, a
much greater consumption of 1 would occur.”®

Together, this series of experiments implied that the weak I—N bond of 1 could undergo
spontaneous homolysis at the 50 °C temperature of the azidation of C(sp3)—H bonds to
form iodinane and azidy| radicals.

Investigation of the Azidation of trans- and cis-Decalin.

To obtain more information about the species that reacts with the alkyl C(st3)—H bonds
and the species that transfers the azido group, we conducted a systematic investigation

of the azidation of #rans-decalin 6a and c/s-decalin 6b (Figure 9). The combination of iron-
catalyzed and uncatalyzed azidations of the tertiary C(so°)—H bonds in decalin allowed us
to compare the selectivity of uncatalyzed and iron-catalyzed azidation reactions.

Under the standard reaction conditions with the combination of Fe(OAc), and L1 as
catalyst, frans-decalin 6a and c/s-decalin 6b were converted to the corresponding tertiary
azides 7aand 7b with an identical #rans:cisratio of the two isomeric azide products of

ca. 4.5:1 (Figure 9a, entries 1 and 2). These results indicate that reactions of both isomers
proceed through an identical intermediate (Figure 9a, I nt-6a and I nt-6b) regardless of the
starting isomer of decalin. These reactions were completely inhibited by the addition of
1.0 equiv of BHT or TEMPO.33:61 Under conditions of added TEMPO, where 93% of the
starting material was recovered, and no azidation was observed. Each of these results is
consistent with the formation of an alkyl free-radical in the azidation reaction.

The reactions of trans-decalin and of cis-decalin (6a and 6b) with 1, in the absence of an
iron catalyst, both formed the tertiary azide products with an identical 2.2:1 ratio of 7ato
7b (Figure 9a, entries 4 and 5). In addition, the unreacted c/s-decalin 6b had undergone
nearly full isomerization to #rans-decalin 6a at the end of the reaction. This isomerization
of 6b to 6a lends further support to the intermediacy of alkyl radicals® I nt-6a and I nt-6b,
which interconvert (Figure 9a), and further indicates that cleavage of the C(sp®)—H bond is
reversible in the iron-free azidation. The lack of isomerization of c¢/s- to frans-decalin (6b to
6a) in the iron-catalyzed reaction indicates that formation of the alkyl radical is irreversible
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in the presence of an iron azide, presumably due to the more rapid trapping of alkyl radicals
by the iron azide than by 1.

The difference in d.r. for the iron-catalyzed and iron-free reactions (ca. 4.5:1 vs ca. 2.2:1)
further suggests that a different species transfers the azide to form the C(sp3)—N3 bond

in the iron-catalyzed and uncatalyzed reactions. In the azidation reactions without iron,
A3-azodoiodane 1 would be the species that reacts with the tertiary radical derived from
decalin to give the azide products.19:61 In the iron-catalyzed reaction, the iron-azide complex
is likely to be the major species that transfers the azide unit to the alky! radical.2129.33

To determine if an iron-azide complex transfers the azido unit to the alkyl radical throughout
the reaction, the ratio of the isomeric azide products was monitored as a function of time.

If the iron complex were participating in a closed catalytic cycle involving an iron(ll)
species and an iron(l11)-azide, then the reaction would contain a constant amount of the
iron(l11)-azide and would form a constant ratio of the fransand cisazidodecalin products
(Figure 9b). If the iron complex initiated a radical-chain reaction, however, then only one
equivalent of product per equivalent of iron complex would form with the higher ratio of
transto cfs azidodecalin, and subsequent equivalents of the azidodecalin would form with
the lower ratio. The frans-to-cis ratio of the reaction would gradually approach the 2.2:1
ratio of azide products observed when the reaction is conducted without an iron catalyst.

Under the standard conditions, analysis of aliquots removed at regular time intervals from
the azidation reaction of c/s-decalin showed that the ratio of the #rans:cisisomers was a
constant value of ca. 4.5:1 from 1 to 24 h and afforded 85% of the azidodecalin products
after 24 h. This result indicates that the species that transfers the azido group is regenerated
during the reaction and supports a closed catalytic cycle occurring through a combination
of an iron(ll) species and an iron(l11)-azide. Conducting the same experiment, but without
the addition of an iron complex, revealed that a 2.2:1 ratio of isomeric azide products was
observed at all time points from 4 to 24 h and afforded 59% of the azide product after 24 h.

The relative rates for reactions of the tertiary decalinyl radical with A3-azidoiodane 1

and with the iron(l11)-azide were studied by conducting the azidation reaction in DMSO,

a solvent in which 1 is fully soluble at the concentration of the reactions (see section

3). Conducting the azidation of cis-decalin in DMSO under catalytic conditions that are
otherwise identical to those in acetonitrile resulted in azide products with a trans.cis ratio of
3.5:1 (Figure 9a, entry 3), a value that falls between that obtained in acetonitrile solvent for
the reactions with and without the iron catalyst. As observed for the reaction in acetonitrile,
the azidation of cis-decalin by 1 in DMSO in the absence of an iron catalyst gave the
tertiary azide products in a 2.2:1 ratio (entry 6). These ratios of isomers suggest that the
alkyl radical reacts with both A3-azidoiodane 1 and the iron-azide when 1 is present at high
concentration.

Given that the initial concentration of 1 in DMSO is approximately 20 times greater than the
concentration of the iron catalyst (13 mM), the relative rate of trapping of the alkyl radical
by the putative iron-azide complex must be approximately 20 times greater than trapping

by 1 at these concentrations to maintain this ratio of fransto cisazide products. Therefore,
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under the standard conditions comprising acetonitrile solvent in which the concentration of
1is ca. 10-fold lower, the relative rates of trapping of this radical by the iron-azide complex
and by 1 should be approximately 200:1. These results suggest that the iron-azide complex
is the dominant species that transfers the azide when the azidation reaction is conducted in
acetonitrile with an iron catalyst.

In addition to increasing the rate of the individual step of the trapping of the alkyl radical,
the iron complex increases the rate of the overall reaction. Monitoring the uncatalyzed
and iron-catalyzed azidation of isopentyl 4-fluorobenzoate (13) to 3-azido-isopentyl 4-
fluorobenzoate (14) showed that the reaction of 13 under the standard conditions with the
iron catalyst is faster than the uncatalyzed reaction by ca. 7 times. More details on the
kinetics of the reaction are provided in section 6.

This set of experiments revealed several critical features of the azidation reaction: the
azidation proceeds by formation of an alkyl radical intermediate in the presence or absence
of the iron catalyst; a closed catalytic cycle involving an iron(ll) complex and an iron(I11)-
azide is followed, and the iron(l11)-azide is likely the dominant species that transfers the
azidyl group to the alkyl radical. Although the iron complex does not cleave the C(sp°)—H
bond, the rate of the reaction is increased by the iron complex.

5 Investigating Species Involved in Hydrogen-Atom Abstraction.

The data in section 3 showed that homolysis of the N—I bond of 1 at 50 °C generates azidyl
and A2-iodanyl radicals, one or both of which could abstract a hydrogen atom from a C(s¢°)
—H bond (Figure 8 and Figure 9). Both A2-odanyl and azidyl radicals have been proposed
in prior literature to undergo site-selective abstraction of tertiary C(sp3)—H bonds,2446:61.64
a site-selectivity that matches that observed in the azidation reaction; therefore, the identity
of the radical species that abstracts the hydrogen atom from the C(s¢%)—H bond in the
azidation reaction was investigated.

To determine the fate of the benzoic acid core of the A3-azidoiodane reagent in the

catalytic C(sp°)—H bond azidation, catalytic reactions with fluorinated A3-azidoiodane 8
were studied. The reaction of a model substrate’ isopentyl 4-fluorobenzoate (13), with 8
catalyzed by Fe(OAc), and L 1 was conducted, and after 24 h, the full reaction mixture

was dissolved in DMSO-a and analyzed by 1°F NMR spectroscopy (Figure 10). Of the 2
equiv (0.40 mmol) of fluorinated A3-azidoiodane 8, 1.04 equiv (0.21 mmol) was converted
to 2-iodo-4-fluorobenzoic acid (15), 0.23 equiv (0.09 mmol) converted to dimer 16, and 0.34
equiv (0.07 mmol) of 8 remained. Several additional unidentified fluorinated compounds
formed in small quantities. The tertiary azide product 14 formed in 63% yield, and 34% of
13 remained. The formation of 2-iodo-4-fluorobenzoic acid as the primary product derived
from 8 in this experiment is consistent with the formation of the A2-iodanyl radical under the
reaction conditions and HAA from the tertiary alkyl C(sp®)—H bond of 13 by this radical to
form 2-iodo-4-fluorobenzoic acid.

As noted above, 0.23 equiv (0.09 mmol) of iodane dimer 16 was generated from the
catalytic process under the standard conditions, likely by the reaction between benzoic acid
15 and fluoro A3-azidoiodane reagent 8 or by dimerization of the A2-iodanyl radical. The
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independent reaction of A3-azidoiodane 1 with 2-iodobenzoic acid in MeCN-a4, therefore,
was performed to validate this proposal. This reaction for 30 min at room temperature
formed iodinane dimer 4 and HN3 (identified by TH NMR and IR spectroscopy) each in ca.
20% vyield, along with 70% of unreacted 1. This result is consistent with the direct reaction
of the benzoic acid 5 with A3-azidoiodanes 1 to form dimer 4 and also suggests that the
reverse reaction can occur. Our previous results on the thermolysis of 1 (section 3) also
suggest that radical dimerization can generate dimer 4, indicating both are viable pathways.

To test if the iodinane dimers 4 and 16 formed in the catalytic reaction outcompete 1 as an
oxidant for Fe(I1) or serve as a source of A2-iodanyl radicals by thermal homolysis, a series
of experiments were conducted. Having shown previously that the iron(ll) acetate complex
Fe-2 reacts stoichiometrically with carboxyiodane dimer 4 (section 2), we sought to assess
whether this reaction was faster or slower than the reaction of Fe(ll) with A3-azidoiodane 1.

The reactions of Fe-2 with 1 and with 4 were monitored by UV/vis spectroscopy. The
disappearance of the diagnostic absorption of Fe-2 at A0« = 587 nm by the addition of 1
to Fe-2 occurred within seconds, while the reaction of Fe-2 with 4 was slower and occurred
in ca. 3 min. This result fits with the reduction potentials of the A3-azidoiodane 1 and

the carboxyiodane 4 (Figure 11). The CV of 4 consists of an irreversible reduction wave

at -0.65 V, which is 0.2 V more negative than the irreversible reduction (£,) wave of

1 (-0.43 V). These potentials explain why Fe-2 reacts faster with A3-azidoiodane 1 than
carboxyiodane 4 and further indicates that 4 will not significantly compete with 1 as an
oxidant for Fe(ll) in the catalytic reaction.

We also tested whether 4 would undergo spontaneous homolysis to form benzoyloxy
radicals under the conditions of the catalytic process. To do so, we heated 4 with c/s-decalin
at 85 °C in acetonitrile for 2 days. If the benzoyloxy radical formed, then it would

abstract a C—H bond from the decalin and lead to isomerization. However, no conversion
of c/s-decalin to #rans-decalin was observed. This result implies that dimer 4 does not
spontaneously homolyze to generate the A2-iodany! radicals and re-enter the catalytic cycle
at the temperature of the standard catalytic process.

To ascertain whether the A2-iodany! or azidyl radical formed by homolysis of the N—I bond
of 1, or both, underwent HAA, a set of electronically differentiated A3-azidoiodanes was
synthesized, and the effect of such electronic differences on the site-selectivity of the C(s5°)
—H bond azidation reaction was determined (Figure 12). If the electronic properties of this
reagent influence regioselectivity, then the A2-iodanyl radical is one of, or is exclusively,

the species that undergoes HAA of the C(sp®)—H bond; if the electronic properties do

not influence regioselectivity, then the A2-iodanyl radical is unlikely to be the species that
undergoes HAA, and the azidyl radical is likely the radical that undergoes HAA.

The HAA by an aroyloxy radical containing fluorine substituents on the arene backbone
previously was shown to occur at methylene C(sz3)—H bonds over methine C(s03)—H
bonds.%° Therefore, to probe if modifying the electronic influence of A3-azidoiodane
affected site-selectivity, the azidation of biphenyl 17, which features two electronically
similar, but sterically differentiated, secondary and tertiary benzylic C(se°)—H bonds, was
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conducted with the fluorinated A3-azidoiodane reagents 8, 18, and 1971 and quantified

by 1H NMR spectroscopy (ratios +0.01). The reaction with the original, unsubstituted
A3-azidoiodane 1 gave a 1.38:1 ratio of tertiary:secondary azide products 20 and 21, while
the reaction with 8 gave a 1.25:1 ratio, the reaction with 18 gave a 1.18:1 ratio, and the
reaction with 19 gave a 1.03:1 ratio. The measurable differences between these values
demonstrates the electronic properties of the arene backbone of A3-azidoiodane has an
effect on site-selectivity and is consistent with HAA by the 2-iodobenzoic acid portion

of the A3-azidoiodane in the form of the A2-iodanyl radical. While azidyl radicals have
been shown to undergo HAA to form HN3, we were unable to determine the extent by
which azidyl radicals contribute to HAA in the standard reaction from these experiments.
However, measuring the pressure change under the standard reaction conditions, we were
able to determine that only ca. 3% (0.06 equiv) of the starting 2 equiv of 1 is liberated as
N, gas after 24 h. Thus, a minority of the azidyl radicals generated from 1 decompose to
nitrogen gas, and this result is consistent with azidyl radicals contributing to hydrogen-atom
abstraction of a C—H bond in the overall process.

6. Kinetic Studies of the Catalytic Reaction.

To enable the information obtained in the previous sections on individual steps and potential
intermediates of the C(sp3)—H bond azidation reaction to be assembled into a complete
reaction mechanism, the kinetics of the catalytic process were studied. The initial rates of
the azidation of isopentyl benzoate (2 or 13) with A3-azidoiodane 1 and iron(ll) catalysts
bearing L 1 or strongly coordinating L 2 (L 2 = 2,6-di(1A-pyrazol-1-yl)-pyridine) were
measured with a range of initial concentrations of reaction components.>* The reaction
catalyzed by Fe(OAc), and L2 under the standard catalytic conditions with isopentyl
benzoate 2 formed 76% yield of azide 3 with an initial rate that is similar to that of the
reaction catalyzed by Fe(OAc); and L1 (L1=3.2x 1075 M/svs L2 =1.9 x 1076 M/s). We
conducted some of our studies with L 2 to avoid potential complications due to azidation of
the tertiary C(s0%)—H bond of ligand L 1 and because the binding of this ligand is stronger
than that of the more hindered ligand.

Figure 13a shows the results of these kinetic studies. In acetonitrile with Fe(OAc), and L2
as catalyst, a clear first-order dependence of the reaction rate on the concentration of the
alkyl benzoate 13 (67 to 333 mM) was observed. In this solvent with Fe(OAc), and L1 as
catalyst, a clear first-order dependence of the rate on the concentration of iodane 1 also was
observed at concentrations (58 to 145 mM) of 1 in which the reagent is soluble. While the
reaction in acetonitrile is faster in the presence of 5.0 mol% iron than in the absence of iron
(Figure 9c), the order of the reaction in the concentration of (L 1)Fe(OAc), in acetonitrile
between 5.0 mol% and 20 mol% (Figure 13a) was zero. In DMSO, a solvent in which 1 is
completely soluble, the dependence of the reaction rate also was found to be first-order in
the concentration of both fluorinated isopentyl benzoate 13 and iodane 1 and zero-order in
iron.’2

The first-order dependence on isopentyl benzoate is consistent with the previously published
primary kinetic isotope effect, indicating that C(s0%)—H cleavage is rate limiting.21 The
kinetic data also are consistent with the generation of radicals from 1, HAA from isopentyl
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benzoate by these radicals, and rapid trapping of the radicals by the iron-azide complex,
causing the HAA step to be rate-limiting. The greater rate of reaction in the presence of
iron than in the absence of iron, then, originates from a change in the reversibility of the
HAA step from reversible in the absence of iron to irreversible in the presence of iron, as
demonstrated in section 4.

Investigating Iron Speciation during Catalysis.

The speciation of the iron during the catalytic reaction was investigated by UV/vis, EPR,
and H NMR spectroscopy, as well as MALDI—MS, to assess whether an iron-azide
accumulates during catalysis. The synthesis and full characterization of (L 1)FeCl,N3 are
described in section 2; the catalytic reaction was conducted with (L 1)FeCl, (Fe-1) as a
precatalyst and evaluated at 30 min. This time-point was selected to minimize exchange

of the anionic ligands in complexes of type (L 1)FeCIN3(OCOR) and (L 1)FeN3(OCOR),
(R = 0-1-CgHy). The UV/vis and 'H NMR spectra of the reaction mixture both contained
diagnostic features identical to the spectra of (L 1)FeCIl,N3 (Figure 13b). Likewise, the
resonances in the EPR spectra of the catalytic reaction corresponding to the major complex
are consistent with spin S= 5/2 and rhombic distortions of the octahedral crystal field with
the same rhombic character as observed for (L 1)FeCl,(N3) (section 2, Figure 7). Finally, a
mass fragment corresponding to [(L 1-Pr)FeCl,(N3)]* was observed by MALDI-MS. These
data all support an iron(l11)-azide complex as a major iron complex present during the
catalytic process.

8. Effect of Rapid Trapping of the Alkyl Radical on Reaction Scope.

The effect of faster radical trapping on the reactions of six natural product derivatives is
shown by the data in Figure 14. Under the standard conditions for azidation in acetonitrile
with 10 mol% of the iron catalyst, the C(sp3)—H bonds of pinane and of a derivative of
caryophyllene that are a to a cyclobutyl group underwent azidation to give tertiary azides
in 80% and 44% yield, respectively,20-21 without opening of the adjacent cyclobutyl ring
(Figure 14). However, the same reactions conducted in the absence of an iron catalyst,

in either acetonitrile or DMSO, led to complete decomposition of the terpene reactants.

In these reactions, the HAA step generates an a-cyclobutyl radical, which is known to
undergo ring opening to give an alkene.”3-76 In the iron-catalyzed azidation, trapping of the
a-cyclobutyl radical with an iron(l11)-azide, apparently, outcompetes ring opening to form
the alkyl azide product.

In addition to this difference in outcomes of the reactions of this specific structural type,
azidation of additional substrates in high yield was enabled by the iron catalyst. For
example, azidation of the betulinic acid derivative containing multiple tertiary C(sp%)—H
bonds occurs in good yield under the iron-catalyzed reaction, whereas just traces of the azide
form in the absence of iron. Likewise, the azidation of a leucine derivative and of the musk
indane celestolide occurred in higher yields in the presence of the iron catalyst than in the
absence of the catalyst. Although a small selection of substrates, these cases illustrate the
effect of the enhanced rate of trapping of the intermediate alkyl radical on the azidation of
small molecules and on the azidation of compounds with complex structure and multiple
functional groups.
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9. Mechanistic Proposal.

The conclusions from the described experiments support the mechanism in Figure 15.

In this mechanism an iron(l11)-azide complex traps an alkyl radical generated by HAA
from a tertiary C(s0°)—H bond of the substrate by the azidyl or A3-iodanyl radical.

At the beginning of the reaction, when A3-azidoiodane 1 is added to the reaction

mixture containing the substrate and iron(Il) complex Fe-2, the iron(ll) precatalyst reacts
readily with 1 to generate iron(l11)-azide Fe-3 and iron(l11)-carboxylate Fe-4 in equimolar
quantities.”” These complexes do not abstract a hydrogen atom from the tertiary C(sp°)—H
bond of the substrate; instead, A3-iodane 1 undergoes spontaneous, reversible homolysis
at 50 °C, independently of the iron species, to generate the azidyl radical and the
accompanying A2-iodanyl radical. Both the A2-iodanyl and azidyl radicals derived from

1 then undergo rate-limiting HAA from the weakest C(sp3)—H bond of the alkane to form
an alkyl radical.

The alkyl radical that is generated can react with either the iron(l11)-azide, formed by

the rapid reaction of Fe(l1) with 1, or with A3-azidoiodane 1 itself; however, the strong
polarity match between the nucleophilic alkyl radical and electrophilic iron(l11)-azide favors
reaction with the iron(l11)-azide by a ratio that is approximately 200:1 at the concentrations
of the catalytic reaction (section 4). The reactivity of the alkyl radical with the iron azide

is analogous to the selective cross-coupling observed between alkyl radicals and persistent
radicals.38:39

By contrast, trapping of the alkyl radical (formed by the same reversible homolysis of 1

at 50 °C) with the A3-azidoiodane 1 in the uncatalyzed reaction is slower. This trapping is
sufficiently slow that transfer of the hydrogen atom from the benzoic acid*2:’8 or hydrazoic
acid® or both to the alkyl radical to regenerate the C(sp°)—H bond competes with the
trapping of the alkyl radical to form the alkyl azide. Together, these experiments delineate
critical aspects of the iron-catalyzed and uncatalyzed azidation reactions and describe the
features responsible for causing the yield to be higher and the scope to be broader with the
iron catalyst.

SUMMARY AND CONCLUSIONS

This study has probed deeply into the mechanism of the iron-catalyzed azidation of alkyl
C(sp°)—H bonds with Zhdankin’s A3-azidoiodane reagent. Monitoring of the stoichiometric
oxidation of Fe(ll) by 1 showed the formation of iron(ll1)-azide complexes. Through
independent synthesis, the fundamental reactivity of (L 1)FeCly(N3) (Fe-6) was investigated
and was demonstrated to include rapid reaction with alkyl radicals to form C(s0°)—N3
bonds, rather than to participate in HAA of C(sp®)—H bonds. A comparison of the
reactivity of 1 in uncatalyzed and iron-catalyzed reactions of stilbene and decalin showed
that homolysis of 1 occurred under mild conditions to generate the A2-iodanyl and azidyl
radicals. These radicals derived from 1 undergo HAA of C(sp°)—H bonds to generate alkyl
radicals that react rapidly with iron-azide complexes. Kinetic data indicate that HAA is

the rate-limiting step during the catalytic transformation and that the iron azide reacts after
HAA. Monitoring of the catalytic reaction showed the identity of the iron(l11)-azide species
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that is the resting state of the catalyst, and that an iron azide, which reacts rapidly with alkyl
radicals to deliver the C(sp3)—N3 bonds, accumulates in the catalytic system.

The features of the mechanism of the reaction that create the ability to conduct late-stage
azidations of complex molecules include the selective abstraction of a hydrogen atom from
a tertiary C(sp°)—H bond and rapid trapping of the alkyl radical intermediates by the

iron azide. This rapid trapping outpaces deleterious side reactions, such as reverse HAA,
rearrangement, and fragmentation of the alkyl radical.

This beneficial effect of the catalyst on the reaction outcome by affecting the rate of the
steps that form product without affecting the steps that consume reactants is unusual. The
rate of formation of the azidation product is higher in the presence of the iron catalyst,
leading to large effects on reaction yield, but the rate of decay of reactant is zero order

in catalyst above a certain range of catalyst loading, including the loading of catalyst

in the standard reaction conditions. Taken together, the features of this reaction revealed
here suggest a blueprint for the development of new processes capable of the late-stage
functionalization of C(sp®)—H bonds.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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(a) Formation of Fe-6 by the oxidation of Fe-1 with 1 and analysis of the reaction mixture
by EPR, UV/vis, and 1H NMR spectroscopy. (b) Preparation of (L 1)FeCl,(N3) (Fe-6). (c)

Stoichiometric reactions of Fe-6.
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Summary of results obtained from the azidation of ¢/s- and trans-decalin. (a) The azidation
of cis-decalin and #rans-decalin under a variety of conditions. (b) Monitoring the trans.cis
ratio of the tertiary azide products in the azidation of cis-decalin throughout the course of
the reaction. (c) Monitoring azidation of isopentyl 4-fluorobenzoate under standard catalytic
conditions with and without iron.
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Figure 10.
Investigation of the fate of a fluorinated A3-azidoiodane reagent 8 in the azidation of 13.
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Figure 11.

Cyclic voltammograms of 1 and 4 in MeCN containing 0.1 M ["Bu4N][PFg] as electrolyte

with a glassy carbon working electrode at a scan rate of 200 mV/s.
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Figure 12.
Effect of substituents on the A3-azidoiodane reagent on the regioselectivity of the azidation

of secondary and tertiary benzylic C(sp3)—H bonds of a biphenyl substrate. 2Error in ratios,
+0.01.
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Figure 13.

Kinetic measurements and spectroscopic analysis of the catalytic reaction. (a) Order in
reactants determined by measuring initial rates of reaction of 1 with alkyl benzoates 2 or

13 by GC or 19F NMR spectroscopy in MeCN with Fe(OAc), and L1 or L2 as catalyst.
Left: reaction of 1 with 13 in acetonitrile with 0.267 M 1 and 10 mol% Fe(OAc), and L 2;
center: reaction of 1 with 2 in acetonitrile with 0.146 M 2 and 10 mol% Fe(OAc), and

L 1; right: reaction of 1 with 2 in acetonitrile with 0.291 M 1 and 0.146 M 2 and L 1. (b)
Characterization of the catalytic reaction of 1 with 2 catalyzed by 10 mol% Fe-1 by UV/vis,
EPR, and IH NMR spectroscopy at 30 min. X-band EPR spectra obtained at 10 K in a 1:1
THF/MeCN solvent mixture.

JAm Chem Soc. Author manuscript; available in PMC 2022 September 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Day et al. Page 34

|||| \ .—l'" 0O

H 0]
R S Jenstes:
rp AcO OAc /[:r ‘ 1

Conditons (A) [Fe] 10 mol %, 1 (2 equiv), MeCN, 50 °C, 48 h
Conditions (B) 1 (2 equiv), solvent, 50 °C, 48 h

(0]
OMe
. (0]
caryophyllene
derivative pinane
Fe, MeCN : 44% Fe, MeCN : 80% Fe, MeCN : 42%
(B) MeCN : 0% (B) MeCN : 0% (B) MeCN : 0%
(B) DMSO : 0% (B) DMSO : 0% (B) DMSO : 34%

Fe, MeCN : 48% J
(B) MeCN : traces ;
(B) DMSO : Insoluble H

leucine celestolide
derivative
OAc

Fe, MeCN : 89% Fe, MeCN : 77%
betulinic acid  (B) MeCN : 55% (B) MeCN : 49%
derivative (B) DMSO :31%  (B) DMSO : 46%

Figure 14.
Summary of results obtained from the azidation of pinane, a derivative of caryophyllene, and

several other substrates, under a variety of azidation conditions.
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Proposal for the mechanism of the iron-catalyzed C(sp3)—H azidation that fits all of the
experimental data.
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