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ABSTRACT: An Fe(III)-catalyzed intramolecular N−N
coupling of aliphatic azidoamines that forms diverse five-
and six-membered semisaturated diazoheterocycles using air
as an oxidant is reported, providing an alternative to
hydrazine-based methods. Mechanistic studies suggest that a
N-radical induced intramolecular homolytic substitution
(SH2) is involved in ring closure. The power of this N−N
bond-forming method is also demonstrated by using it as the final step in a total synthesis of (−)-newbouldine.

Semisaturated heterocycles containing nitrogen−nitrogen
(N−N) bonds, such as 2-pyrazolines and tetrahydropyr-

idazines, are ubiquitous in natural products and pharmacolog-
ically active agents.1,2 N−N bonds are most often incorporated
from hydrazine.2c,3 An attractive alternativeintramolecular
N−N bond formationhas generally been limited to the
formation of aromatic five-membered heterocycles.5−12 Here-
in, we describe the first catalytic synthesis of semisaturated
five- and six-membered diazo-containing rings from aliphatic
azidoamine adducts, employing an Fe(III)-catalyzed intra-
molecular N−N coupling using air as the oxidant.
Compared to the direct construction of C−C bonds, there

are relatively few examples of transition metal-catalyzed or
metal-free N−N bond formation,4 despite the appeal of such a
strategy as an atom-economical and straightforward way to
prepare diazo compounds. Most intramolecular N−N bond
formation methods are limited to the synthesis of aromatic
five-membered diazo heterocycles using stabilized aryl or vinyl
nitrogen-centered reactive intermediates (e.g., nitrenes, N-
radicals, and nitrenium) which are trapped by imines or amides
(Figure 1a). For example, copper has been used to build up
N−N bonds for the synthesis of aromatic five-membered
diazo-heterocycles from benzaldimine substrates.5 Such hetero-
cycles have also been prepared via N−N formation by
oxidative cyclization of an acylnitrenium intermediate from
amides with hypervalent iodine.6 Other achievements include
reductive N−N cyclization of ortho-nitrobenzaldimines
through a phosphine oxide intermediate with organophospho-
rus7 or a hydroxylamine intermediate with Sn(II)8 or Ru(III)/
visible light.9 While thermolysis and photolysis of aryl azides to
give nitrene intermediates can also form N−N bonds, they
suffer from either harsh reaction conditions or a long reaction

time, which limits substrate diversity.10 Iron- or copper-
catalyzed cyclizations of ortho-azido benzaldimines can afford
aromatic 2H-indazoles via planar reactive intermediates.5a,11,12

The aforementioned established N−N bond-forming
methods are incapable of building up semisaturated diazo-
heterocycles. To overcome this, we envisioned tethering
aliphatic azides and amines to achieve intramolecular N−N
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Figure 1. N−N bond formation using aliphatic azidoamines to
synthesize semisaturated diazoheterocycles.
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coupling to generate five- or six-membered rings. Although
aliphatic azides cannot be the proper and stable entrance to the
generation of nitrenes due to lack of stabilization through
vicinal conjugation,13−15 they have been used as alkyl radical
acceptors leading to aminyl radicals,16 affording 5-exo and 6-
exo C−N cyclization products (Figure 1b). Considering that
secondary alkyl amines can convert into a N-centered radical
through successively removing one electron and one proton
under proper oxidative conditions with transition metals or
added oxidants,17 we proposed that a N-centered radical
stemming from an amine precursor could attack an azide and
achieve N−N formation. However, the single-electron transfer
(SET) to an amine is usually followed by generation of an
imine,18 which poisons transition metals. We envisioned
skirting the above problems through in situ formation of a
cyclometal intermediate (Figure 1c). This coordination could
serve to stabilize an N-centered radical, thereby suppressing
the oxidation of amines into imines.
To validate the catalytic system for in situ metal complex

formation and N−N cyclization, we initially investigated the
reaction of benzyl protected linear γ-azidoamine 1a in the
presence of various transition metal catalysts (Table 1). First,
we evaluated catalysts widely utilized for the generation of
metal nitrenes from aryl azides. No N−N cyclization product
was observed in the presence of Rh2(OAc)4, Rh2(O2CCF3)4,
or CoTPP at 100 °C in sealed tubes for 2 h (entries 1, 2, and
3). Cu(OAc)2 and CuI also failed to form the desired N−N
bond (entries 5 and 6). To our delight, 1a underwent a desired

N−N cyclization in the presence of 20 mol % Fe(TPP)Cl(III)
(entry 4) that was accompanied by a conversion of the C−N3
single bond into a C−N double bond to afford 2H-pyrazoline
product 2a in 11% yield. Further study identified iron(III) salts
as superior agents for the formation of the desired N−N
cyclization products, including FeCl3, FeBr3, Fe(acac)3, and
Fe(OTf)3, among which 20 mol % of Fe(acac)3 gave 28% yield
in refluxing THF under an air atmosphere (entry 15). To our
surprise, a lower loading of FeCl3 (5.0 mol %) in the presence
of air as an oxidant at 100 °C in a sealed tube led to a 75%
yield (entry 11). A nearly identical yield was obtained with 1
atm of O2 (entry 13). Reactions using dichloroethane or
toluene induced lower yields. Alternative oxidants, such as
Cu(OAc)2 or PhI(OAc)2 (entries 16 and 17), as well as
various N- or P-containing ligands were ineffective (entry 18).
Using our optimized conditions, the scope of the intra-

molecular N−N bond formation of aminoazides was evaluated.
As shown in Scheme 1, a variety of alkyl and aryl amines were
found to be amenable to five-membered ring formation. 3-
Azidobenzylamines with various arene substituents were
efficiently converted into pyrazolines (2a−2g) in moderate
yields, and benzyl group cleavage was not observed. The acetal
group of 2g was also stable under the reaction conditions. In

Table 1. Selected Optimization Data on Iron-Catalyzed N−
N Cyclization

entrya catalyst (equiv) solvent
temp (°C)/time (min)/

atmosphere
yield
(%)b

1 Rh2(OAc)4 (0.2) DCE 100/120/argon n.d.
2 Rh2(CF3CO2)4 (0.2) DCE 100/120/argon n.d.
3 CoTPP (0.2) DCE 100/120/argon n.d.
4 Fe(TPP)Cl (0.2) THF 100/120/argon 11
5 Cu(OAc)2 (0.2) DCE 100/120/argon n.d.
6 CuI (0.2), TMEDA

(0.2)
DCE 100/120/argon n.d.

7 FeBr2 (0.2) THF 100/120/argon trace
8 FeCl3 (0.2) THF rt/24 h/argon 12
9 FeCl3 (0.2) THF reflux/30/argon 14
10 FeBr3 (0.2) THF reflux/30/argon 10
11 FeCl3 (0.05) THF 100/30/air 75
12 FeCl3 (0.05) PhMe 100/120/air 20
13 FeCl3 (0.05) THF 100/30/O2 76
14 Fe(acac)3 (0.2) THF 100/30/air 28
15 Fe(OTf)3 (0.2) THF 100/30/air 22
16 FeCl3 (0.2),

PhI(OAc)2 (0.5)
THF 100/120/argon n.d.

17 FeCl3 (0.2),
Cu(OAc)2 (0.5)

THF 100/120/argon n.d.

18 FeCl3 (0.2),
4,4′-bipyr (0.2)

THF 100/120/argon n.d.

aConditions: 1a (0.2 mmol), solvent (0.125 M), sealed tube (25 mL).
bIsolated yield of 2a after purification by flash column chromatog-
raphy. DCE, 1,2-dichloroethane; TPP, tetraphenylporphyrin; n.d., not
detected.

Scheme 1. Scope of Fe(III)-Catalyzed N−N Cyclization for
Construction of Five-Membered Diazoheterocyclesa

aConditions: 1 (0.5 mmol), FeCl3 (0.025 mmol), air (1 atm), THF
(4 mL), 100 °C in sealed tube (100 mL), 0.5 h; isolated yields are
reported with flash column chromatography (average of two runs).
bReaction time was prolonged to 1 h.
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addition, aliphatic amine adducts also cyclized in good yield
(2h−2k). In comparison, 2j and 2k converted minimally,
which may be a result of steric hindrance about the amine due
to the alkyl side chains. Furthermore, substrates bearing
electron-donating or electron-withdrawing N-aryl groups were
smoothly converted into the desired products (2l−2o) in
higher yields than either aliphatic or benzylic amines.
We next investigated the scope of the reaction using γ-

azidoamine substrates bearing substituents within their alkyl
linkers (as shown in Scheme 1). First, we focused on γ-azido
benzylamines varying in their β- or γ-substituent and found
methyl, ethyl, propyl, and phenyl groups to be well tolerated
(2q, 2r, 2s, 2w, and 2x). Among these examples, benzylic
secondary azides (as in 1s and 1t), which are typically Lewis
acid sensitive, proved to be robust. The transformation even
worked for more sterically hindered sec- and tert-butyl groups,
affording the corresponding products 2y and 2z in moderate
yields. Additionally, 1,3-benzoxazine 1u and piperidine 1v
afforded [6,6,5]- and [6,5]-fused products 2u and 2v in 75%
and 66% yields. For tryptamine derivatives, cyclization onto
the aliphatic amines afforded tetracyclic products 2aa and 2ab,
again in good yields. X-ray diffraction analysis confirmed the
structure of 2aa. Critically, in all cases, the new five-membered
rings resisted dehydrogenation to unsaturated heterocycles.
Next, we evaluated whether six-membered-ring formation

could be achieved by using δ-azidoamine substrates (Scheme
2). We began by optimizing reactions of δ-azidoamines
containing either aryl or benzyl amines and found that FeBr3
in dioxane at 110 °C efficiently catalyzed intramolecular N−N
bond formation to afford the corresponding tetrahydro-
pyridazines (4a−4h, 4k, 4n, and 4o). To the best of our
knowledge, this intramolecular N−N formation approach for
construction of the six-membered heterocycles using azides is
unprecedented. Heterocycle-substituted azidoamines, includ-
ing those bearing thiophene, furan, and benzofuran hetero-
cycles, were also smoothly converted to products 4i, 4j, and
4p, despite their sensitivity to Lewis acids. Cinnamylamine-
derived product 4q was synthesized in 69% yield; the
conjugated olefin did not interrupt the cyclization. Similarly,
several fused cyclic products, particularly 4l, 4m, 4r, and 4s,
were constructed in synthetically useful yields from the
heterocyclic precursors. Single-crystal X-ray diffraction con-
firmed the polycyclic structure of 4r.
Our subsequent efforts focused on the elucidation of reactive

intermediates to aid our interpretation of the mechanism
(Scheme 3). Neither the protected product (5) nor H2 were
detected by GC under an argon atmosphere with 50 mol %
FeCl3; the major product obtained was pyrazoline 2a (eq 1).
This suggests that no iron hydride species is generated, and the
reaction does not proceed through a cyclic hydrazine in the
absence of O2 as the oxidant. Next, after reduction of 2a with
NaBH3CN, the resulting saturated tetrahydropyrazole 6 was
oxidized at room temperature by either the FeCl3/air system or
air only (eq 2). The latter afforded pyrazoline 2a in relatively
low yield compared to the reaction in the presence of FeCl3,
indicating that (1) oxidative H-abstraction to produce imines
under the optimized reaction conditions is favored by the
synergistic effects of FeCl3 and O2 and (2) the high reaction
temperature must be more crucial for the N−N coupling step
than oxidation to the imine. Next, we were curious if the
reaction proceeds by an initial single-electron transfer from the
amine to Fe(III).18a,19 When 1a was subjected to modified
reaction conditions (20 mol % FeCl3 and subsequent 50 mol %

DMPO (5,5-dimethyl-1-pyrroline-N-oxide)), the radical trap-
ping products 16 and 17 were observed with an ESI high-

Scheme 2. Scope of Fe(III)-Catalyzed N−N Cyclization for
Construction of Six-Membered Diazoheterocyclesa

aConditions: 3 (0.5 mmol) and FeBr3 (0.025 mmol) in air (1 atm),
and dioxane (4 mL) at 110 °C in a sealed tube (100 mL) for 0.5 h.
Isolated yields of products purified by flash column chromatography
are reported (average of two runs).

Scheme 3. Control Experiments
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resolution mass spectrum (eq 3). Furthermore, electron
paramagnetic resonance (EPR) experiments of 1a as substrate
were performed. Strong radical signals were observed with an
average g value of 2.00609 after addition of DMPO, implying
that FeCl3 reacts with substrate to produce N-centered
radicals. Taken together, these experiments indicate that the
ring-closure step could proceed by an intramolecular
homolytic substitution (SH2) from an N-centered radical to
the azide to form N−N bond.
To further unravel the mechanism, a DFT calculation

investigation into the Fe(III)-catalyzed N−N coupling of 1a as
the model reaction was carried out (see the Supporting
Information for details). Combining with the control experi-
ments, a possible reaction mechanism was proposed in Figure
2. Starting from the γ-azidoamine 1a, the six-membered

complex (A) can be generated by coordination of Fe to the
internal N atom of azide, releasing −18.1 kcal/mol. Then, a
concerted single electron oxidation by Fe(III) and deprotona-
tion of amine with a Cl anion give rise to a neutral N-centered
radical (B), which is 14.1 kcal/mol higher in free energy with a
barrier of 24.2 kcal/mol (via TS1). When the N-radical of B
attacks the internal N of azide, an intramolecular homolytic
substitution (SH2) occurs. It undergoes a concerted loss of N2
without any intermediate, providing C directly. This process
(via TS2) requires an energy barrier of 32.8 kcal/mol, which is
12.0 kcal/mol higher than TS3 to form E from D. However,
dissociation of Fe from B to give D is endergonic by 22.8 kcal/
mol. A combined energy comparison prefers the Fe
coordinated pathway from B to C. Fe(II) is detached and
further oxidized to Fe(III) by dioxygen. Fe(III) can coordinate
with E again to afford H, which is armed for H-abstraction.
Conversion of intermediate H to J by a second H-abstraction
to give imine via oxidation to Fe(III) was calculated to be
highly exergonic by 22.8 kcal/mol via transition state TS7
(ΔG⧧ = 2.3 kcal/mol). The intermediate J finally undergoes
dissociation of Fe(II) to afford desired product 2. Fe(III) can
be regenerated by dioxygen.
With the importance of the semisaturated diazoheterocycles

as the useful bioactive moiety and the versatile synthetic
building blocks, the N−N coupling products afford great
potential for their further derivatizations. For example, when
2a reacted with various metal-containing nucleophiles, such as
allylic zinc bromide, ethyl α-bromozincacetate, n-BuLi, and
PhMgBr, the corresponding formal C−H functionalization
products were observed after quenching of reactions under an
air atmosphere, presumably occurring via a nucleophilic

addition/oxidative H-abstraction cascade process (Scheme
4). The formation of imine might be caused by a more reactive

secondary amino species bonded to a metal center that is more
easily oxidized by air. We also utilized TMSCN to cyanidate
pyrazoline in the presence of Lewis acid TiCl4.

20 When treated
with N-chlorosuccinimide, 4-chloropyrazoline 11 was synthe-
sized via a chloronium ion induced oxidation.
Finally, to further illustrate the utility of this method, we

were able to apply the N−N cyclization strategy process to the
synthesis of (−)-newbouldine (I), an alkaloid possessing
potent neurological effects (Scheme 5).2a,21 Grignard reaction,

Wittig reaction, and subsequent hydroboration−oxidation
from the readily available proline precursor 12 proceeded in
high yield to construct 13;22 azidation of 13 afforded the
protected azidoamine 14 in 75% yield (dr = 1.5:1). After Boc
deprotection, our N−N cyclization was utilized to construct
the [5,5]-bicyclic framework and access (−)-newbouldine in
42% yield. The ability to synthesize diazo-heterocyclic
fragments using this method should prove useful in the
synthesis of drug candidates and natural products.
We have developed the first synthetic tool for efficient

construction of highly functionalized five- and six-membered
semisaturated diazo-heterocycles through Fe-catalyzed intra-
molecular N−N bond formation using aliphatic aminoazides. A
series of synthetic applications of the resulting pyrazoline have
been described for preparation of valuable derivatives. The
catalytic method was also showcased as a key step in the
synthesis of (−)-newbouldine. Efforts are underway to extend
this method for the construction of more complex hetero-
cycles.

Figure 2. Proposed mechanistic cycle.

Scheme 4. Further Transformations of Pyrazolines via
Formal C−H Functionalizations

Scheme 5. Total Synthesis of (−)-Newbouldine Using a Late
Stage N−N Cyclization Strategy
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M. M.; Echavarren, A. M.; Peŕez, P. J. J. Am. Chem. Soc. 2017, 139,
2216−2223. (d) Rosen, B. R.; Werner, E. W.; O’Brien, A. G.; Baran,
P. S. J. Am. Chem. Soc. 2014, 136, 5571−5574. (e) Du, Y.-L.; He, H.-
Y.; Higgins, M. A.; Ryan, K. S. Nat. Chem. Biol. 2017, 13, 836−838.
(f) Ryan, M. C.; Martinelli, J. R.; Stahl, S. S. J. Am. Chem. Soc. 2018,
140, 9074−9077.
(5) (a) Hu, J.; Cheng, Y.; Yang, Y.; Rao, Y. Chem. Commun. 2011,
47, 10133−10135. (b) Yu, D.-G.; Suri, M.; Glorius, F. J. Am. Chem.
Soc. 2013, 135, 8802−8805. (c) Chen, C.-Y.; Tang, G.; He, F.; Wang,
Z.; Jing, H.; Faessler, R. Org. Lett. 2016, 18, 1690−1693. (d) Chen,
Z.; Yan, Q.; Liu, Z.; Xu, Y.; Zhang, Y. Angew. Chem., Int. Ed. 2013, 52,
13324−13328. (e) Hirayama, T.; Ueda, S.; Okada, T.; Tsurue, N.;
Okuda, K.; Nagasawa, H. Chem. - Eur. J. 2014, 20, 4156−4162.
(f) Huang, H.; Cai, J.; Ji, X.; Xiao, F.; Chen, Y.; Deng, G.-J. Angew.
Chem., Int. Ed. 2016, 55, 307−311. (g) Ueda, S.; Nagasawa, H. J. Am.
Chem. Soc. 2009, 131, 15080−15081. (h) Neumann, J. J.; Suri, M.;
Glorius, F. Angew. Chem., Int. Ed. 2010, 49, 7790−7794.
(6) Correa, A.; Tellitu, I. J. Org. Chem. 2006, 71, 3501−3505.
(7) Nykaza, T. V.; Harrison, T. S.; Ghosh, A.; Putnik, R. A.;
Radosevich, A. T. J. Am. Chem. Soc. 2017, 139, 6839−6842.
(8) Sawant, D.; Kumar, R.; Maulik, P. R.; Kundu, B. Org. Lett. 2006,
8, 1525−1528.
(9) Lin, W.-C.; Yang, D.-Y. Org. Lett. 2013, 15, 4862−4865.
(10) (a) Hutchinson, I.; Stevens, M. F. G. Org. Biomol. Chem. 2007,
5, 114−120. (b) Montevecchi, P. C.; Spagnolo, P. J. J. Org. Chem.
1982, 47, 1996−2000. (c) Ning, R.; Madan, P.; Sternbach, L. J. Org.
Chem. 1973, 38, 3995−3998.
(11) Zheng, Q.-Z.; Feng, P.; Liang, Y.-F.; Jiao, N. Org. Lett. 2013, 15,
4262−4265.
(12) Stokes, B. J.; Vogel, C. V.; Urnezis, L. K.; Pan, M.; Driver, T. G.
Org. Lett. 2010, 12, 2884−2887.
(13) (a) Dequirez, G.; Pons, V.; Dauban, P. Angew. Chem., Int. Ed.
2012, 51, 7384−7395. (b) Kuijpers, P. F.; van der Vlugt, J. I.;
Schneider, S.; de Bruin, B. Chem. - Eur. J. 2017, 23, 7945−7952.
(c) Hennessy, E. T.; Betley, T. A. Science 2013, 340, 591−595.
(14) Bras̈e, S.; Gil, C.; Knepper, K.; Zimmermann, V. Angew. Chem.,
Int. Ed. 2005, 44, 5188−5240.
(15) Driver, T. G. Org. Biomol. Chem. 2010, 8, 3831−3846.
(16) (a) Kim, S.; Joe, G. H.; Do, J. Y. J. Am. Chem. Soc. 1994, 116,
5521−5522. (b) Patro, B.; Murphy, J. A. Org. Lett. 2000, 2, 3599−
3601. (c) Benati, L.; Leardini, R.; Minozzi, M.; Nanni, D.; Spagnolo,
P.; Strazzari, S.; Zanardi, G. Org. Lett. 2002, 4, 3079−3081.
(17) For selected reviews, see: (a) Zard, S. Z. Chem. Soc. Rev. 2008,
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