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ABSTRACT: Unprotected, primary 2-azidoamines are versatile precursors to vicinal diamines, which are among the most common 

motifs in biologically active compounds. Herein, we report their operationally simple synthesis through an iron-catalyzed difunction-

alization of alkenes. A wide array of alkene substrates are tolerated, including complex drug-like molecules and a tripeptide. Facile 

derivatizations of the azidoamine group demonstrate the versatility of this masked diamine motif in chemoselective, orthogonal trans-

formations. Applications of the methodology in the concise synthesis of RO 20-1724 and in a formal total synthesis of (±)-hamacan-

thin B further demonstrate the broad synthetic potential of this highly functional group tolerant reaction. 

Vicinal diamines are privileged structural motifs encountered across the molecular sciences, particularly in natural products, medic-

inal chemistry and catalysis.1 Therefore, the rapid access to this ubiquitous functionality starting from simple hydrocarbon feedstocks, 

such as alkenes, can dramatically facilitate the synthesis and discovery of functional molecules. Several approaches have been ex-

plored to install two vicinal amino groups through the catalytic diamination of alkenes.2 However, these reactions are still consider-

ably limited when compared to well established methods for the synthesis of other important 1,2-difunctionalized alkanes, such as 

diols.3 Besides the scope being often limited to activated alkenes, a more significant limitation is the lack of methods to access a 

diamine precursor which can be orthogonally transformed into synthetically relevant unsymmetrical diamine products (Scheme 1).  

 

Scheme 1. Importance of unsymmetrical vicinal diamines 

 

 

The azido group has recently emerged as a convenient amino group surrogate in formal catalytic diamination reactions (Scheme 2).4 

Most notably, Lin5 and Xu6 have described elegant electrochemical and iron-catalyzed processes, respectively, for the direct synthesis 

of diazides starting from a wide variety of alkenes (Scheme 2a). Whereas these reactions are powerful tools to access symmetrical 

vicinal diamines in two steps, they are less suitable in cases where two chemically distinct amino groups need to be orthogonally 

synthesized (e. g. through amide coupling), a scenario which is common in target-oriented synthesis.7 Indeed, diazides suffer from 

poor regioselectivity upon monoreduction, making the direct synthesis of 2-azidoamines from alkenes highly challenging.8 
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Scheme 2. Synthesis of azido-containing, masked vicinal diamines from alkenes 

 

Table 1. Selected optimization resultsa 

 

Entry Deviation from standard conditions Yield of 2b 

1 None 68 

2 Under inert atmosphere 65 

3 Fe(OAc)2 65 

4 Fe(OAc)2 trace metals basis (>99.99%) 66 

5 No metal <5 

6 AcONH3OTf as reagent 43 

7 1.5 eq PivONH3OTf 43 

8 Covalent azide sourcec <5 

9 MeCN as solvent 64 

10 HFIP as solvent <5 
aSee SI for detailed information. bH-NMR yields in % using trichloroethylene as an internal standard. cSuch as trimethylsilyl azide, to-

syl azide or diphenylphosphoryl azide.  

Alternatively, some progress has been made to install both an azido group and a protected amino group. However, these reactions are 

synthetically limited because they either introduce a nearly unprotectable form of the amino group (e.g. N(SO2Ph)2, Scheme 2b)10 or 

they rely on a suitably positioned directing group (Guan/Bi/Fu´s work, Scheme 2c).11 

Thus, a simple, catalytic aminoazidation reaction exhibiting a broad substrate scope and allowing for the installation of, ideally, an 

unprotected amino group, would certainly allow for the step-economical and orthogonal synthesis of nearly any 1,2-diamine deriva-

tive, thereby accelerating the synthesis and discovery of bioactive molecules (Scheme 2d).12–15  

Herein, we report an iron-catalyzed difunctionalization reaction of unactivated alkenes to directly access unprotected, primary 2-

azidoamines. This process tolerates a broad substrate scope including unactivated mono-, di- and trisubstituted alkenes bearing un-

protected polar functional groups commonly found in drug-like molecules. 

Based on our recent research interest to access amino alcohols and 2-chloroamines under iron catalysis,16 we set out to develop 

conditions for the aminoazidation of alkenes using a traditionally more challenging substrate, 1-dodecene (Table 1, for further details 

see SI). Evaluation of different azide salts in combination with different transition metal catalysts and hydroxylamine derivatives led 

us to identify suitable reaction conditions for the aminoazidation of 1-dodecene. Especially iron(II) acetate and triflate efficiently 
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catalyzed the desired reaction in good yields using this usually unreactive substrate (Entries 1, 3, 4). The possible catalytic effect of 

impurities from the iron source was ruled out by a control experiment with a trace metals-based source which  

 

Scheme 3. Scope of the aminoazidation reaction 

 

Yields are of isolated products; dr determined by 1H-NMR. a(E)-alkene used. bPurified via column chromatography. cPurified via ammonium 

salt precipitation. dStarting from an ester bearing a terminal alkene. eSee SI for detailed experimental information. 
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Scheme 4. Derivatization of azidoamine 2r 

 

Conditions: i) Phenyl acetylene (1.2 eq), sodium ascorbate (0.4 eq), CuSO4•5 H2O (20%), tBuOH/H2O, r.t., 62%; ii) PPh3 (1.2 eq), THF/H2O, 

50 °C, then TsOH•H2O (2.2 eq), Et2O, r.t., 75%; iii) PMe3 (1.1 eq), CO2, MeCN, r.t., 67%; iv) N-Boc-Leu (1.2 eq), DIPEA (2.4 eq), HBTU 

(1.3 eq), THF, r.t., 70%; v) PMe3 (3.4 eq), THF/H2O, r.t., 79%; vi) benzaldehyde (1.2 eq), acetic acid (2.0 eq), NaBH(OAc)3 (1.4 eq), DCE, 

r.t., 31%. 

 

delivered the same outcome, confirming that the iron species plays a key role.17 Covalent azide sources failed to afford any product 

while ionic azides were most suitable (Entry 8). Interestingly, this reaction can be performed open to air in technical grade methanol, 

a critical issue in the possible rapid adoption of this new reaction by synthetic practitioners. 

With the optimized conditions in hand, we then investigated the scope of the aminoazidation reaction (Scheme 3). Looking into aryl 

substituted alkenes, electron-poor (2b–e, 2g–h), as well as electron-rich (2k) systems were efficiently transformed into their corre-

sponding azidoamines. Aryl substituted internal alkenes indene and trans-β-methyl styrene afforded syn-addition products 2l and 2m 

in excellent diastereoselectivity (dr > 19:1). 

With regards to unactivated alkenes, mono-, 1,1-di- and trisubstituted alkenes performed well (2n–q). This is especially important, 

since the products bearing a tertiary azide offer the possibility to be transformed into an α-tertiary amine functionality, a common 

motif in natural products with only limited accessibility.18 

Aside from various carbon scaffolds, several functional groups were found to be tolerated under the reaction conditions, such as aryl  

(pseudo)halides (2b, 2e), multiple aryl substituents (2b–l), nitriles (2c, 2s), protected amines (2k, 2t, 2ah), free alcohols (2u, 2v, 2y) 

and phosphonates (2w, 2x). Remarkably, even alkynes in close proximity remained untouched (2y). Acid labile functionalities were 

also tolerated, e.g. free, tertiary alcohols (2v), silyl ethers (2z) and N-Boc protecting groups (2k, Boc = tert-butyloxycarbonyl). Fur-

thermore, heterocycles (indole in 2k, oxetane in 2aa) further expanded the wide scope of this transformation. Synthetically relevant 

carboxylic acid derivatives, such as amides (2ab–ae), formamides (2f) and esters (2af), performed well under the reaction conditions. 

Interestingly, esters with a shorter alkenyl chain cyclized in the process to afford lactams 2ab and 2ac in a single step. 

This excellent functional group tolerance encouraged us to tackle even more challenging substrates. An artemether derived substrate 

(2ag) was converted in moderate yield to the desired product, leaving the highly oxidized cage structure and the sensitive peroxo 
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Scheme 5. Synthetic applications of 2-azidoamines23, 25 

 

group intact. Excitingly, an allyl glycine-based tripeptide reacted cleanly to form the corresponding azidoamine product 2ah in an 

unoptimized 21% yield along with 78% of unreacted alkene starting material isolated, demonstrating the excellent chemoselectivity 

of this reaction. Another aspect worth mentioning here is the scalability of the presented methodology. On a gram scale, azidoamine 

2r was obtained in comparable yield and purity, regardless of the method of purification (see SI for further details). Collectively, 

these results clearly highlight the synthetic potential of this new methodology for early- and late-stage introduction of an azidoamine 

functionality. 

Due to the high demand for the synthesis of isotopically labeled compounds, we synthesized a [15N] labeled version of the reagent, 

starting from [15N]-hydroxylamine.19 This new reagent was used to generate the corresponding labeled product [15N]-2n with excellent 

isotopic purity and in good yields, highlighting its potential for the rapid synthesis of [15N]-compounds. 

We next investigated the potential of azidoamines in subsequent synthetic transformations. Azides have found broad synthetic utility 

in copper-catalyzed azide-alkyne cycloaddition (CuAAC)20 and Staudinger-bioconjugation.21 Using the azidoamine as a starting ma-

terial, a Click-type CuAAC reaction proceeded selectively at the azido group, leaving the unprotected amine untouched. The synthetic 

utility of the formed 2-azidoamines was further demonstrated through several orthogonal derivatization reactions (Scheme 4).  

Subjecting 2r to a phosphine mediated Staudinger reduction afforded diamine 3b in good yield. Conventional reductive amination or 

amide coupling delivered secondary amine 3f and amide 3d. The azide moiety of the latter could be further reduced in a subsequent 

step to obtain primary amine 3e. This sequence clearly showcases the orthogonality of this simple masked diamine motif. Making 

combined use of both nitrogen moieties, a Staudinger/aza-Wittig (SAW) cyclization afforded directly imidazolidinone 3c in one 

step.22 

We next applied our methodology to the concise synthesis of biologically relevant molecules. RO 20-1724 (Scheme 5) is a highly 

specific inhibitor of cAMP-specific phosphodiesterase type IV (PDE 4, IC50 = 2 µM) commonly used in pharmaceutical research.23 

Starting from allyl aryl 4a, we could access key intermediate 4b on a 1.45 g scale through a direct iron-catalyzed aminoazidation 

reaction. Subjecting this intermediate to the adapted SAW conditions next afforded RO 20-1724 in 63% yield. This new route does 

not only decrease the step count significantly (previously reported: 7 steps), but, according to the report by the Audioso lab,22 also 

bears the potential to introduce an isotopically labeled carbon atom through the use of labeled CO2 in the last step.24 

Furthermore, we utilized our methodology in the formal total synthesis of the antibacterial marine natural product hamacanthin B.25 

A previous enantioselective synthesis of (S)-4g relied on a 7-step sequence, which included several steps based on toxic compounds, 

such as an osmium catalyst and tin reagents, to access key intermediate 4f which was next converted to the final natural product in 

three steps. Remarkably, our new aminoazidation reaction enabled us to completely bypass the 7-step sequence to access key inter-

mediate 4f in a single catalytic step, providing a new, shorter formal synthesis of the racemic form of this natural product.  

Intrigued by the features of the presented methodology, we next conducted some control experiments to shed light on the reaction 

mechanism. Comparing the outcome of two different radical clocks, the cyclopropyl ring of the slower opening substrate 5a was 

preserved, whereas the rapidly opening substrate 5d readily underwent ring opening (Scheme 6).26 Correlating it with rates reported 

in literature, the lifetime of the presumably formed radical could be tentatively stated as short-lived (5a•: kr =4 x 105 s-1, 5d•: kr =7 x 

1010 s-1).26 Furthermore, unactivated, internal alkenes (E)- and (Z)-oct-4-ene resulted in a very similar ratio of cis- and trans- product, 

supporting a stepwise mechanism involving a carbon-centered radical. At this stage it is not clear whether the amino group is intro-

duced via an aminium radical27 or an iron-based aminating species.28 
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Scheme 6. Control experiments 

 

Yields are of isolated products; dr determined by GC-FID. See SI for detailed experimental information. 

 

In conclusion, we have reported the direct synthesis of unprotected primary 2-azidoamines from a wide range of different alkenes. 

This mild and highly selective transformation provides an operationally simple and robust access to versatile 2-azidoamines using a 

benign and inexpensive iron catalyst. The products obtained can further engage in various derivatizations where the azidoamine motif 

functions as an ideal masked 1,2-diamine, enabling a fast and orthogonal transformation to many useful building blocks. In a broader 

context, these features emphasize the value of the presented methodology for the versatile synthesis of diamine derivatives which are 

ubiquitously found in bioactive molecules. 

AUTHOR INFORMATION 

Corresponding Author 

*E-mail: bill.morandi@org.chem.ethz.ch 

 

Notes 
The authors declare no competing financial interest. 

ACKNOWLEDGMENT  

Financial support from the Swiss National Science Foundation (SNSF 184658) is gratefully acknowledged. We thank D. Zindel, the NMR 

service, the Molecular and Biomolecular Analysis Service (MoBiAS) and ETH Zürich for technical assistance. We thank O. Green for 

valuable discussion and our group for critical proof-reading. 

REFERENCES 

(1) (a) Lucet, D.; Le Gall, T.; Mioskowski, C. The Chemistry of Vicinal Diamines. Angew. Chem. Int. Ed. 1998, 37, 2580–2627. (b) Kizirian, J.-

C. Chiral Tertiary Diamines in Asymmetric Synthesis. Chem. Rev. 2008, 108, 140–205. 

(2) (a) de Figueiredeo, R. M. Transition-Metal-Catalyzed Diamination of Olefins. Angew. Chem. Int. Ed. 2009, 48, 1190–1193. (b) Cardona, F.; 

Goti, A. Metal-catalysed 1,2-diamination reactions. Nat. Chem. 2009, 1, 269–275. (c) Müller, T. E.; Beller, M. Metal-Initiated Amination of Alkenes 

and Alkynes. Chem. Rev. 1998, 98, 675–704. (d) Muñiz, K.; Barreiro, L.; Romero, R. M.; Martínez, C. Catalytic Asymmetric Diamination of 

Sytrenes. J. Am. Chem. Soc. 2017, 139, 4354–4357. (e) Martínez, C.; Pérez, E. G.; Iglesias, Á.; Escudero-Adán, E. C.; Muñiz, K. Regioselective 

Intermolecular Diamination and Aminooxygenation of Alkenes with Saccharin. Org. Lett. 2016, 18, 2998–3001. (f) Zhu, Y; Cornwall, R. G.; Du, 

H.; Zhao, B.; Shi, Y. Catalytic Diamination of Olefins via N–N Bond Activation. Acc. Chem. Res. 2014, 47, 3665–3678. 

(3) For selected reviews on dihydroxylation of alkenes see (a) Kolb, H. C.; VanNieuwenhze, M. S.; Sharpless, K. B. Catalytic Asymmetric Dihy-

droxylation. Chem. Rev. 1994, 94, 2483–2547. (b) Bataille, C. J. R.; Donohoe, T. J. Osmium-free direct syn-dihydroxylation of alkenes. Chem. Soc. 

Rev. 2011, 40, 114–128. (c) Noe, M. C.; Letavic, M. A.; Snow, S. L. Asymmetric Dihydroxylation of Alkenes in Organic Reactions; Overman, L. 

E., et al., vol. 66; John Wiley & Sons, 2005, pp 109–625. DOI: 10.1002/0471264180.or066.02. 

(4) For further selected examples of catalytic diazidation see (a) Wu, D.; Cui, S.-S.; Lin, Y.; Li, L.; Yu, W. Visible Light-Driven Azidation/Di-

functionalization of Vinyl Arenes with Azidobenziodoxole under Copper Catalysis. J. Org. Chem. 2019, 84, 10978–10989. (b) Kamble, D. A.; 

Karabal, P. U.; Chouthaiwale, P. V.; Sudalai, A. NaIO4-NaN3-mediated diazidation of styrenes, alkenes, benzylic alcohols, and aryl ketones. Tetra-

hedron Lett. 2012, 53, 4195–4198. (c) Peng, H.; Yuan, Z.; Chen, P.; Liu, G. Palladium-Catalyzed Intermolecular Oxidative Diazidation of Alkenes. 

Chin. J. Chem. 2017, 35, 876–880. (d) Reddy, T. R.; Rao, D. S.; Kashyap, S. Visible-light activated metal catalyst-free vicinal diazidation of olefins 

with sulfonium iodate(I) species. Chem. Commun. 2019, 55, 2833–2836. (e) Zhou, H.; Jian, W.; Qian, B.; Ye, C.; Li, D.; Zhou, J.; Bao, H. Copper-

Catalyzed Ligand-Free Diazidation of Olefins with TMSN3 in CH3CN or in H2O. Org. Lett. 2017, 19, 6120–6123. 

(5) For selected examples and reviews see (a) Fu, N.; Sauer, G. S.; Saha, A.; Loo, A.; Lin, S. Metal-catalyzed electrochemical diazidation of 

alkenes. Science 2017, 357, 575–579. (b) Siu, J. C.; Parry, J. B.; Lin, S. Aminoxyl-Catalyzed Electrochemical Diazidation of Alkenes Mediated by 

a Metastable Charge-Transfer Complex. J. Am. Chem. Soc. 2019, 141, 2825–2831. For selected reviews see: (c) Parry, J. B.; Fu, N.; Lin, S. Electro-

catalytic Difunctionalization of Olefins as a General Approach to the Synthesis of Vicinal Diamines. Synlett 2018, 29, 257–265. (d) Sauer, G. S.; 

Lin, S. An Electrocatalytic Approach to the Radical Difunctionalization of Alkenes. ACS. Catal. 2018, 8, 5175–5187. 

(6) (a) Yuan, Y.-A.; Lu, D.-F.; Chen, Y.-R.; Xu, H. Iron-Catalyzed Direct Diazidation for a Broad Range of Olefins. Angew. Chem. Int. Ed. 2016, 

55, 534–538. (b) Zhu, H.-T.; Arosio, L.; Villa, R.; Nebuloni, M.; Xu, H. Process Safety Assessment of the Iron-Catalyzed Direct Olefin Diazidation 

for the Expedient Synthesis of Vicinal Primary Diamines. Org. Process Res. Dev. 2017, 21, 2068–2072. (c) Shen, S.-J.; Zhu, C.-L.; Lu, D.-F.; Xu, 

H. Iron-Catalyzed Direct Olefin Diazidation via Peroxyester Activation Promoted by Nitrogen-Based Ligands. ACS Catal. 2018, 8, 4473–4482. 

(7) For an example of the two-step synthesis of mono-N-Boc protected vicinal diamines from alkenes see: Olson, D. E.; Su, J. Y.; Roberts, D. A.; 

Du Bois, J. Vicinal Diamination of Alkenes under Rh-Catalysis. J. Am. Chem. Soc. 2014, 136, 13506–13509. 

https://doi.org/10.1002/0471264180.or066.02


 

 

7 

(8) For an example of a regioselective azide reduction see Nyffeler, P. T.; Liang, C.-H.; Koeller, K. M.; Wong, C.-H. The Chemistry of Amine-

Azide Interconversion: Catalytic Diazotransfer and Regioselective Azide Reduction. J. Am. Chem. Soc. 2002, 124, 10773–10778. For a chemoselec-

tive azide reduction see Udumula, V.; Nazari, S. H.; Burt, S. R.; Alfindee, M. N. Michaelis, D. J. Chemo- and Site-Selective Alkyl and Aryl Azide 

Reductions with Heterogeneous Nanoparticle Catalysts. ACS Catal. 2016, 6, 4423–4427. 

(9) McGrath, N. A.; Brichacek, M.; Njardarson, J. T. A Graphical Journey of Innovative Organic Architectures That Have Improved Our Lives. 

J. Chem. Educ. 2010, 87, 1348–1349; Top 200 Small Molecule Pharmaceuticals by Retail sales in 2018, available from njardarson.lab.arizona.edu. 

(10) For sulfonamide protected aminoazidation see (a) Zhang, B.; Studer, A. Copper-Catalyzed Intermolecular Aminoazidation of Alkenes Org. 

Lett. 2014, 16, 1790–1793. (b) Lei, B.; Wang, X.; Ma, L.; Li, Y.; Li, Z. NFSI-paricipated intermolecular aminoazidation of alkenes through iron 

catalysis. Org. Biomol. Chem. 2018, 16, 3109–3113. (c) Kawauchi, D.; Ueda, H.; Tokuyama, H. Double Functionalization of Styrenes by Cu-Medi-

ated Assisted Tandem Catalysis. Eur. J. Org. Chem. 2019, 2056–2060. 

(11) Li, Y.; Liang, Y.; Dong, J.; Deng, Y.; Zhao, C.; Su, Z.; Guan, W.; Bi, X.; Liu, Q.; Fu, Junkai Directed Copper-Catalyzed Intermolecular 

Aminative Difunctionalization of Unactivated Alkenes. J. Am. Chem. Soc. 2019, 141, 18475–18485.  

(12) For an example of a super-stoichiometric aminoazidation of styrene see (a) Minisci, F.; Galli, R.; Cecere, M. Amminazione radicalica di 

olefin con acido idrossilamminsolfonico e idrossilammina. Sterochimica dell’ammino-clorurazione. Chim, Ind. (Milan) 1966, 48, 132–136. (b) 

Minisci, F. Free-Radical Additions to Olefins in the Presence of Redox Systems. Acc. Chem. 1975, 8, 165–171.  

(13) For examples of intramolecular aminoazidation see (a) Foschi, F.; Loro, C.; Sala, R.; Oble, J.; Lo Presti, L.; Beccalli, E. M.; Poli, G., Broggini, 

G. Intramolecular Aminoazidation of Unactivated Terminal Alkenes by Palladium-Catalyzed Reactions with Hydrogen Peroxide as the Oxidant. 

Org. Lett. 2020, 22, 1402–1406. (b) Fayssal, S. A.; Giungi, A.; Berhal, F.; Prestat, G. Iron-Catalyzed Intra-intermolecular Aminoazidation of Alkenes. 

Org. Process Res. Dev. 2019, DOI: 10.1021/acs.oprd.9b00400. (c) Shen, K.; Wang, Q. Copper-Catalyzed Alkene Aminoazidation as a Rapid Entry 

to 1,2-Diamines and Installation of an Azide Reporter onto Azaheterocycles. J. Am. Chem. Soc. 2017, 139, 13110–13116. (d) Sequeira, F. C.; Turn-

penny, B. W.; Chemler, S. R. Copper-Promoted and Copper-Catalyzed Intermolecular Alkene Diamination. Angew. Chem. Int. Ed. 2010, 49, 6365–

6368.  

(14) For recent perspectives of the importance of protecting group free transformations see (a) Young, I. S.; Baran, P.S. Protecting-group-free 

synthesis as an opportunity for invention. Nat. Chem. 2009, 1, 193–205. (b) Blakemore, D. C.; Castro, L.; Churcher, I.; Rees, D. C.; Thomas, A. W.; 

Wilson, D. M.; Wood, A. Organic synthesis provides opportunities to transform drug discovery. Nat. Chem. 2018, 10, 383–394. (c) Fernandes, R. 

A. Protecting-group-free organic synthesis: Improving Economy and Efficiency, 1st ed.; John Wiley & Sons, 2018. DOI: 10.1002/9781119295266. 

(15) For selected, recent examples for the synthesis of unprotected amines from unsaturated compounds see (a) Cheng, Q.-Q.; Zhou, Z.; Jiang, H.; 

Siitonen, J. H.; Ess, D. H.; Zhang, X.; Kürti L. Organocatalytic nitrogen transfer to unactivated olefins via transient oxaziridines. Nat. Catal. 2020, 

DOI: 10.1038/s41929-020-0430-4. (b) Zhou, Z.; Cheng, Q.-Q.; Kürti, L. Aza-Rubottom Oxidation: Synthetic Access to Primary α-Aminoketones. 

J. Am. Chem. Soc. 2019, 141, 2242–2246. (c) Ma, Z.; Zhou, Z.; Kürti, L. Direct and Stereospecific Synthesis of N-H and N-Alkyl Aziridines from 

Unactivated Olefins Using Hydroxylamine-O-Sulfonic Acids. Angew. Chem. Int. Ed. 2017, 56, 9886–9890. (d) Paudyal, M. P.; Adebesin, A. M.; 

Burt, S. R.; Ess, D. H.; Ma, Z.; Kürti, L.; Falck, J. R. Dirhodium-catalyzed C-H arene amination using hydroxylamines. Science 2016, 353, 1144–

1147. (e) Jat, J. L.; Paudyal, M. P.; Gao, H.; Xu, Q.-L.; Yousufuddin, M.; Devarajan, D.; Ess, D. H.;Kürti, L.;Falck, J. R. Direct and Stereospecific 

Synthesis of Unprotected N-H and N-Me Aziridines from Olefins. Science 2014, 343, 61–65. (f) Legnani, L.; Prina Cerai, G.; Morandi, B. Direct 

and Practical Synthesis of Primary Anilines through Iron-Catalyzed C-H Bond Amination. ACS. Catal.  2016, 6, 8162–8165. (g) Liu, J.; Wu, K.; 

Shen, T.; Liang, Y.; Zou, M.; Zhu, Y.; Li, X.; Li, X.; Jiao, N. Fe-Catalyzed Amination of (Hetero)Arenes with a Redox-Active Aminating Reagent 

under Mild Conditions. Chem. Eur. J. 2017, 23, 563–567. (h) D’Amato, E. M.; Börgel, J.; Ritter, T. Aromatic C-H amination in hexafluoroisopro-

panol. Chem. Sci. 2019, 10, 2424–2428. (i) Yang See, Y.; Sanford, M. S. C–H Amination of Arenes with Hydroxylamine. Org. Lett. 2020, DOI: 

10.1021/acs.orglett.0c00598. (j) Strom, A. E.; Hartwig, J. F. One-Pot Anti-Markovnikov Hydroamination of Unactivated Alkenes by Hydrozircona-

tion and Amination. J. Org. Chem. 2013, 78, 8909–8914. (k) Hirano, K.; Miura, M. Development of New C-N and C-P Bond Formations with 

Alkenes and Alkynes Based on Electrophilic Amination and Phosphination. J. Synth. Org. Chem., Jpn. 2018, 76, 1206–1214. (l) Matsuda, N.; Hirano, 

K.; Satoh, T.; Miura, M. Regioselective and Stereoselective Copper-Catalyzed Aminoboration of Styrenes with Bis(pinacolato)diboron and O-Ben-

zoyl-N,N-dialkylhydroxylamines. J. Am. Chem. Soc. 2013, 135, 4934–4937. (m) Kim, H.; Park, G.; Park, J.; Chang, S. A Facile Access to Primary 

Alkylamines and Anilines via Ir(III)-Catalyzed C-H Amidation Using Azidoformates. ACS Catal. 2016, 6, 5922–5929. (n) Guo, S.; Yang, J. C.; 

Buchwald, S. L. A Practical Electrophilic Nitrogen Source for the Synthesis of Chiral Primary Amines by Copper-Catalyzed Hydroamination. J. Am. 

Chem. Soc. 2018, 140, 15976–15984. (o) Williamson, K. S.; Yoon, T. P. Iron Catalyzed Asymmetric Oxyamination of Olefins. J. Am. Chem. Soc. 

2012, 134, 12370–12373. (p) Ruffoni, A.; Juliá, F.; Svejstrup, T. D.; McMillan, A. J.; Douglas, J. J.; Leonori, D. Practical and regioselective amina-

tion of arenes using alkyl amines. Nat. Chem. 2019, 11, 426–433. 

 (16) (a) Legnani, L.; Prina-Cerai, G.; Delcaillau, T.; Willems, S.; Morandi, B. Efficient access to unprotected primary amines by iron-catalyzed 

aminochlorination of alkenes. Science 2018, 362, 434–439. (b) Legnani, L.; Morandi, B. Direct Catalytic Synthesis of Unprotected 2-Amino-1-

Phenylethanols from Alkenes by Using Iron(II) Phthalocyanine. Angew. Chem. Int. Ed. 2016, 55, 2248–2251. (c) Legnani, L.; Bhawal, B. N.; Mo-

randi, B. Recent Developments in the Direct Synthesis of Unprotected Primary Amines. Synthesis 2017, 49, 776–789. 

(17) Thomé, I.; Nijs, A.; Bolm, C. Trace metal impurities in catalysis. Chem. Soc. Rev. 2012, 41, 979–987. 

(18) For reviews about α-tertiary amines see: (a) Hager, A.; Vrielink, N.; Hager, D.; Lefranc, J.; Trauner, D. Synthetic approaches towards alka-

loids bearing α-tertiary amines. Nat. Prod. Rep. 2016, 33, 491–522. (b) Clayden, J.; Donnard, M.; Lefranc, J.; Tetlow, D. J. Quaternary centers 

bearing nitrogen (α-tertiary amines) as products of molecular rearrangements. Chem. Commun. 2011, 47, 4624–4639. 

(19) (a) Berger, G.; Gelbcke, M.; Cauët, E.; Luhmer, M.; Nève, J.; Dufrasne, F. Synthesis of 15N-labeled vicinal diamines through N-activated 

chiral aziridines: tools for the NMR study of platinum-based anticancer compounds. Tetrahedron Lett. 2013, 54, 545–548. (b) Hanson, J. R. The 

organic chemistry of isotopic labelling; Royal Society Chemistry: Cambridge, 2011.  

(20) (a) Moses, J. E.; Moorhouse, A. D. The growing applications of click chemistry. Chem. Soc. Rev. 2007, 36, 1249–1262. (b) Kolb, H. C.; Finn, 

M. G.; Sharpless, K. B. Click Chemistry: Diverse Chemical Function from a Few Good Reactions. Angew. Chem. Int. Ed. 2001, 40, 2004–2021. 

(21) (a) Schilling, C. I.; Jung, N.; Biskup, M.; Schepers, U.; Bräse, S. Bioconjugation via azide-Staudinger ligation: an overview. Chem. Soc. Rev. 

2011, 40, 4840–4871. (b) van Berkel, S. S.; van Eldijk, M. B.; van Hest, J. C. M. Staudinger Ligation as a Method for Bioconjugation. Angew. Chem. 

Int. Ed. 2011, 50, 8806–8827. 

(22) Del Vecchio, A.; Caillé, F.; Chevalier, A.; Loreau, O.; Horkka, K.; Halldin, C.; Schou, M.; Camus, N.; Kessler, P.; Kuhnast, B.; Taran, F.; 

Audisio, D. Late-Stage Isotopic Carbon Labeling of Pharmaceutically Relevant Cyclic Ureas Directly from CO2 Angew. Chem. Int. Ed. 2018, 57, 

9744–9748. 

(23) (a) Brackeen, M. F.; Stafford, J. A.; Cowan, D. J.; Brown, P. J.; Domanico, P. L.; Feldman, P. L. Design and Synthesis of Conformationally 

Constrained Analogs of 4-(3-Butoxy-4-methoxybenzyl)imidazolidin-2-one (RO 20-1724) as Potent Inhibitors of cAMP-Specific Phosphodiesterase. 

J. Med. Chem. 1995, 38, 4848–4854. (b) Gruenman, V.; Hoffer, M. (Hoffmann-La Roche Inc.), US 3923833, 1975. (c) Number of references includ-

ing RO 20-1724 in biological studies: 459; Data obtained from SciFindern, accessed 10.02.2020. 

https://njardarson.lab.arizona.edu/
https://doi.org/10.1021/acs.oprd.9b00400
https://onlinelibrary.wiley.com/doi/book/10.1002/9781119295266
https://doi.org/10.1038/s41929-020-0430-4
https://doi.org/10.1021/acs.orglett.0c00598


 

 

8 

(24) For the use of a 11C-labelled version see (a) DaSilva, J. N.; Lourenco, C. M.; Wilson, A. A.; Houle, S. Syntheses of the Phosphodiesterase-4 

Inhibitors [11C]Ro 20-1724, R-, R/S- and S-[11C]Rolipram. J. Labelled. Cpd. Radiopharm. 2001, 44, 373–384. (b) Lourenco, C. M.; DaSilva, J. N.; 

Warsh, J. J.; Wilson, A. A.; Houle, S. Imaging of cAMP-Specific Phosphodiesterase-IV: Comparison of [11C]Rolipram and [11C]Ro 20-1724 in Rats. 

Synapse 1999, 31, 41–50. 

(25) (a) Gunasekera, S. P.; McCarthy, P. J.; Kelly-Borges, M. Hamacanthins A and B, New Antifungal Bis Indole Alkaloids from the Deep-Water 

Marine Sponge, Hamacantha Sp. J. Nat. Prod. 1994, 57, 1437–1441. (b) Jiang, B.; Yang, C.-G.; Wang, J. Enantioselective Synthesis of Marine 

Indole Alkaloid Hamacanthin B. J. Org. Chem. 2002, 67, 1396–1398. (c) Bao, B.; Sun, Q.; Yao, X.; Hong, J.; Lee, C.-O.; Cho, H. Y.; Jung, J. H. 

Bisindole Alkaloids of the Topsentin and Hamacanthin Classes from a Marine Sponge Spongosorites sp. J. Nat. Prod. 2007, 70, 2–8. 

(26) For a general overview about the use of radical clocks see (a) Newcomb, M. Radical Kinetics and Clocks. In Encycl. Radicals Chem. Biol. 

Mater., John Wiley & Sons, 2012. DOI: 10.1002/9781119953678.rad007. For recent examples applications of radical clocks see: (b) Budai, B.; 

Leclair, A.; Wang, Q.; Zhu, J. Copper-Catalyzed 1,2-Methoxy Methoxycarbonylation of Alkenes with Methyl Formate. Angew. Chem. Int. Ed. 2019, 

58, 10305–10309. (c) Zhao, Q.; Lu, L.; Shen, Q. Direct Monofluoromethylthiolation with S-(Fluoromethyl) Benzenesulfonothioate. Angew. Chem. 

Int. Ed. 2017, 56, 11575ؘ–11578. For references to the ring opening rates see (d) Masnovi, J.; Samsel, E. G.; Bullock, R. M. Cyclopropylbenzyl 

Radical Clocks. J. Chem. Soc., Chem. Commun. 1989, 1044–1045. (e) Choi, S.-Y.; Toy, P. H.; Newcomb, M. Picosecond Radical Kinetics. Fast 

Ring Openings of Secondary and Tertiary trans-2-Phenylcyclopropylcarbinyl Radicals. J. Org. Chem. 1998, 63, 8609–8613. 

(27) (a) Chow, Y. L.; Danen, W. C.; Nelsen, S. F.; Rosenblatt, D. H. Nonaromatic aminium radicals. Chem. Rev. 1978, 78, 243–274. (b) Neale, 

R. S. Nitrogen Radicals as Synthesis Intermediates. N-Halamide Rearrangements and Additions to Unsaturated Hydrocarbons. Synthesis 1971, 1, 1–

15. (c) Hioe, J.; Šakić, D.; Vrček, V.; Zipse, H. The stability of nitrogen-centered radicals. Org. Biomol. Chem. 2015, 13, 157–169. (d) Foo, K.; Sella, 

E.; Thomé, I.; Eastgate, M. D.; Baran, P. S. A Mild, Ferrocene-Catalyzed C-H Imidation of (Hetero)Arenes. J. Am. Chem. Soc. 2014, 136, 5279–

5282. 

(28) (a) Lu, D.-F.; Zhu, C.-L.; Sears, J. D.; Xu, H. Iron(II)-Catalyzed Intermolecular Aminofluorination of Unfunctionalized Olefins Using Fluo-

ride Ion. J. Am. Chem. Soc. 2016, 138, 11360–11367. (b) Lu, D.-F.; Zhu, C.-L.; Jia, Z.-X.; Xu, H. Iron(II)-Catalyzed Intermolecualr Amino-Oxy-

genation of Olefins through the N-O Bond Cleavage of Functionalized Hydroxylamines. J. Am. Chem. Soc. 2014, 136, 13186–13189. (c) Liu, G.-S.; 

Zhang, Y.-Q.; Yuan, Y.-A.; Xu, H. Iron(II)-Catalyzed Intramolecular Aminohydroxylation of Olefins with Functionalized Hydroxylamines. J. Am. 

Chem. Soc. 2013, 135, 3343–3346. (d) Xiong, T.; Zhang, Q. New amination strategies based on nitrogen-centered radical chemistry. Chem. Soc. Rev. 

2016, 45, 3069–3087. (e) Murakami, K.; Perry, G. J. P.; Itami, K. Aromatic C-H amination: a radical approach for adding new functions into biology- 

and materials-oriented aromatics. Org. Biomol. Chem. 2017, 15, 6071–6075. 

https://onlinelibrary.wiley.com/doi/full/10.1002/9781119953678.rad007

