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ABSTRACT: A nickel-catalyzed reductive cross-coupling of cyclopropylamine NHP esters with (hetero)aryl halides is reported. 
This efficient protocol provides direct access to 1-arylcyclopropylamines, a bioisosteric motif commonly used in small molecule drug 
discovery. The reaction proceeds rapidly (<2 h) with excellent functional group tolerance and without requiring heat or air-sensitive 
reagents. The method can also be extended to the arylation of four-membered strained rings. The NHP esters are easily obtained from 
the corresponding commercially available carboxylic acids in one step with high yields and no column chromatography.

In contemporary medicinal chemistry, discovery teams must 
consider expansive biochemical, cellular, metabolic, and pro-
tein structure datasets to strike a balance of physiochemical 
properties, potency, and safety.1 Among the various binding in-
teractions that can occur between a small molecule drug and the 
targeted protein, the 3-D network of hydrogen bonding interac-
tions is a key driver of potency.2  
A frequently encountered hydrogen bonding motif is the N–H 
bond present in benzylamines.2a  However, the methylene group 
present in benzylamines and heteroaryl methylamines readily 
undergoes cytochrome oxidation, rendering it a “metabolic soft 
spot” (Figure 1a).3 Bioisosteric replacement of benzylamines 
can easily be accomplished with a gem-dimethyl group to block 
this metabolism.4 However, this strategy inevitably introduces 
additional lipophilicity (increasing cLogP),5 which may nega-
tively affect water-solubility and protein-binding selectivity.6 
To circumvent this, fusing the carbon atoms together as rigid 
ring can afford compounds with lower lipophilicity and higher 
solubility.7 Cyclopropanes also possess greater sp2-character 
which renders their C–H bonds less susceptible to undesired 
metabolism.8 Cyclopropylamines are also significantly less 
basic than benzylamines and gem-dimethylamines, leading to 
decreased binding promiscuity to off-target proteins.9 Proactive 
de-risking of CYP enzyme inhibition and glutathione trapping 
during development has enabled the progression of numerous 
compounds containing cyclopropylamines into the clinic and on 
to commercialization (Figure 1b). 10, 11  

  
Figure 1. Examples and Properties of Biologically Relevant 1-
Arylcyclopropylamines 

In recent years, medicinal chemistry synthetic route designs 
have shifted from using stoichiometric amounts of moisture- 
and air-sensitive reagents to catalytic approaches based on mod-
ular assemblies of air-stable and commercially available build-
ing blocks.12 To this end, we realized that no such modular 
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Scheme 1. Strategies to Access 1-Arylcyclopropylamines 

 
approach was available for the synthesis of 1-arylcyclopropyl-
amines. Only a handful of synthetic methods are available, with 
almost all 1-arylcyclopropylamines reported in the literature be-
ing constructed via the Kulinkovich-Szymoniak reaction13 or 
the Curtius rearrangement14 (Scheme 1a). However, these strat-
egies require stoichiometric organometallic or azide reagents. 
A recent multi-kilogram clinical delivery by AstraZeneca illus-
trates the scarcity of approaches to this class of molecules, with 
the Kulinkovich-Szymoniak reaction achieving only 37% yield 
of the 1-arylcyclopropylamine product.15 The high prevalence 
of (hetero)aryl halides in medicinal and process chemistry, 
combined with the aforementioned paucity of direct and reliable 
approaches to 1-arylcyclopropylamines, has inspired us to ad-
dress this problem.  
To realize a building block approach, we envisioned engaging 
a protected cyclopropylamine precursor with a (hetero)aryl hal-
ide via a cross-coupling strategy. To this end, commercially 
available 1-aminocyclopropanecarboxylic acid offered an at-
tractive entry point to a-aminocyclopropyl radicals via decar-
boxylation. In 2020, Terrett and Huestis reported the synthesis 
of 1-arylaminooxetanes from aryl halides and 3-((tert-
butoxycarbonyl)amino)oxetane-3-carboxylic acid via dual pho-

toredox/Ni catalysis (Scheme 1b, top).16 In this report, structur-
ally related 1-(Boc-amino)cyclopropanecarboxylic acids were 
unreactive under these conditions, further demonstrating the 
challenge in accessing these products via a catalytic system. Re-
cent reports from Baran17 and Weix18 have sparked a renais-
sance in the decarboxylative chemistry of N-hydroxy-
phthalimide (NHP) esters.19 In 2019, Baran and coworkers re-
ported the synthesis of a single N-phthalimide-protected 1-aryl-
cyclopropylamine in 55% yield via the coupling of a tetra-
chloro-N-hydroxyphthalimide (TCNHP) ester with an aryl or-
ganozinc (Scheme 1b, bottom).20 Weix and coworkers have also 
developed Ni-catalyzed cross-electrophile reductive couplings 
of aryl halides with aliphatic NHP esters as the coupling part-
ner.18b In light of these works, as well as our previous experi-
ence with Ni-catalyzed reductive cross-couplings of NHP es-
ters,21 we set out to uncover a modular synthesis of hindered 1-
arylcyclopropylamines from readily available starting materi-
als.  
Table 1. Optimizationa 

 
entry deviation from  

standard conditions 
ArI  

conversion (%)b 
3a yield 

(%)b 
1 none 100 85 (83%c) 
2 r.t. instead of 0 °C 100 77 

 3d no TMSCl 0 0 
4 TMSCl (1.0 equiv) 79 53 
5 Zn (4.0 equiv) 100 82 
6 Zn (2.0 equiv) 94 49 
7 no Ni 0 0 

aReactions were performed on 0.10 mmol scale. See the SI for full 
details. bCalibrated GC-MS yields using dodecane as an internal 
standard. cIsolated yield on 0.5 mmol scale. dReaction left for 24 h. 

Reaction optimization began using NHP ester 1a and p-iodotol-
uene (Table 1). During optimization, we discovered that the 
commonly used Ni precatalyst “NiCl2bpy” exists as the bime-
tallic species [(bipy)2Ni2(µ-Cl)2Cl2(H2O)2] 4. Powder X-ray dif-
fraction (PXRD) of both commercially sold and synthesized 
“NiCl2bpy” was found to be identical to the bimetallic nickel  
species that was previously characterized by single crystal X-
ray crystallography (see SI for details).22,23 The desired 1-aryl-
cyclopropylamine product 3a could be obtained in 85% yield 
after 2 h using 1a (1.5 equiv), p-iodotoluene (1.0 equiv), Ni 
precatalyst 4 (5 mol %), TMSCl (3.0 equiv), and non-activated 
zinc flakes24 (8.0 equiv) in DMA (0.2 M) at 0 °C (entry 1).  
While the exact role of the chlorosilane is not yet well under-
stood within the context of reductive couplings using NHP es-
ters, our group21 and others25 have observed this additive to be 
crucial to achieve conversion and product formation.  We hy-
pothesize

b) Previous Ni-catalyzed attempts to access 1-arylcyclopropylamines

c) Ni-catalyzed reductive cross-coupling of aminocyclopropane NHP 
esters and (hetero)aryl halides (this work)
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Figure 2. Scope of the Ni-catalyzed reductive coupling of NHP ester 1 and aryl halides 2. Reactions performed on 0.5 mmol scale, isolated 
yields are reported. Conditions: To a solution of 1 (1.5 equiv), 2 (0.5 mmol), Ni precat. 4 (5 mol %), and non-activated Zn flakes (8.0 equiv) 
in DMA (0.2 M) was added TMSCl (3.0 equiv) and the reaction mixture was stirred for 2 h (X = I, 0 °C; X = Br, r.t.). aReaction performed 
on 0.25 mmol scale.

that chlorosilanes can help to facilitate reduction of the NHP 
ester to generate an alkyl radical which is captured by nickel 
and subsequently arylated.26 

The stoichiometry of both the chlorosilane and the metal re-
ductant could be decreased to give 3a in moderate yields, al-
beit with reduced conversion of aryl iodide (entries 4–6). 
However, we observed that the more challenging aryl halide 
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coupling partners benefited from the higher chlorosilane and 
reductant loadings.  
With optimized conditions in hand, the scope of the reaction 
was explored. The reaction was found to work well with a 
wide range of aryl iodides (Figure 2). A variety of electron-
neutral (3a, 3b, 3j), electron-rich (3c, 3e, 3h, 3i), and electron-
deficient (3d, 3f, 3g, 3n, 3o, 3q, 3u, 3w) substrates were ob-
tained in good to excellent yields. ortho-Substituted io-
doarenes gave the corresponding products in good yields (3b, 
3e, 3f), highlighting the ability to introduce steric bulk next to 
the newly formed quaternary center. Aryl iodides containing 
other cross-coupling handles remained untouched, such as 
chloride, boronic ester, and TMS-protected alkyne, (products 
3v, 3m, and 3p, respectively) illustrating potential orthogo-
nality for further product diversification. Base-sensitive func-
tional groups, which could be problematic when using previ-
ously reported methods with organometallic reagents to ac-
cess these products, were found to be well tolerated, as exem-
plified through products containing an unprotected phenol 
(3h), aniline (3i), benzyl alcohol (3j), ketone (3w), and amide 
(3o, 3q). Furthermore, phenylalanine-derived substrate 3r 
was obtained in good yield. The functional group tolerance 
observed here further emphasizes the mild conditions and ex-
cellent chemoselectivity of the reaction. Finally, heteroaryl io-
dides such as pyridines and benzothiophene were efficiently 
cross-coupled, as seen in products 3t, 3x, and 3s, respectively. 
Due to the greater commercial availability and stability of aryl 
bromides, we next explored their use as coupling partners. We 
found that electron-deficient aryl bromides were viable sub-
strates under these conditions by simply raising the reaction 
temperature to room temperature. Electron-deficient aryl bro-
mides such as CF3-containing substrates afforded the corre-
sponding products (3u, 3aa) in moderate to good yields. Prod-
ucts containing handles which could be used for further func-
tional group manipulation, such as chloride (3v, 3ad), nitrile 
(3y), ketone (3w), benzolactone (3z), and a Weinreb amide 
(3aa), were obtained in moderate to good yields. Electron-de-
ficient heteroaryl bromides, such as 5-bromo-2-(trifluorome-
thyl)pyridine and 4-bromo-2,6-dichloropyridine, led to the 1-
pyridyl cyclopropylamines (3x and 3ad) in moderate to good 
yields. More challenging, less electron-deficient heterocycles, 
such as N-methyl-2-pyridone and [1,2,4]triazolo[1,5-a]pyri-
dine , were also found to be tolerated, affording products 3ab 
and 3ac in acceptable yields.  
The scope of NHP esters was also investigated. The NHP es-
ters were prepared in a simple one-step protocol from the cor-
responding commercially available carboxylic acid precursors 
and with no column chromatography required (see SI). In ad-
dition to the Boc-protected products, other protecting groups 
such as Cbz (3af), Fmoc (3ag), and acetyl (3ah) were found 
to be compatible under the reaction conditions and gave prod-
ucts in moderate to good yields. Introducing substituents on 
the cyclopropane ring did not decrease the efficiency of the 
cross-coupling, as commercially available precursors af-
forded products containing a gem-dimethyl (3ai), a gem-
difluoro (3aj), and a 2-vinyl (3ak) group in good yields. Prod-
uct 3ak was isolated as a mixture of diastereomers (66%, 
combined yield) in 6:1 d.r. (trans:cis). 
To demonstrate the applicability of this method, a gram scale 
reaction was performed with NHP ester 1a and 2-iodophenol 
2a affording 0.85 grams of product 3al in 63% isolated yield 
(Scheme 2). Removal of the Boc group in the presence of TFA 

afforded the corresponding primary 1-arylcyclopropylamine 
3am in 96% yield (60% over 2 steps). The synthesis of 3am 
by AstraZeneca via a Kulinkovich-Szymoniak reaction was 
previously reported in only 37%,15 probably due to the known 
limitation for the necessary use of electron-deficient benzo-
nitriles to obtain the products in high yield.27 

Scheme 2. Gram-Scale Synthesis of Compound 3al 

 
Other a-amino strained rings are also compatible in this 
chemistry (Figure 3). Small rings containing heteroatoms such 
as an oxetane, a Boc-protected azetidine, and a 2-azabicy-
clo[2.1.1]hexane were arylated to afford 3ap, 3aq, and 3ar 
respectively, in moderate to good yields. Both a cyclobutane 
(3an) and a gem-difluoro cyclobutane (3ao) product could 
also be obtained under these conditions. Each of these strained 
ring motifs are highly desirable sp3-rich functional groups that 
can be leveraged as bioisosteres or used to alter metabolism 
of biologically active molecules.28 Notably, this NHP ester 
strategy provides orthogonal access to the 1-aryl aminooxe-
tanes reported by Terrett and Huestis while simultaneously 
promoting arylation of strained cycloalkanes, which were in-
compatible under the dual photoredox/nickel-catalyzed aryla-
tion approach.16  

 
Figure 3. Evaluation of Additional Small Ring Substrates. See 
Figure 2 for the abbreviated reaction procedure. aReaction run 
with NiCl2(dtbbpy) (20 mol %).  

In conclusion, we have developed a Ni-catalyzed reductive 
cross-coupling approach to access a wide variety of 1-arylcy-
clopropylamine products. This method makes use of bench-
stable NHP esters (prepared in one step from commercial ma-
terials) and (hetero)aryl iodides and bromides, as well as a 
simple nickel precatalyst. We have demonstrated that this re-
action operates under mild conditions (0 °C or r.t., 2 h) with 
high functional group compatibility and orthogonality, 
thereby overcoming challenges that previously reported syn-
thetic methods typically encounter. The reaction can also be 
extended to the arylation of other strained ring substrates.  1-
Arylcyclopropylamines are sought-after bioisosteric building 
blocks for small molecule drug design, and we anticipate that 
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this work will help provide a simple and direct approach to 
these motifs. 

ASSOCIATED CONTENT  

Supporting Information 
The Supporting Information is available free of charge on the 
ACS Publications website. 
 
Reaction optimization tables, synthetic procedures, characteriza-
tion data, and NMR spectra (PDF) 

AUTHOR INFORMATION 

Corresponding Author 
§ E-mail: huestis.malcolm@gene.com (M.P.H.) 
†E-mail: sophie.rousseaux@utoronto.ca (S.A.L.R.) 

Present Addresses 
†Davenport Research Laboratories, Department of Chemistry, 
University of Toronto, 80 St. George Street, Toronto, Ontario, 
M5S 3H6, Canada 
§Discovery Chemistry, Genentech, Inc., 1 DNA Way, South San 
Francisco, California, 94080, USA 

Author Contributions 
‡These authors contributed equally. 
  
Notes 
The authors declare no competing financial interest. 

ACKNOWLEDGMENT  
We thank NSERC (Discovery Grants and Canada Research Chair 
programs), the Canada Foundation for Innovation (project no. 
35261), the Ontario Research Fund, the Alfred P. Sloan Founda-
tion, and the University of Toronto for generous financial support 
of this work. We also acknowledge the Canada Foundation for 
Innovation (project no. 19119) and the Ontario Research Fund for 
funding the Centre for Spectroscopic Investigation of Complex 
Organic Molecules and Polymers. M.S.W. and A.L.G. thank 
NSERC for graduate scholarships (PGS D). Jack Sheng is 
thanked for assistance with NMR. M.P.H. thanks Antonio G. 
DiPasquale for assistance with PXRD, Crystal Ye and Patrick 
Huang for assistance with HPLC, and Yuhui Zhou for assistance 
with NMR and HRMS. 

REFERENCES 
1 Meanwell, N. A. Improving Drug Design: An Update on Recent 
Applications of Efficiency Metrics, Strategies for Replacing Prob-
lematic Elements, and Compounds in Nontraditional Drug Space. 
Chem. Res. Toxicol. 2016, 29, 564–616.  
2 (a) Bissantz, C.; Kuhn, B.; Stahl, M. A Medicinal Chemist’s Guide 
to Molecular Interactions. J. Med. Chem. 2010, 53, 5061–5084. (b) 
Giordanetto, F.; Jin, C.; Willmore, L.; Feher, M.; Shaw, D. E. Frag-
ment Hits: What Do They Look Like and How Do They Bind? J. 
Med. Chem. 2019, 62, 3381–3394. 
3 Di, L. The Role of Drug Metabolizing Enzymes in Clearance. Ex-
pert Opin. Drug Metab. Toxicol. 2014, 10, 379–393. 
4 Talele, T. T. Natural-Products-Inspired Use of the gem-Dimethyl 
Group in Medicinal Chemistry. J. Med. Chem. 2018, 61, 2166–2210.  
5 cLogP and cpKa values were calculated using MoKa version 3.2.2 
(Molecular Discovery Ltd.). See: (a) Milletti, F.; Storchi, L.; Sforna, 
G.; Cruciani, G. J. Chem. Inf. Model. 2007, 47, 2172–2181. (b) Mil-
letti, F.; Storchi, L.; Goracci, L.; Bendels, S.; Wagner, B.; Kansy, M.; 
Cruciani, G. Eur. J. Med. Chem. 2010, 45, 4270–4279. 

6 (a) Veber, D. F.; Johnson, S. R.; Cheng, H.-Y.; Smith, B. R.; Ward, 
K. W.; Kopple, K. D. Molecular Properties That Influence the Oral 
Bioavailability of Drug Candidates. J. Med. Chem. 2002, 45, 2615–
2623. (b) Leeson, P. D.; Springthorpe, B. The Influence of Drug-Like 
Concepts on Decision-Making in Medicinal Chemistry. Nat. Rev. 
Drug Discov. 2007, 6, 881–890. 
7 (a) Meanwell, N. A. Synopsis of Some Recent Tactical Application 
of Bioisosteres in Drug Design. J. Med. Chem. 2011, 54, 2529–2591. 
(b) Yang, Y.; Engkvist, O.; Llinàs, A.; Chen, H. Beyond Size, Ioni-
zation State, and Lipophilicity: Influence of Molecular Topology on 
Absorption, Distribution, Metabolism, Excretion, and Toxicity for 
Druglike Compounds. J. Med. Chem. 2012, 55, 3667–3677.81 Talele, 
T. T. The “Cyclopropyl Fragment” is a Versatile Player that Fre-
quently Appears in Preclinical/Clinical Drug Molecules. J. Med. 
Chem. 2016, 59, 8712–8756. 
9 (a) Perrin, C. L.; Fabian, M. A.; Rivero, I. A. Tetrahedron 1999, 55, 
5773–5780. (b) Charifson, P. S.; Walters, W. P. Acidic and Basic 
Drugs in Medicinal Chemistry: A Perspective. J. Med. Chem. 2014, 
57, 9701–9717. 
10 (a) Driscoll, J. P.; Sadlowski, C. M.; Shah, N. R.; Feula, A. Metab-
olism and Bioactivation: It’s Time to Expect the Unexpected. J. Med. 
Chem. 2020, 63, 6303–6314. (b) Sun, Q.; Zhu, R.; Foss, Jr., F. W.; 
Macdonald, T. L. In Vitro Metabolism of a Model Cyclopropylamine 
to Reactive Intermediate: Insights into Trovafloxacin-Induced Hepa-
totoxicity. Chem. Res. Toxicol. 2008, 21, 711-719. 
11 (a) For Pazufloxacin, see: Fukuoka, Y.; Ikeda, Y.; Yamashiro, Y.; 
Takahata, M.; Todo, Y.; Narita, H. In Vitro and In Vivo Antibacterial 
Activities of T-3761, a New Quinolone Derivative. Antimicrob. 
Agents Chemother. 1993, 37, 384–392. Todo, Y.; Takagi, H.; Iino, 
F.; Hayashi, K.; Takata, M.; Kuroda, H.; Momonoi, K.; Narita, H. 
Practical Synthesis of T-3761, (S)-10-(1-Aminocyclopropyl)-9-
fluoro-3-methyl-7-oxo-2,3-dihydroo-7H-pyrido[1,2,3-de]-1,4-ben-
zoxazine-6-carboxylic Acid. Chem. Pharm. Bull. 1994, 42, 2629–
2631. (b) For CR-6086, see: Caselli, G.; Bonazzi, A.; Lanza, M.; Fer-
rari, F.; Maggioni, D.; Ferioli, C.; Giambelli, R.; Comi, E.; Zerbi, S.; 
Perrella, M.; Letari, O.; Di Luccio, E.; Colovic, M.; Persiani, S.; Zan-
elli, T.; Mennuni, L.; Piepoli, T.; Rovati, L. C. Pharmacological 
Characterization of CR6086, a Potent Prostaglandin E2 Receptor 4 
Antagonist, as a New Potential Disease-Modifying Anti-Rheumatic 
Drug. Arthritis Res. Ther. 2018, 20, 1–19. (c) For INV-1120, see: 
Deng, J.; Yang, H.; Haak, V. M.; Yang, J.; Kipper, F. C.; Barksdale, 
C.; Hwang, S. H.; Gartung, A.; Bielenberg, D. R.; Subbian, S.; Ho, 
K.-K.; Ye, X.; Fan, D.; Sun, Y.; Hammock, B. D.; Panigrahy, D. 
Eicosanoid Regulation of Debris-Stimulated Metastasis. PNAS 2021, 
118, 1–12. (d) For AD-35, see: Li, L.; Xu, S.; Liu, L.; Feng, R.; Gong, 
Y.; Zhao, X.; Li, J.; Cai, J.; Feng, N.; Wang, L.; Wang, X.; Peng, Y. 
Multifunctional Compound AD-35 Improves Cognitive Impairment 
and Attenuates the Production of TNF-a and IL-1b in an Ab25–35-in-
duced Rat Model of Alzheimer’s Disease. J. Alzheimer’s Dis. 2017, 
56, 1403–1417. (e) For BMS-929075, see: Yeung, K.-S.; Beno, B. 
R.; Parcella, K.; Bender, J. A.; Grant-Young, K. A.; Nickel, A.; Gun-
aga, P.; Anjanappa, P.; Bora, R. O.; Selvakumar, K.; Rigat, K.; Wang, 
Y.-K.; Liu, M.; Lemm, J.; Mosure, K.; Sheriff, S.; Wan, C.; Witmer, 
M.; Kish, K.; Hanumegowda, U.; Zhuo, X.; Shu, Y.-Z.; Parker, D.; 
Haskell, R.; Ng, A.; Gao, Q.; Colston, E.; Raybon, J.; Grasela, D. M.; 
Santone, K.; Gao, M.; Meanwell, N. A.; Sinz, M.; Soars, M. G.; 
Knipe, J. O.; Roberts, S. B.; Kadow, J. F. Discovery of a Hepatitis C 
Virus NS5B Replicase Palm Site Allosteric Inhibitor (BMS-929075) 
Advanced to Phase 1 Clinical Studies. J. Med. Chem. 2017, 60, 4369–
4385. Smith, D.; Krishnananthan, S.; Meanwell, N. A.; Mathur, A.; 
Li, J. Multigram Synthesis of BMS-929075, an Allosteric, Palm Site 
Inhibitor of HCV NS5B Replicase, Involving the Synthesis of a 
Highly Functionalized Benzofuran through a Telescoped Process. 
Org. Process. Res. Dev. 2020, 24, 1157–1163. (f) For ACT-1004-
1239, see: Richard-Bildstein, S.; Aissaoui, H.; Pothier, J.; Schäfer, 
G.; Gnerre, C.; Lindenberg, E.; Lehembre, F.; Pouzol, L.; Guerry, P. 
Discovery of the Potent, Selective, Orally Available CXCR7 Antag-
onist ACT-1004-1239. J. Med. Chem. 2020, 63, 15864–15882. 



 

12 Grygorenko, O. O.; Volochnyuk, D. M.; Vashchenko, B. V. 
Emerging Building Blocks for Medicinal Chemistry: Recent Syn-
thetic Advances. Eur. J. Org. Chem. 2021, 6478–6510. 
13 (a) Kulinkovich, O. G.; de Meijere, A. 1,n-Dicarbanionic Titanium 
Intermediates from Monocarbanionic Organometallics and Their Ap-
plication in Organic Synthesis. Chem Rev. 2000, 100, 2789–2834. (b) 
Bertus, P.; Szymoniak, J. New and Easy Route to Primary Cycloprop-
ylamines from Nitriles. Chem. Commun. 2001, 1792–1793. (c) de 
Meijere, A.; Kozhushkov, S. I.; Savchenko, A. I. Titanium-Mediated 
Syntheses of Cyclopropylamines. J. Organomet. Chem. 2004, 689, 
2033–2055. 
14 Ghosh, A. K.; Brindisi, M.; Sarkar, A. The Curtius Rearrangement: 
Applications in Modern Drug Discovery and Medicinal Chemistry. 
ChemMedChem 2018, 13, 2351–2373. 
15 For an example of the Kulinkovich-Syzmoniak reaction being em-
ployed in a medicinal chemistry route, see: Ashok, M.; J, A. D.; 
Leuser, H.; Malapati, A. K.; Parker, J. S.; Rowley, N. A.; Steven, A.; 
Timms, L.; Tyler, S. N. G.; Whitmarsh, S. Expedited Kilolab Devel-
opment of AZD7624 Using Kulinkovich-de Meijere Cyclopropana-
tion. Org. Process Res. Dev. 2021, 25, 2351–2366. 
16 Kolahdouzan, K.; Khalaf, R.; Grandner, J. M.; Chen, Y.; Terrett, J. 
A.; Huestis, M. P. Dual Photoredox/Nickel-Catalyzed Conversion of 
Aryl Halides to Aryl Aminooxetanes: Computational Evidence for a 
Substrate-Dependent Switch in Mechanism. ACS Catal. 2020, 10, 
405–411. 
17 Cornella, J.; Edwards, J. T.; Qin, T.; Kawamura, S.; Wang, J.; Pan, 
C.-M.; Gianatassio, R.; Schmidt, M.; Eastgate, M. D.; Baran, P. S. 
Practical Ni-Catalyzed Aryl–Alkyl Cross-Coupling of Secondary Re-
dox-Active Esters. J. Am. Chem. Soc. 2016, 138, 2174–2177. 
18 (a) Huihui, K. M. M.; Caputo, J. A.; Melchor, Z.; Olivares, A. M.; 
Spiewak, A. M.; Johnson, K. A.; DiBenedetto, T. A.; Kim, S.; Acker-
man, L. K. G.; Weix, D. J. Decarboxylative Cross-Electrophile Cou-
pling of N-Hydroxyphthalimide Esters with Aryl Iodides. J. Am. 
Chem. Soc. 2016, 138, 5016–5019. (b) During the course of this 
work, Weix and co-workers disclosed a related report for the aryla-
tion of strained rings using redox-active esters: Salgueiro, D. C.; Chi, 
B. K.; Gezei, I. A.; García-Reynaga, P.; Weix, D. J. Control of Re-
dox-Active Ester Reactivity Enables a General Cross-Electrophile 
Approach to Access Arylated Strained Rings. Angew. Chem. Int. Ed. 
2022, 61, e202205673. 
19 (a) Murarka, S. N-(Acyloxy)phthalimides as Redox-Active Esters 
in Cross-Coupling Reactions. Adv. Synth. Catal. 2018, 360, 1735–
1753. (b) Chen, H.; Liu, Y. A.; Liao, X. Recent Progress in Radical 
Decarboxylative Functionalizations Enabled by Transition-Metal 
(Ni, Cu, Fe, Co or Cr) Catalysis. Synthesis 2021, 53, 1–29. (c) 
Karmakar, S.; Silamkoti, A.; Meanwell, N. A.; Mathur, A.; Gupta, A. 
K. Utilization of C(sp3)-Carboxylic Acids and Their Redox-Active 
Esters in Decarboxylative Carbon–Carbon Bond Formation. Adv. 
Synth. Catal. 2021, 363, 3693–3736.  
20 Chen, T.-G.; Zhang, H.; Mykhailiuk, P. K.; Merchant, R. R.; Smith, 
C. A.; Qin, T.; Baran, P. S. Quaternary Centers by Nickel-Catalyzed 
Cross-Coupling of Tertiary Carboxylic Acids and (Hetero)Aryl Zinc 
Reagents. Angew. Chem. Int. Ed. 2019, 58, 2454–2458; Angew. 
Chem. 2019, 131, 2476–2480. 
21 The requirement for stoichiometric TMSCl in reductive couplings 
of NHP esters is a subject of continuing study. See: (a) Michel, N. W. 
M.; Edjoc, R. K.; Fagbola, E.; Hughes, J. M. E.; Campeau, L.-C.; 
Rousseaux, S. A. L. Nickel-Catalyzed Reductive Arylation of Redox 
Active Esters for the Synthesis of a-Aryl Nitriles – Role of a 
Chlorosilane Additive. ChemRxiv 2021, DOI: 

10.26434/chemrxiv.14450007.v2 (b) Gabbey, A. L.; Michel, N. W. 
M.; Hughes, J. M. E.; Campeau, L.-C.; Rousseaux, S. A. L. Base-
Free Nickel-Catalyzed Reductive a-Arylation of Secondary Amides. 
Org. Lett. 2022, 24, 3173–3178. 
22 Ikotun, O. F.; Ouellette, W.; Lloret, F.; Julve, M.; Doyle, R. P. 
Synthesis, X-ray Structure, Thermal and Magnetic Behaviour of 
[(bipy)2Ni2(µ-Cl)2Cl2(H2O)2]: The First Neutral Ferromagnetically 
Coupled Six-Coordinate Dichlorido-Bridged Nickel(II) Dimer. Eur. 
J. Inorg. Chem. 2007, 2083–2088. 
23 Nie, X.-C.; Hu, R.; Liu, R.; Zhu, A.-X.; Liu, F.-Y.; Xu, Q.-Q.; 
Yang, Z. Visible-Light-Driven Methane Formation from CO2 in Hy-
drous Solution with a Dinuclear Nickel Catalyst. Catal. Commun. 
2020, 134, 105861. 
24 We found that non-activated zinc flakes (-325 mesh, 99.9%) typi-
cally increased product yield between 0–10% compared to activated 
zinc dust (98%+) and between 5–15% compared to non-activated 
zinc dust (98%+). For more details, see Table S4 and Table S5 in the 
Supporting Information. 
25 For select reports using a chlorosilane with NHP esters, see: (a) 
Suzuki, N.; Hofstra, J. L.; Poremba, K. E.; Reisman, S. E. Nickel-
Catalyzed Enantioselective Cross-Coupling of N-Hydroxy-
phthalimide Esters with Vinyl Bromides. Org. Lett. 2017, 19, 2150–
2153. (b) Chandrachud, P. P.; Wojtas, L.; Lopchuk, J. M. Decarbox-
ylative Amination: Diazirines as Single and Double Electrophilic Ni-
trogen Transfer Reagents. J. Am. Chem. Soc. 2020, 142, 21743–
21750. (c) Yang, Z.-P.; Freas, D. J.; Fu, G. C. The Asymmetric Syn-
thesis of Amines via Nickel-Catalyzed Enantioconvergent Substitu-
tion Reactions. J. Am. Chem. Soc. 2021, 143, 2930–2937.  
26 See the SI for a proposed mechanism. 
27 (a) Bertus, P.; Szymoniak, J. A Direct Synthesis of 1-Aryl and 1-
Alkenylcyclopropylamines from Aryl and Alkenyl Nitriles. J. Org. 
Chem. 2003, 68, 7133–7136. (b) Wiedemann, S.; Frank, D.; Winsel, 
H.; de Meijere, A. Primary 1-Arylcyclopropylamines from Aryl Cy-
anides with Diethylzinc and Titanium Alkoxides. Org. Lett. 2003, 5, 
753–755. (c) Li, W.; Gao, J. J.; Lorenz, J. C.; Xu, J.; Johnson, J.; Ma, 
S.; Lee, H.; Grinberg, N.; Busacca, C. A.; Lu, B.; Senanayake, C. H. 
Process Development and Pilot-Plant Synthesis of (S)-tert-Butyl 1-
Oxo-1-(1-(pyridin-2-yl)cyclopropylamino)propan-2-ylcarbamate: 
Studies on the Scale-Up of Kulinkovich-Szymoniak Cyclopropana-
tion. Org. Process Res. Dev. 2012, 16, 836–839. 
 28 (a) Toselli, F.; Fredenwall, M.; Svensson, P.; Li, X.-Q.; Johansson, 
A.; Weidolf, L.; Hayes, M. A. Hip To Be Square: Oxetanes as Design 
Elements to Alter Metabolic Pathways. J. Med. Chem. 2019, 62, 
7383–7399. (b) Holovach, S.; Melnykov, K. P.; Skreminskiy, A.; He-
rasymchuk, M.; Tavlui, O.; Aloshyn, D.; Borysko, P.; Rozhenko, A. 
B.; Ryabukhin, S. V.; Volochnyuk, D. M.; Grygorenko, O. O. Effect 
of gem-Difluorination on the Key Physicochemical Properties Rele-
vant to Medicinal Chemistry: The Case of Functionalized Cycloal-
kanes. Chem. Eur. J. 2022, 28, e202200331. (c) Lowe, J. T.; Lee, M. 
D. IV; Akella, L. B.; Davoine, E.; Donckele, E. J.; Durak, L.; Duvall, 
J. R.; Gerard, B.; Holson, E. B.; Joliton, A.; Kesavan, S.; Lemercier, 
B. C.; Liu, H.; Marié, J.-C.; Mulrooney, C. A.; Muncipinto, G.; 
Welzel-O’Shea, M.; Panko, L. M.; Rowley, A.; Suh, B.-C.; Thomas, 
M.; Wagner, F. F.; Wei, J.; Foley, M. A.; Marcaurelle, L. A. Synthe-
sis and Profiling of a Diverse Collection of Azetidine-Based Scaf-
folds for the Development of CNS-Focused Lead-like Libraries. J. 
Org. Chem. 2012, 77, 7187–7211. (d) Carrerira, E. M.; Fessard, T. C. 
Four-Membered Ring-Containing Spirocycles: Synthetic Strategies 
and Opportunities. Chem Rev. 2014, 114, 8257–8322.

 

  


