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Abstract:

Various metal catalysts have proven effective in carbon—heteroatom bond formation with softer
heteroatomic nucleophiles, but examples remain largely limited to sp? hybridized carbon
electrophiles. Here, we report the coupling of sp* hybridized benzyl or tertiary halides with soft
thiol nucleophiles catalyzed by iron. The reaction is broad in substrate scope for both coupling
partners and applicable in the construction of congested tri- and tetrasubstituted carbon-centers as
well as B-quaternary thioethers. The synthetic utility is further emphasized by the coupling of
alcohol nucleophiles, gram-scale synthesis, thiol bioconjugation, and rapid herbicide library
synthesis. Results from mechanistic experiments are consistent with a stereoablative pathway that
likely involves a carbon radical intermediate. Overall, we provide an efficient method to prepare
pharmaceutically and materially relevant carbon—sulfur and carbon—oxygen bonds by expanding
iron-catalyzed cross-coupling reactions to the coupling of sp® hybridized carbon electrophiles with
soft nucleophiles.

Text:

The ubiquitous nature of C-S and C-O bonds in natural products,! pharmaceuticals,?
agrochemicals,® and materials* drives the discovery of methods for their construction.’ Select
examples include chlorbenside, an acaricide used for mites and ticks,’ lenalidomide analogs with
anti-cancer activity,” and recently approved pretomanid for the treatment of multidrug-resistant
tuberculosis (Figure 1A).% Despite its extensive utility, the Williamson (thio)ether synthesis
(Figure 1B)’ relies on additives to promote an SN2 reaction. Such additives can generate inorganic
salts, promote undesired side reactions, or limit substrate scope. For example, despite the utility of
complex (thio)ethers,!® Sx2 reactions are largely limited to primary alkyl (thio)ethers because
secondary alkyl halides face elimination and tertiary halides are unreactive.!! Though other
methods for (thio)ether synthesis have been reported,'? transition-metal catalyzed cross-couplings
of sp? hybridized alkyl halides with soft nucleophiles remain a challenge.

Seminal studies in C—O'* and C-N'* bond construction through copper-catalyzed Ullmann-type
cross-coupling reactions'> demonstrated that strategies involving transition-metal catalysts present
an opportunity for a finer approach to carbon—heteroatom bond formation. Beyond coupling
reactions with hard metalated nucleophiles for C—C bond construction,® several transition-metal
cross-coupling reactions that produce carbon—heteroatom bonds have been developed. Reactions
to form C-N,!7 C-0,!8 and C-S," bonds typically engage an sp? hybridized carbon electrophile,
with sp? hybridized carbon electrophiles facing additional B-hydride elimination complications.?°
Further, C-S bond formation is impeded by thiol oxidative S-S coupling reactions,?' thiol-
mediated catalyst poisoning,?? elimination reaction pathways, and thiol-mediated C-H bond
formation through radical quenching,?® rendering reactions that couple sp* carbon electrophiles
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with soft nucleophiles challenging to develop
(Figure 1C). Notably, the only example of a
metal-catalyzed cross-coupling of C(sp’)—
halides with sulfur nucleophiles is limited to
benzenesulfonothioates and thiosulfonates.>*

Despite nature’s ability to use iron and sulfur
for target reduction,?® iron-catalyzed cross-
coupling reactions commonly couple an alkyl
or aryl electrophile with a hard nucleophilic
organometallic reagent. Grignard reagents for
Kumada couplings in C—C bond formation
have found great success and continue to
inspire new reactivity.?® In addition to
reactivity, iron presents the advantage of being
the most abundant transition metal in Earth’s
crust.?’

Given successful olefin hydrogenations in the
presence of thiols?® and a cross-electrophile
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Figure 1. (A) Examples of significant (thio)ethers, (B) Williamson
(thio)ether synthesis, (C) state of transition-metal-catalyzed cross-
coupling reactions, (D) (thio)etherification of benzyl or tertiary
halides with soft thiol or alcohol nucleophiles catalyzed by iron.
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coupling of benzyl halides with disulfides

catalyzed by iron,?® we wondered if iron’s reactivity could be leveraged to couple C(sp®)-halide
electrophiles with sulfur nucleophiles. Herein, we report the realization of general cross-coupling
reactions between benzyl or tertiary halides and soft thiol nucleophiles catalyzed by iron. The
scope is broad, the system extends to ether synthesis, and the reaction can be applied in large-scale
synthesis, thiol bioconjugation, rapid herbicide analog synthesis, and in the assembly of hindered
(thio)ether products (Figure 1D).

After discovering that iron pentacarbonyl can activate (1-bromoethyl)benzene (1) and promote a
coupling with soft thiophenol (2) without catalyst poisoning, we evaluated solvents, temperature,
catalyst loading, iron sources, and additives. Select optimization studies are shown in Table 1.3
Despite observing the formation of thioether 3 with various iron sources (entries 2—11) and
conditions, optimal conditions using iron pentacarbonyl in pinacolone yield product in 91%
isolated yield (entry 1). Only a trace amount of thioether 3 is observed when running the reaction
in the absence of iron (Table 1, entry 12),
verifying that the process is not functional in
the absence of catalyst. Reducing catalyst to 5

Br S/R

Fe cat. (10 mol%)
Me

pinacolone, 107 °C, 24 h
R=Ph

mol% (entry 13) decreases the yield from 92 1 2 s
tO 76%' Entry Iron Source (10 mol%) NMR Yield? % (Isolated)
@ Fe(CO)s 92 (91))
. . . 2 Fe,(CO)g° 72
As shown in Figure 2, a wide range of 3 Fe(0Ad), 79
. . 4 Fe(OTf) 75
functional groups are applicable to the 5 FeF 76
. . 6 FeCl, 81
coupling between benzyl halides 4 and soft 7 Fery 70
. . 8 e(acac 76
nucleophiles 5 in the presence of Fe(CO)s to o Fers ) 79
. . . 10 eCly 54
yield (thio)ether products 6. The generality 11 Fesry 68
5 @2 no Fe cat. trace )
across both coupling partners renders 13 Fe(CO)s (5 mo%) 76
(thio)ether product 6 modular in 4 Table 1. Select Results from Optimization Studies. 2 1H NMR yields

were determined using 1,3,5-trimethoxybenzene as internal
standard. ® 10 mol% of Fe was achieved by using 5 mol% of
FeZ(CO)g.

compartments. For example, unsubstituted
and electron rich 4-methyl substituted
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thioethers 7 and 8 form smoothly with isolated
yields of 91 and 85%, respectively. It should
be noted that overly donating groups on the
arene, such as ethers, led to bromides that
were unstable to chromatography. Electron-
withdrawn thioethers in cyano-, nitro-, and
fluoro-thioethers 9, 10, and 11 are also
produced in high yield. Historically metal-
reactive groups’! are unaffected and 4-, 3-, and
2-substitutions are successful, as
demonstrated with fluoro-, chloro-, and
bromo-adducts 11-15. Extension of the
conjugated system is not detrimental to the
reaction, represented by the synthesis of
thioether 16 in 81% yield, and the reaction
remains operable with diaryl and primary
bromide substrates, demonstrated with the
syntheses of 17-20 in high yields. The
reaction extends beyond bromide starting
materials, as exemplified by the synthesis of
thioether 21 in 75% yield from the
corresponding chloride starting material. A
steric effect is observed when replacing the
methyl group in product 7 with larger groups,
as detailed with the production of thioethers
22-24. Despite the steric effect, b-tertiary
thioether 23 was isolated in 71% yield.

The thiol coupling partner supports both aryl
and alkyl thiols with varying substitutions.
Thioethers bearing electron-donating and
electron-withdrawing groups (e.g., 25-33),
including historically metal-reactive groups,
are isolated in high yields. Further, inclusion
of nitrogen within the aromatic backbone
reliably affords pyridine and pyrimidine
products 34—38. Extending conjugation on the
thiol group yields naphthyl thioether 39 in

R
-
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Figure 2. Reaction scope for the alkylation of thiols for thioether
synthesis catalyzed by iron and its extension for ether synthesis.

76% yield. Increasing the steric profile of alkyl thiols results in lower yields, but increasingly
encumbered thioethers 40—43 are still produced in synthetically useful yields. It should be noted
that no elimination byproducts are observed in the construction of thioethers.

Given the success of thioether synthesis, we also performed experiments with amine and alcohol
nucleophiles. It was found that amine nucleophiles such as aniline and piperidine undergo
alkylation in the absence of iron.3? Like the thiol nucleophiles, alcohols do not have an uncatalyzed
reaction pathway. As such, we developed a representative scope (44—51) for the equivalent iron-
catalyzed etherification reaction.>® Similar modifications, including arene and alkyl variations on
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Interested in the successful synthesis of x B a

hindered thioethers 23 and 41’ we wondered if Figure 3. (A) Gram-scale thioether s;r:tﬂliésylleslij (B) thiotliacyzauépyllie:g with
we could leverage this reaction for the 9-anthracenyl substrate, (C) synthesis of highly congested
synthesis of heavily congested thioethers (thio)ethers, (D) rapid synthesis of chlorbenside and its analogs.
(Figure 3C). To our gratification, the iron-

catalyzed reaction produces sterically encumbered -quaternary thioethers like 55 in 68% yield.
Further, as represented by the production of thioethers 56 and 57 in synthetically useful yields, this
method is amenable to tertiary thioether synthesis via tertiary thiol coupling. Using tertiary
bromide as starting materials, we can also construct thioethers with tetrasubstituted carbon centers
like 58 and 59 in high yields. Notably, using the corresponding disulfide, analogous to our previous
study,?” produces congested thioether 59 and the coupling of an alcohol with a tertiary bromide
results in the formation of tertiary ether 60. Interestingly, the (thio)etherification is limited to
benzyl halides for primary and secondary halides with unactivated halides being unreactive (see
Supporting Information), but tertiary bromide coupling partners do not present this limitation as
represented by the synthesis of tertiary trialkyl (thio)ethers 59 and 60.

Due to the prevalence of (thio)ethers in biologically active compounds, we sought to synthesize
chlorbenside (63) and analogs. When coupling corresponding chlorides 61 and 62, chlorbenside
(63) is isolated in 79% yield (Figure 3D). The flexibility of the method enables the rapid synthesis
of chlorbenside analogs 64—68 in high yields, emphasizing the ability to rapidly generate libraries
of biologically active molecules from common precursors. While 64—66 demonstrate the facile
exchange of aryl substituents, thioethers 67 and 68 introduce chemical complexity with greater
steric profiles near the thioether center. It is known that some chlorbenside is excreted as the
sulfoxide and sulfone equivalents®* and methylated derivatives like 67 and 68 are likely to be
oxidized and metabolized at slower rates.!%3>
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Mechanistic experiments of the iron-catalyzed
protocol are consistent with the intermediacy
of organic radicals derived from the
electrophile (Figure 4). Enantioenriched
bromide 69, ent was prepared in 24 or 33%
enantiomeric excess (ee) and reacted with
thiophenol (2) or benzyl alcohol (70),
respectively, to produce corresponding
(thio)ether product 71 as a racemate (Figure
4A). We conducted a radical spin experiment
to determine if the deterioration of
stereochemical information is the result of a
radical intermediate (Figure 4B). Reacting
bromide 1 with thiophenol (2) or benzyl
alcohol (70) in the presence of (2,2,6,6-

A. Stereoablation Evaluation

Br HS—Ph N
R " 2 Fe(CO)s (10 mol%)
e + _—
/©/\ or standard conditions Me
HO—Bn
Br
69, ent 70 Br 7

with 2, 24% ee
with 70, 33% ee

with 2, 92% yield, 0% ee
with 70, 68% yield, 0% ee

B. Spin Trap Evaluation

HS—Ph

Fe(CO)s5 (10 mol%) M
Br 2 TEMPO (1.0 equiv) x e [
+ —_— or
Ph/I\Me or standard conditions /k o~
HO—Bn Ph Me )\Me Me
1 70 with 2, 72: 39% yield, 73: 51% yield 72 Ph Me

with 70, 72: 45% yield, 73: 34% yield|

C. Radical Clock Evaluation

al HS—Ph
2 Fe(CO)s (10 mol%)
+
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HO—Bn

74 70 |with 2, 75: 20% yield, 76: 76% yield| 19
with 70, 75: 0% yield, 76: 100% yield

Figure 4. (A) Stereochemical examination,
examination, (C) radical clock examination.

(B) spin trap

tetramethylpiperidin-1-yl)oxyl (TEMPO)

under standard conditions results in a 39 or 45% (thio)ether 72 and 51 or 34% TEMPO-adduct 73
formation, respectively. An organic radical intermediate is further substantiated through the
synthesis of acyclic (thio)ether 76 as opposed to cyclopropane-containing (thio)ether 75 in 76 or
100% yield when coupling radical clock substrate 68 with thiophenol (2) or benzyl alcohol (70),
respectively (Figure 4C). Each nucleophile was evaluated under their respective optimal
conditions and the difference in yield may be due to the difference in temperatures.

In conclusion, we have developed a coupling of benzyl or tertiary alkyl halides with soft thiol
nucleophiles for the synthesis of thioether products. The reaction is catalyzed by iron and avoids
the use of exogenous acid or base. Good efficiency with a broad steric and electronic generality
for each coupling partner is observed. The system expands to C—O bond construction, gram-scale
synthesis, and thiol bioconjugation. Highly congested (thio)ethers can be constructed in high yields
and tertiary alkyl halides break through the benzylic limitation. The reaction’s generality enables
rapid synthesis of compound libraries, exemplified by the synthesis of chlorbenside and its
analogs. Results from mechanistic experiments are consistent with a stereoablative pathway that
likely involves an organic radical intermediate. Due to several challenges associated with
alternative methods for C—S and C-O bond construction and the importance of (thio)ether
compounds in various fields, we expect this advance to be of interest to the broader scientific
community.

REFERENCES

1. Wang, N.; Saidhareddy, P. Jiang, X. Construction of Sulfur-Containing Moieties in the Total
Synthesis of Natural Products. Nat. Prod. Rep. 2020, 37, 246-275.

2. a) llardi, E. A.; Vitaku, E.; Njardarson, J. T. Data-Mining for Sulfur and Fluorine: An
Evaluation of Pharmaceuticals To Reveal Opportunities for Drug Design and Discovery. J. Med.
Chem. 2014, 57, 2832-2842. b) Mustafa, M.; Winum, J. Y. The Importance of Sulfur-Containing
Motifs in Drug Design and Discovery. Expert Opin. Drug Discovery 2022, 17, 501-512.

3. Devendar, P.; Yang, G.-F. Sulfur-Containing Agrochemicals. Top. Curr.

Chem. 2017, 375, No. 82.

4. Worthington, M. J. H.; Kucera, R. L.; Chalker, J. M. Green Chemistry and Polymers Made
from Sulfur. Green. Chem. 2017, 19, 2748-2761.

5

https://doi.org/10.26434/chemrxiv-2024-r9sdv ORCID: https://orcid.org/0000-0001-5153-4131 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-r9sdv
https://orcid.org/0000-0001-5153-4131
https://creativecommons.org/licenses/by-nc-nd/4.0/

5. Wu, Z.; Pratt, D. A. Radical Approaches to C—S Bonds. Nat. Rev. Chem. 2023, 7, 573-5809.

6. Cranham, J. E.; Higgons, D. J.; Stevenson, H. A. Radical Approaches to C—S Bonds. Chem. &
Ind. 1953, 1206—-1207.

7. a) Zeldis, J. B.; Knight, R.; Hussein, M.; Chopra, R.; Muller, G. A Review of the History,
Properties, and Use of the Immunomodulatory Compound Lenalidomide. Ann. N. Y. Acad.

Sci. 2011, 76-82. b) Xiao, D.; Wang, Y.-J.; Hu, X.-B.; Kan, W.-]J.; Zhang, Q.; Jiang, X.; Zhou,
Y.-B.; Li, J.; Lu, W. Design, Synthesis and Biological Evaluation of the Thioethercontaining
Lenalidomide Analogs with Anti-Proliferative Activities. Eur. J. Med. Chem. 2019, 176, 419—
430.

8. Stover, C. K.; Warrener, P.; VanDevanter, D. R.; Sherman, D. R.; Arain, T. M.; Langhorne,
M. H.; Anderson, S. W.; Towell, J. A.; Yuan, Y.; McMurray, D. N.; Kreiswirth, B. N.; Barry, C.
E.; Baker, W. R. A Small-Molecule Nitroimidazopyran Drug Candidate for the Treatment of
Tuberculosis. Nature 2000, 405, 962-966.

9. Williamson, A. W. XXII.—On Etherification. Q. J. Chem. Soc. 1852, 4, 229-239.

10. Roughley, S. D.; Jordan, A. M. The Medicinal Chemist’s Toolbox: An Analysis of Reactions
Used in the Pursuit of Drug Candidates. J. Med. Chem. 2011, 54, 3451-3479.

11. Xiang, J.; Shang, M.; Kawamata, Y.; Lundberg, H.; Reisberg, S. H.; Chen, M.; Mykhailiuk,
P.; Beutner, G.; Collins, M. R.; Davies, A.; Del Bel, M.; Gallego, G. M.; Spangler, J. E.; Starr, J.;
Yang, S.; Blackmond, D. G.; Baran, P. S. Hindered Dialkyl Ether Synthesis with
Electrogenerated Carbocations. Nature 2019, 573, 398—402.

12. For select examples, see a) Biswas, S.; Samec, J. S. M. The Efficiency of the Metal Catalysts
in the Nucleophilic Substitution of Alcohols is Dependent on the Nucleophile and Not on the
Electrophile. Chem. Asian J. 2013, 8, 974-981. b) Banerjee, S.; Das, J.; Alvarez, R. P.; Santra, S.
Silicananoparticles as a Reusable Catalyst: A Straightforward Route for the Synthesis of
Thioethers, Thioesters, Vinyl Thioethers and Thio-Michael Adducts Under Neutral Reaction
Conditions. New J. Chem. 2010, 34, 302-306. d) Banerjee, A.; Hattori, T.; Yamamoto, H. Regio-
and Stereoselective (Sn2) N-, O-, C- and S-Alkylation Using Trialkyl Phosphates. Synthesis
2023, 55, 315-332. e) Chen, J.; Lin, J.-H.; Xiao, J.-C. Dehydroxylation of Alcohols for
Nucleophilic Substitution. Chem. Commun. 2018, 54, 7034-7037.

13. Ullmann, F. Ueber eine neue Bildungsweise von Diphenyla-minderivaten. Ber. Dtsch. Chem.
Ges. 1903, 36, 2382—2384.

14. Ullmann, F.; Sponagel, P. Ueber die Phenylirung von Phenolen. Ber. Dtsch. Chem. Ges.
1905, 38,2211-2212.

15. Yang, Q.; Zhao, Y.; Ma, D. Cu-Mediated Ullmann-Type Cross-Coupling and

Industrial Applications in Route Design, Process Development, and Scale-up of Pharmaceutical
and Agrochemical Processes. Org. Process Res. Dev. 2022, 26, 1690—1750.

16. a) Wu, X.-F.; Anbarasan, P.; Neumann, H.; Beller, M. From Noble Metal to Nobel Prize:
Palladium-Catalyzed Coupling Reactions as Key Methods in Organic Synthesis. Angew. Chem.
Int. Ed. 2010, 49, 9047-9050. b) Seechurn, C. C. C. J.; Kitching, M. O.; Colacot, T. J.; Snieckus,
V. Palladium-Catalyzed Cross-Coupling: A Historical Contextual Perspective to the 2010 Nobel
Prize. Angew. Chem. Int. Ed. 2012, 51, 5062—5085. ¢) Luescher, M. U.; Gallou, F.; Lipshutz, B.
H. The Impact of Earth-Abundant Metals as a Replacement for Pd in Cross Coupling Reactions.
Chem. Sci. 2024, DOI: 10.1039/D4SC00482E.

17. a) Forero-Cortes, P. A.; Haydl, A. M. The 25th Anniversary of the Buchwald—Hartwig
Amination: Development, Applications, and Outlook. Org. Process Res. Dev. 2019, 23,
1478—1483. b) Guram, A. S.; Rennels, R. A.; Buchwald, S. L. A Simple Catalytic Method for

https://doi.org/10.26434/chemrxiv-2024-r9sdv ORCID: https://orcid.org/0000-0001-5153-4131 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-r9sdv
https://orcid.org/0000-0001-5153-4131
https://creativecommons.org/licenses/by-nc-nd/4.0/

the Conversion of Aryl Bromides to Arylamines. Angew. Chem., Int. Ed. 1995, 34, 1348—1350.
c) Louie, J.; Hartwig, J. F. Palladium-Catalyzed Synthesis of Arylamines from Aryl Halides.
Mechanistic Studies Lead to Coupling in the Absence of Tin Reagents. Tetrahedron Lett. 1995,
36,3609-3612.

18. a) Kennemur, J. L.; Maji, R.; Scharf, M. J.; List, B. Catalytic Asymmetric Hydroalkoxylation
of C—C Multiple Bonds. Chem. Rev. 2021, 121, 14649—-14681. b) Evano, G.; Wang, J.; Nitelet,
A. Metal-Mediated C—O Bond Forming Reactions in Natural Product Synthesis. Org. Chem.
Front. 2017, 4, 2480-2499.

19. a) Kondo, T.; Mitsudo, T.-A. Metal-Catalyzed Carbon—Sulfur Bond Formation. Chem.

Rev. 2000, 100, 3205-3220. b) Geiger, V. J.; Oechsner, R. M.; Gehrtz, P. H.; Fleischer, I. Recent
Metal-Catalyzed Methods for Thioether Synthesis. Synthesis 2022, 54, 5139-5167. ¢)
Beletskaya, I. P.; Ananikov, V. P. Transition-Metal-Catalyzed C—S, C—Se, and C—Te Bond
Formations via Cross-Coupling and Atom-Economic Addition Reactions. Achievements and
Challenges. Chem. Rev. 2022, 122, 16110-16293.

20. a) Culkin, D. A.; Hartwig, J. F. Carbon—Carbon Bond-Forming Reductive Elimination from
Arylpalladium Complexes Containing Functionalized Alkyl Groups. Influence of Ligand Steric
and Electronic Properties on Structure, Stability, and Reactivity. Organometallics 2004, 23,
3398-3416. b) Alexanian, E. J.; Hartwig, J. F. Mechanistic Study of B-Hydrogen Elimination
from Organoplatinum(Il) Enolate Complexes. J. Am. Chem. Soc. 2008, 130, 15627—15635. c)
O’Reilly, M. E.; Dutta, S.; Veige, A. S. B-Alkyl Elimination: Fundamental Principles and Some
Applications. Chem.Rev. 2016, 116, 8105—8145. d) Whitehurst, W. G.; Kim, J.; Koenig, S. G.;
Chirik, P. J. C(sp3)—C(sp2) Reductive Elimination versus f-Hydride Elimination from
Cobalt(IIT) Intermediates in Catalytic C—H Functionalization. ACS Catal. 2023, 13, 8700-8707.
21. a) Correa, A.; Carril, M.; Bolm, C. Iron-Catalyzed S-Arylation of Thiols with Aryl Iodides.
Angew. Chem. Int. Ed. 2008, 47, 2880—2883. b) Jones, K. D.; Power, D. J.; Bierer, D.; Gericke,
K. M.; Stewart, G. Nickel Phosphite/Phosphine-Catalyzed C—S Cross-Coupling of ArylChlorides
and Thiols. Org. Lett. 2018, 20, 208—211.

22. Fernadndez-Rodriguez, M. A.; Shen, Q.; Hartwig, J. F. A General and Long-Lived Catalyst
for the Palladium-Catalyzed Coupling of Aryl Halides with Thiols. J. Am. Chem. Soc. 2006, 128,
2180-2181.

23. Lu, Y.-C.; West, J. G. Chemoselective Decarboxylative Protonation Enabled by Cooperative
Earth-Abundant Element Catalysis. Angew. Chem. Int. Ed. 2023, 62, No. ¢202213055.

24. Tian, Y.; Li, X.-T.; Liu, J.-R.; Cheng, J.; Gao, A.; Yang, N.-Y.; Li, Z.; Guo, K.-X.; Zhang,
W.; Wen, H.-T.; Li, Z.-L.; Gu, Q.-S.; Hong, X.; Liu, X.-Y. A General Copper-Catalysed
Enantioconvergent C(sp3)—S Cross-Coupling via Biomimetic Radical Homolytic Substitution.
Nat. Chem. 2024, 16, 466—475.

25. a) Hanschmann, E.-M.; Godoy, J. R.; Berndt, C.; Hudemann, C.; Lillig, C. H. Thioredoxins,
Glutaredoxins, and Peroxiredoxins—Molecular Mechanisms and Health Significance: from
Cofactors to Antioxidants to Redox Signaling. Antioxid. Redox Signal. 2013, 19, 1447-1606. b)
Wei, Y.; Li, B.; Prakash, D.; Ferry, J. G.; Elliott, S. J.; Stubbe, J. A Ferredoxin Disulfide
Reductase Delivers Electrons to the Methanosarcina barkeri Class III Ribonucleotide Reductase.
Biochemistry 2015, 54, 7019-7028.

26. a) Sherry, B. D.; Furstner, A. The Promise and Challenge of Iron-Catalyzed Cross Coupling.
Acc. Chem. Res. 2008, 41, 1500-1511. b) Bedford, R. B. How Low Does Iron Go? Chasing the
Active Species in Fe-Catalyzed Cross-Coupling Reactions. Acc. Chem. Res. 2015, 48, 1485—
1493. c) Mako, T. L.; Byers, J. A. Recent Advances in Iron-Catalysed Cross Coupling Reactions

https://doi.org/10.26434/chemrxiv-2024-r9sdv ORCID: https://orcid.org/0000-0001-5153-4131 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-r9sdv
https://orcid.org/0000-0001-5153-4131
https://creativecommons.org/licenses/by-nc-nd/4.0/

and their Mechanistic Underpinning. /norg. Chem. Front. 2016, 3, 766—790. d) Neidig, M. L.;
Carpenter, S. H.; Curran, D. J.; DeMuth, J. C.; Fleischauer, V. E.; lannuzzi, T. E.; Neate, P. G.
N.; Sears, J. D.; Wolford, N. J. Development and Evolution of Mechanistic Understanding in
Iron- Catalyzed Cross-Coupling. Acc. Chem. Res. 2021, 52, 140-150. e) Liu, L.; Aguilera, M. C.;
Lee, W.; Youshaw, C.; Neidig, M. L.; Gutierrez, O. General Method for Iron-Catalyzed
Multicomponent Radical Cascades—Cross-Couplings. Science 2022, 374, 432—439.

27. a) Piontek, A.; Bisz, E.; Szostak, M. Iron-Catalyzed Cross-Couplings in the Synthesis of
Pharmaceuticals: In Pursuit of Sustainability. Angew. Chem. Int. Ed. 2018, 57, 11116—-11128. b)
Hayler, J. D.; Leahy, D. K.; Simmons, E. M. A Pharmaceutical Industry Perspective on
Sustainable Metal Catalysis. Organometallics 2019, 38, 36-46. c) Egorova, K. S.; Ananikov, V.
P. Which Metals are Green for Catalysis? Comparison of the Toxicities of Ni, Cu, Fe, Pd, Pt, Rh,
and Au Salts. Angew. Chem. Int. Ed. 2016, 55, 12150-12162.

28. Buzsaki, S. R.; Mason, S. M.; Kattamuri, P. V.; Serviano, J. M. I.; Rodriguez, D. N.; Wilson,
C. V.;Hood, D. M.; Ellefsen, J. D.; Lu, Y.-C.; Kan, J.; West, J. G.; Miller, S. J.; Holland, P. L.
Fe/Thiol Cooperative Hydrogen Atom Transfer Olefin Hydrogenation: Mechanistic Insights That
Inform Enantioselective Catalysis. J. Am. Chem. Soc. 2024, ASAP, doi: 10.1021/jacs.4c04047
29. Semenya, J.; Yang, Y.; Picazo, E. Cross-Electrophile Coupling of Benzyl Halides and
Disulfides Catalyzed by Iron. J. Am. Chem. Soc. 2024, 146, 4903—4912.

30. For full optimization studies, see Tables S1-S3 in the Supporting Information.

31. Tasker, S. Z.; Standley, E. A.; Jamison, T. F. Recent Advances in Homogeneous Nickel
Catalysis. Nature 2014, 509, 299-3009.

32. For control experiments on background reactivity, see Table S4 in the Supporting
Information.

33. Alcohol couplings were conducted at 80 °C, see the Supporting Information for full
experimental details.

34. a) Haupt, A. Screen Tests of Acaricides for Control of the Housedust Mite. Trans. R. Soc.
Trop. Med. Hyg. 1970, 64, 479. b) FAO/WHO,

Evaluation of the Toxicity of Pesticide Residues in Food: Chlorbenside (1965). Report No.
PL/1965/10/1. Accessed March 11, 2024.

35. Buchwald, P.; Bodor, N. Quantitative Structure-Metabolism Relationships: Steric and
Nonsteric Effectsin the Enzymatic Hydrolysis of Noncongener Carboxylic Esters. J. Med. Chem.
1999, 42, 5160—5168.

Supporting Information is available in the online version of the paper.

Acknowledgments The authors are grateful to the Loker Hydrocarbon Research Institute and the
University of Southern California for support. They are also grateful to NIH-NIGMS
ROOGM140070 and the President’s Sustainability Initiative Award for financial support. J. S. and
Y. Y. thank the Loker Hydrocarbon Research Institute for the Harold E. Moulton Fellowship. K.
A. G. thanks NIH T34 GM145539 for financial support. We thank S. Guillen and K. Knight for
help with HRMS and IR, respectively. Instrumentation in the USC Chemistry Instrument Facility
was acquired with USC Research and Innovation Instrumentation Award Program, the NSF (DBI-
0821671, CHE-0840366), and NIH (S10 RR25432) support.

Author Information Correspondence and requests for materials should be addressed to the
corresponding author, E.P. (epicazo@usc.edu), Department of Chemistry, Loker Hydrocarbon
Research Institute, University of Southern California, 837 Bloom Walk, Los Angeles, California
90089-1661, United States.

https://doi.org/10.26434/chemrxiv-2024-r9sdv ORCID: https://orcid.org/0000-0001-5153-4131 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-r9sdv
https://orcid.org/0000-0001-5153-4131
https://creativecommons.org/licenses/by-nc-nd/4.0/

