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Abstract: Visible-light-activated electron donor-acceptor complexes offer distinct reaction pathways for the synthesis of
complex molecules under mild conditions. Herein, we report a method for the reductive generation of a-amino radicals via
the reaction of a visible-light-activated ion-pair charge-transfer complex formed between an in situ-generated alkyl-iminium
ion and a thiophenolate. This distinct activation mode is demonstrated through the development of a multicomponent cou-
pling reaction to form substituted aminomethyl-cyclopentanes from secondary amines, cyclopropyl aldehydes and alkenes.
The operationally straightforward transformation displays broad scope and provides a means to generate cyclic amine-con-

taining scaffolds from readily available feedstocks.

The exploitation of a-amino radicals has been dramati-
cally advanced by the advent of visible-light (VL)-photore-
dox catalysis.2 Four distinct activation modes have been
identified for the generation of this nucleophilic species,
which have made the deployment of a-amino radicals a use-
ful tactic in complex molecule synthesis (Figure-1A). Most
common among these strategies are single-electron oxida-
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ARs via thiol-mediated, VL-activation of ion-pair charge-trans-
fer complexes

As part of our continued efforts towards platforms for the
reductive generation and subsequent exploitation of a-ARs
derived from alkyl-iminium ions,®<f we considered that the
challenges posed by high reduction potentials might be cir-
cumvented by a method based on an intracomplex single-
electron transfer (SET) step between an electron-rich ‘re-
ductant’ and electrophilic iminium ion by way of an electron
donor-acceptor-(EDA) or ion-pair charge-transfer (IPCT)-
complex.8 While highly conjugated iminium ions have been
shown to participate in reactions through VL-activated
EDA-complexes,® there are no examples of alkyl-iminium
ions reacting through these intermediates to the best of our
knowledge.?»< Herein, we report the successful realization
of a distinct reductive process for the generation of a-ARs
from iminium ions via the action of a simple thiophenol and
VL-irradiation (Figure-1B). This activation mode is har-
nessed through a transformation that combines a second-
ary-amine, a cyclopropyl-aldehyde and an alkene to form
aminomethyl-cyclopentanes (Figure-1C).

Based on the seminal studies by Kochi,102b Gilmour°c and
Yulod jn examining the EDA-based reactivity of highly-con-
jugated iminium ions with pyruvate anions, we set about ex-
ploring the feasibility of alkyl a-AR formation via a VL-acti-
vated [PCT-complex. Importantly, Miyake and co-workers
showed that EDA-complexes involving thiophenolates were
shown to undergo SET with difficult-to-reduce bro-
moarenes (Ered ~ —2.0 V),!1 which possess similar reduction
potentials to alkyl iminium ions. Inspired by this, we found
that irradiating a dichloromethane solution of dibenzyla-
mine, butyraldehyde and 2,6-dimethylthiophenol (1) in the
presence of 4 A molecular sieves (MS) with a 40 W blue LED
Kessil lamp, formed N,N-dibenzyl-propylamine in an assay
yield of 8%, reflecting a formal reductive amination through
the corresponding a-AR (Figure-2A). The low yield of this
reaction was attributed to rapid back electron-transfer
from the a-AR to the concurrently formed thiyl-radical,
which would reform the ground state of the IPCT-complex.
To avoid this unproductive quenching process, we engi-
neered the iminium system by using an aldehyde substi-
tuted with an adjacent cyclopropane (3a); a-AR formation
would drive a rapid B-scission to form a stable electrophilic
malonyl-radical less likely to undergo back electron-trans-
fer. Testing the reaction with 3a and secondary-amine-1a
under the same reaction conditions revealed a 90% assay
yield (65% yield of isolated product) of aldehyde-4 (Figure-
2B). No reaction was observed in the absence of secondary
amine or thiol-1, supporting our proposed pathway involv-
ing B-scission of a cyclopropyl-derived a-AR intermediate.
Interestingly, 34% assay yield of 4 was observed when the
reaction was carried out in the dark at 25 °C, suggesting a
background thermal activation of the proposed IPCT-com-
plex (cf. 90% with visible-light irradiation!2).13 The alde-
hyde functionality is formed after hydrolysis of the corre-
sponding enamine, which results from the B-scission step;
hydrogen atom transfer is assumed to take place from ex-
cess thiol to the malonyl-radical. Notably, this mild

reductive process is facilitated in the absence of a classical
reducing agent.

Based on these preliminary results, we extrapolated the
hypothesis towards a plan for the multicomponent synthe-
sis of substituted aminomethyl-cyclopentanes from second-
ary-amines, cyclopropyl-aldehydes and alkenes by way of a
[3c+2c]-type annulation pathway (Figures-1C & 2C)'4. The
reduction of an in situ-generated a.-AR would trigger B-scis-
sion of the cyclopropane, m-addition to the alkene and ring
closure to the cyclopentane. The resulting cyclic C(sp3)-rich
amine scaffolds, displaying versatile polar functionality,
could serve as attractive fragments for the design of phar-
maceutical or agrochemical candidates.!> Based on this, and
our initial observations, we began by exploring a variety of
reaction parameters that may influence the target pro-
cess.'2 Our initial hit reaction found that the combination of
amine-2a and aldehyde-3a (1.2 equiv) with 2 equivalents of
alkene-5a and thiophenol-1 gave a 99% conversion to cy-
clopentane-6a, with 9:1 syn- selectivity, after irradiation of
a dichloromethane solution for 24 h (Figure 2C, entry 1).
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entry thiol assay yield?
1 2,6-dimethylthiophenol 99
2 thiophenol 34
3 4-methylthiophenol 19
4 3,5-dimethylthiophenol 31
5 2,4,6-trimethylthiophenol 64
6 4-nitrothiophenol 0
7 dodecanethiol 0
8 methyl thioglycolate 0
9 N-acetyl cysteine 0

aDetermined using 1H NMR with 1,1,2,2-tetrachloroethane
as internal standard.

Figure-2. Discovery of thiol-mediated, VL-activated synthesis
of aminomethyl-cyclopentanes.
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Figure-3. Scope of the multicomponent process for the synthesis of aminomethyl-cyclopentanes. Yields and d.r. of isolated mate-

The use of less hindered thiophenols resulted in lower con-
version to the product, presumably due to the facile for-
mation of the corresponding N,S-hemiaminal (vide infra)
(entries 2-5). Additionally, no reaction was observed with
electron-deficient aryl thiols or any of the alkyl-thiols that
were tested (entries 6-9).

We found that a range of alkylamines coupled well with
methylene cyclopentane (as a representative alkene) and
cyclopropyl-aldehyde-3 (Figure-3A). For example, reaction
of saturated heterocyclic amines displaying versatile func-
tionalities produced the corresponding aminomethyl-cyclo-
pentanes in excellent yields (6b-g). Acyclic secondary
amines, including N,N-dialkyl- and N-alkyl-aniline deriva-
tives, effectively generated carbocycles 6h-j. A secondary
alkylamine-derived from a pharmaceutical fragment (6k)
was also an excellent substrate, demonstrating the toler-
ance of the reaction towards diverse functional groups. We
were pleased to find that, in addition to geminal ester sub-
stituted cyclopropyl-aldehyde 3a, other functional groups
including phosphonates (61), nitriles (6m), and sulfones
(6n) were found to be competent substrates in the multi-
component reaction providing the highly functionalized
products in reasonable yields. Even a monosubstituted es-
ter cyclopropyl-aldehyde afforded the corresponding

rial.

aminomethyl-cyclopetane 60, albeit in modest yield as a
mixture of diastereomers.

Next, a selection of alkenes that could be deployed in the
multicomponent process was explored (Figure-3B). A se-
ries of cyclic and acyclic 1,1-disubstituted alkenes worked
well in combination with 4-cyanopiperidine and aldehyde-
3a (to give 6p-s); the deployment of a piperidine-derived
alkene is noteworthy as the C(sp?)-rich spirocycle-6r, con-
taining numerous orthogonal functionalities and polar mo-
tifs,16 could be an attractive fragment for pharmaceutical
scaffolds. A series of styrenes and vinyl-heteroarenes also
performed well and resulted in substituted 2-(hetero)aryl-
aminomethyl-cyclopentanes (9:1 dr, syn:anti, 6t-y). Re-
markably, 1-hexene worked well in the reaction to generate
the alkyl-substituted cyclopentane-6x in 9:1 dr. The reac-
tion with n-butyl acrylate proceeded in modest yield to form
cyclopentane-6y as a 1:1 mixture of diastereomers. Finally,
2,3-dihydrofuran was a good substrate and formed substi-
tuted 2-oxabicyclo[3.3.0]octane-6z as a single diastere-
omer. Ketones did not react.

To probe the process through which the a-AR is formed,
a number of mechanistic experiments were conducted.
Firstly, we found that the reaction proceeded in the



presence of long-pass filters designed to block light below
wavelengths of 420 nm (83% yield) & 455 nm (64% yield),
indicating the pathway operates well within the range of the
VL-spectrum (2400 nm). A reaction without VL-irradiation
between piperidine, aldehyde-3a and thiophenol-1 gave
quantitative conversion to N,S-hemiaminal-7 (Figure-4A).
While the facile formation of a stable N,S-hemiaminal is a
possible thermodynamic sink for the reaction, nitrogen-
driven a-elimination would form the iminium-acceptor and
thiolate-donor (Figure-4B). Moreover, the enhanced reac-
tivity observed using sterically hindered thiophenols sup-
ports this assertion as they would destabilize N,S-hemiami-
nal-7. Furthermore, electron-deficient thiophenols did not
form the product (Figure-2C), presumably reflecting a
larger HOMO-LUMO gap in the corresponding IPCT-com-
plex (int-I). UV /vis spectra were measured for mixtures of
various reaction components in combination with N,S-hem-
iaminal-7 but, unfortunately, no absorbances above 370 nm
were observed. The lack of a diagnostic absorbance to sup-
port the putative IPCT-complex is attributed to the relative
stability of 7, which may mean that only very small concen-
trations of int-I are present in solution, beyond the detec-
tion limit of the spectrometer. Accordingly, we considered
other mechanisms for the formation of the a-AR under
these conditions, which included direct N,S-hemiaminal ex-
citation,'72 disulfide energy-transfer,17b-d homolytic substi-
tution with a thiyl-radical'’cef and photoinduced thiol-exci-
tation, but these pathways were ruled out after further
studies.12

Instead, computational studies were explored to garner
support for the single-electron transfer within the VL-acti-
vated IPCT-complex int-1. Calculation of the Gibbs energy
profile for the key species showed N,S-hemiaminal-7 with
AG 0of -19.5 kcal mol! compared to the discrete iminium and
thiophenolate ions (Figure-4B). Importantly, the energy of
the int-I was calculated to be -7.8 kcal mol! lower in energy
than the separated ions, suggesting stabilizing interactions
are operational in this intermediate.!® The calculated ener-
getic stability of 7 relative to int-I (AG=-11.7 kcal mol?) in-
dicates a low equilibrium concentration of the IPCT-com-
plex, which could account for the negligible empirical ab-
sorbance profile observed in the visible region of the UV /vis
spectrum of the reaction mixture. Time-dependent density
functional theory (TD-DFT) calculations on N,S-hemiami-
nal-7 predicted an electronic transition at 239 nm,2 which
matched the observation in the UV/vis spectrum of an ab-
sorbance at 237 nm. Further DFT calculations revealed the
iminium ion adopts a co-planar geometry to the thiopheno-
late, with interatomic distances between N and S atoms cal-
culated at 3.63 A and C1(aryl) and C(iminium) atoms calcu-
lated at 3.13 A (Figure-4C). The distance between the
Cl(aryl) and C(iminium) is less than the typical Van der
Waals distance for aromatic molecules and is consistent
with the interplanar separation observed in charge-transfer
complexes.!® TD-DFT calculations conducted on IPCT-com-
plex-int-I predicted Amax of 458 nm, which corresponds to
an electron-transfer between the HOMO and LUMO compo-
nents (Figure-4D). Orbital visualization showed that the
HOMO is comprised of the thiophenolate m-contributions
and the LUMO is made up of contributions from the * of the
C=N bond in the iminium ion. This suggests that at 458 nm,
int-I can undergo excitation leading to intermolecular SET

between the thiophenolate and the iminium ion and for-
mation of an a-AR and the corresponding thiyl-radical (as
shown in Figure-4B).
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Figure-4. Preliminary mechanistic and computational
studies.’8 TD-DFT calculations were conducted on opti-
mized int-1, at the CAM-B3LYP/6-311+G(d,p) level.20

As a result of both experimental and computational lines
of investigation, we propose a pathway to cyclopentane-6
beginning with condensation of amine, aldehyde, and thiol
to form N,S-hemiaminal-7, followed by nitrogen-driven a-
elimination of the thiolate to form the iminium/thiopheno-
late ion-pair (Figure-5). VL-activation of this species would
lead to SET in IPCT-complex-int-I from the thiophenolate
donor to the iminium acceptor, forming a-AR-int-II. B-Scis-
sion of the cyclopropyl ring in int-I1 leads to an enamine dis-
playing stabilized radical-int-III, which undergoes addition
to the alkene and forms corresponding radical-int-IV. 5-
Exo-trig cyclization of radical-int-IV onto the enamine
forms exocyclic a-aminomethyl-radical-int-V, which under-
goes hydrogen atom transfer with excess thiophenol to
form the aminomethyl-cyclopentane-6. The syn-selectivity
is assumed to arise through the minimization of



interactions within an envelope-type transition state during
5-exo-trig ring-closure.?!

O COMe thiol 1
(2 equiv)
)J\d_COZMe _— @E
CO,Me
amine 2
(1 equiv) (1.2 equw) N,S- hemlamlnal CO,Me

visible light ;. Me

enabled ©Ss
G \N_ L—//_) i
a ; ~E
C@“f E
int-I

a-AR, int-IT
B- smssmn
G 2 equlv) CI
N n-addition
int-111 int-IV. H
5-exo-trig
cyclization

o CO,Me
IIII Oé,cone HAT with 1 C\/&ﬁ\

aminomethyl- cyclopentane 6 int-V
Figure-5. Proposed mechanistic pathway for VL & thio-
phenol-mediated synthesis of aminomethyl-cyclopentanes.

In summary, we have developed a novel process for the
formation of a-ARs via VL-activation of an IPCT-complex
formed between an in situ-generated alkyl-iminium ion and
thiophenolate. While the thiolate component of the IPCT-
complex is responsible for the iminium reduction step, it is
not incorporated into the product. Computational support
for SET within this complex provides a basic understanding
of the reaction pathway. We believe the resulting multicom-
ponent reaction to produce substituted aminomethyl-cyclo-
pentanes demonstrates a practical, operationally straight-
forward, and photocatalyst-free process that will not only
provide streamlined access to new complex amine products
but will also provide complementary means to perform a-
amino radical-based transformations. Further exploration
of this activation mode will be reported in due course.

ASSOCIATED CONTENT

Supporting Information

Experimental procedures and compound characterization
(PDF).
X-ray data for 6w, 6z (CIF).

The Supporting Information is available free of charge on the
ACS Publications website.

AUTHOR INFORMATION

Corresponding Author

* Correspondence should be addressed to Professor Matthew J.
Gaunt at mjg32@cam.ac.uk.

Author Contributions

The manuscript was written through contributions of all au-
thors. fThese authors contributed equally.

Funding Sources

Cambridge Display Technologies / Sumitomo: for PhD student-
ship to KK; EPSRC Centre for Doctoral Training - SynTech
EPS024220/1 to MAS; Royal Society: for Wolfson Merit Award
to M.J.G; EPSRC: for EP/S020292/1.

ACKNOWLEDGMENT

We are grateful to Dr Jon Pillow (CDT-Sumitomo) for useful dis-
cussion. We thank Dr. Andrew Bond for X-ray diffractrion ex-
periments for compounds 6w & 6z.

REFERENCES

1. Renaud, P; Giraud, L. 1-Amino- and 1-Amidoalkyl Radicals:
Generation and Stereoselective Reactions. Synthesis 1996,
913-926.

2. (a) Huy, J; Wang, J.; Nguyen, T. H.; Zheng, N. The Chemistry
of Amine Radical Cations Produced by Visible Light Photo-
redox Catalysis. Beilstein J. Org. Chem. 2013, 9,1977-2001.
(b) Beatty, ]. W.; Stephenson, C. R. ]J. Amine Functionaliza-
tion via Oxidative Photoredox Catalysis: Methodology De-
velopment and Complex Molecule Synthesis. Acc. Chem.
Res. 2015, 48, 1474-1484. (c) Nakajima, K.; Miyake, Y,;
Nishibayashi, Y. Synthetic Utilization of a-Aminoalkyl Rad-
icals and Related Species in Visible Light Photoredox Catal-
ysis. Acc. Chem. Res. 2016, 49, 1946-1956.

3. (a) Condie, A. G.; Gonzalez-Gomez, ]. C.; Stephenson, C. R. J.
Visible-Light Photoredox Catalysis: Aza-Henry Reactions
via C-H Functionalization. /. Am. Chem. Soc. 2010, 132,
1464-1465. (b) McNally, A; Prier, C. K,; MacMillan, D. W. C.
Discovery of an a-Amino C-H Arylation Reaction Using the
Strategy of Accelerated Serendipity. Science 2011, 334,
1114-1117. (c) Miyake, Y.; Nakajima, K.; Nishibayashi, Y.
Visible-Light-Mediated Utilization of a-Aminoalkyl. Radi-
cals: Addition to Electron-Deficient Alkenes Using Photore-
dox Catalysts. J. Am. Chem. Soc. 2012, 134, 3338-3341. (d)
Thullen, S. M.; Rovis, T. A Mild Hydroaminoalkylation of
Conjugated Dienes Using a Unified Cobalt and Photoredox
Catalytic System. J. Am. Chem. Soc. 2017, 139, 15504-
15508. (e) McManus, J. B.; Onuska, N. P. R;; Nicewicz, D. A.
Generation and Alkylation of a-Carbamyl Radicals via Or-
ganic Photoredox Catalysis. /. Am. Chem. Soc. 2018, 140,
9056-9060. (f) Grainger, R,; Heightman, T. D.; Ley, S. V,;
Lima, F.,; Johnson, C. N. Enabling Synthesis in fragment-
based drug discovery by reactivity mapping: photoredox-
mediated cross-dehydrogenative heteroarylation of cyclic
amines. Chem. Sci. 2019, 10, 2264-2271.

4. (a) Shaw, M. H.; Shurtleff, V. W.; Terrett, ]. A,; Cuthbertson,
J. D.; MacMillan, D. W. C. Native Functionality in Triple Cat-
alytic Cross-Coupling: Sp3 C-H Bonds as Latent Nucleo-
philes. Science 2016, 352, 1304-1308. (b) Ye, J.; Kalvet, L,;
Schoenebeck, F.; Rovis, T.Rovis. Direct alpha-alkylation of
primary aliphatic amines enabled by CO2 and electrostat-
ics. Nature. Chem. 2018, 10, 1037-1041. (c) Ryder, A. S. H.;
Cunningham, W. B,; Ballantyne, G.; Mules, T.; Kinsella, A. G.;
Turner-Dore, J.; Alder, C. M.; Edwards, L. J.; McKay, B. S. ],
Grayson, M. N.; Creswell A. ]. Photocatalytic o-tertiary
amine synthesis via C-H alkylation of unmaked primary
amines. Angew. Chem. Int. Ed. 2020, 59, 14986-14991.

5. (a) Nakajima, K; Kitagawa, M.; Ashida, Y.; Miyake, Y.; Nishi-
bayashi, Y. Synthesis of Nitrogen Heterocycles via a-



10.

11.

12.

Aminoalkyl Radicals Generated from a-Silyl Secondary
Amines under Visible Light Irradiation. Chem. Commun.
2014, 50 (64), 8900-8903. (b) Chu, L.; Ohta, C.; Zuo, Z;
MacMillan, D. W. C. Carboxylic Acids as A Traceless Activa-
tion Group for Conjugate Additions: A Three-Step Synthesis
of (#)-Pregabalin. . Am. Chem. Soc. 2014, 136, 10886-
10889. (c) Miyazawa, K.; Koike, T.; Akita, M. Hydroam-
inomethylation of Olefins with Aminomethyltrifluorobo-
rate by Photoredox Catalysis. Adv. Synth. Catal. 2014, 356,
2749-2755.

(a) Hager, D.; MacMillan, D. W. C. Activation of C-H Bonds
via the Merger of Photoredox and Organocatalysis: A Cou-
pling of Benzylic Ethers with Schiff Bases. J. Am. Chem. Soc.
2014, 136, 16986-16989. (b) Guo, X.; Wenger, O. S. Reduc-
tive Amination by Photoredox Catalysis and Polarity-
Matched Hydrogen Atom Transfer. Angew. Chem. Int. Ed.
2018, 57, 2469-2473. (c) Trowbridge, A.; Reich, D.; Gaunt,
M. J. Multicomponent Synthesis of Tertiary Alkylamines by
Photocatalytic Olefin-Hydroaminoalkylation. Nature 2018,
561,522-527. (d) Flodén, N. ], Trowbridge, A., Willcox, D.,
Walton, S. M., Kim, Y., Gaunt, M. J. Streamlined synthesis of
C(sp3)-H rich N-heterospirocycles enabled by visible-light
mediated photocatalysis. J. Am. Chem. Soc. 2019, 141,
8426-8430. (e) Reich, D., Trowbridge, A., Gaunt, M. J. Rapid
syntheses of (-)-FR901483 and (+)-TAN1251C enabled by
complexity-generating photocatalytic olefin hydroamino-
alkylation. Angew. Chem. Int. Ed. 2020, 59, 2256-2261. (f)
Blackwell, J. H., Harris, G. R., Smith, M. A,, Gaunt, M. ]. Mod-
ular Photocatalytic Synthesis of a-Trialkyl-a-Tertiary
Amines. . Am. Chem. Soc. 2021, 143, 15946-15959.
Andrieux, C. P.; Savéant, J. M. Electrodimerization: II. Re-
duction Mechanism of Immonium Cations. J. Electroanal.
Chem. 1970, 26, 223-235.

(a) Lima, C. G. S.; de M. Lima, T.; Duarte, M.; Jurberg, 1. D.;
Paixdo, M. W. Organic Synthesis Enabled by Light-Irradia-
tion of EDA Complexes: Theoretical Background and Syn-
thetic Applications. ACS Catal. 2016, 6, 1389-1407. (b)
Crisenza, G. E. M.; Mazzarella, D.; Melchiorre, P. Synthetic
Methods Driven by the Photoactivity of Electron Donor-Ac-
ceptor Complexes. J. Am. Chem. Soc. 2020, 142, 5461-5476.
(a) For seminal examples of conjugated iminium ions in
EDA complexes, see: Cao, Z.-Y.; Ghosh, T.; Melchiorre, P. En-
antioselective Radical Conjugate Additions Driven by a
Photoactive Intramolecular Iminium-Ion-Based EDA Com-
plex. Nat. Commun. 2018, 9, 1-10. For electron transfer re-
actions of excited-state iminium ions, see: (b) Mariano, P.S.
Electron-Transfer Mechanisms in Photochemical Transfor-
mations of Iminium Salts. Acc. Chem. Res. 1983, 16, 130-
137. (c) Stavinoha, J. L., Mariano, P. S. Electron-Transfer
Photochemistry of Iminium Salts. Olefin Photoadditions to
2-Phenyl-1-Pyrrolinium Perchlorate. /. Am. Chem. Soc.
1981, 103,3136-3148.

(a) Bockman, T. M.; Hubig, S. M.; Kochi, J. K. Direct Observa-
tion of Carbon-Carbon Bond Cleavage in Ultrafast Decar-
boxylations. J. Am. Chem. Soc. 1996, 118, 4502-4503. (b)
Zhu, D.; Kochi, J. K. Alkylation of Pyridinium Acceptors via
Thermal and Photoinduced Electron Transfer in Charge-
Transfer Salts with Organoborates. Organometallics 1999,
18,161-172. (c) Morack, T.; Miick-Lichtenfeld, C.; Gilmour,
R. Bioinspired Radical Stetter Reaction: Radical Umpolung
Enabled by lon-Pair Photocatalysis. Angew. Chem. Int. Ed.
2019, 58,1208-1212. (d) Zhang, H.-H.; Yu, S. Visible-Light-
Induced Radical Acylation of Imines with a-Ketoacids Ena-
bled by Electron-Donor-Acceptor Complexes. Org. Lett.
2019, 21,3711-3715.

Liu, B; Lim, C.-H.; Miyake, G. M. Visible-Light-Promoted C-
S Cross-Coupling via Intermolecular Charge Transfer. J. Am.
Chem. Soc. 2017, 139, 13616-13619.

See supporting information for further details

13.

14.

15.

16.

17.

(a) Fawcett, A,; Pradeilles, ].; Wang, Y.; Mutsuga, T.; Myers,
E.L.; Aggarwal, V. K. Photoinduced Decarboxylative Boryla-
tion of Carboxylic Acids. Science 2017, 357, 283-286. (b)
Fukuzumi, S.; Mochida, K.; Kochi, J. K. A Unified Mechanism
for Thermal and Photochemical Activation of Charge-
Transfer Processes with Organometals. Steric Effects in the
Insertion of Tetracyanoethylene. J. Am. Chem. Soc. 1979,
101,5961-5972.

For examples of photocatalytic [3+2] cycloadditions, see:
(a) Lu, Z; Shen, M.; Yoon, T. P. [3+2] Cycloadditions of Aryl
Cyclopropyl Ketones by Visible Light Photocatalysis. J. Am.
Chem. Soc. 2011, 133,1162-1164. (b) Amador, A. G.; Sher-
brook, E. M,; Yoon, T. P. Enantioselective Photocatalytic [3
+ 2] Cycloadditions of Aryl Cyclopropyl Ketones. J. Am.
Chem. Soc. 2016, 138, 4722-4725. (c) Maity, S.; Zhu, M,;
Shinabery, R. S.; Zheng, N. Intermolecular [3+2] Cycloaddi-
tion of Cyclopropylamines with Olefins by Visible-Light
Photocatalysis. Angew. Chem. Int. Ed. 2012, 51, 222-226.
For an example of Ti-mediated radical [3+2] cycloaddi-
tions, see: (d) Hao, W., Harenberg, J. H.,, Wu, X,, MacMillan,
S. N, Lin, S. Diastereo- and Enantioselective Formal [3+2]
Cycloaddition of Cyclopropyl Ketones and Alkenes via Ti-
Catalyzed Radical Redox Relay. J. Am. Chem. Soc., 2018, 140,
3514-3517. For examples of thiyl radical-mediated [3+2]
cycloadditions, see: (e¢) Miura, K., Fugami, K., Oshima, K,
Utimoto, K. Syntehsis of vinylcyclopentanes from vinylcy-
clopropanes and alkenes promoted by benzenethiyl radi-
cal. Tetrahedron Lett. 1988, 29, 5135-5138. (f) Feldman, K.
S, Romanelli, A. L., Ruckle, R. E., Miller, R. F. Cyclopentane
synthesis via free radical mediated addition of dunctional-
ized alkenes to substituted vinyl cyclopropanes. . Am.
Chem. Soc.,, 1988, 110, 3300-3302. (g) Feldman, K. S., Ber-
ven, H. M., Weinreb, P. H. 2,2-dihalovinylcyclopropanes as
Highly Diastereoselective Three-Atom Addends in Phenyl-
thio Radical Mediated Vinylcyclopentane Synthesis. J. Am.
Chem. Soc. 1993, 115, 11364-11369. Hashimoto, T., Yu, K.,
Maruoka, K. An organic thiyl radical catalyst for enantiose-
lective cyclization. Nat. Chem. 2014, 6, 702-705.

(a) Brian, H. Recent Developments in the Stereocontrolled
Synthesis of Highly Substituted Cyclopentane Core Struc-
tures: From Drug Discovery Research to Natural Product
Synthesis. Curr. Org. Chem. 2014, 18 (6), 641-686. (b) Tay-
lor, R. D.; MacCoss, M.; Lawson, A. D. G. Rings in Drugs. J.
Med. Chem. 2014, 57, 5845-5859.

(a) Blakemore, D. C.; Castro, L.; Churcher, L; 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. (b) Lovering, F.; Bikker, J.; Hum-
blet, C. Escape from Flatland: Increasing Saturation as an
Approach to Improving Clinical Success. /. Med. Chem.
2009, 52, 6752-6756.

(a) For UV-enabled cleavage of activated C-S bond, see:
Mao, R.-Z,; Guo, F.; Xiong, D.-C.; Li, Q; Duan, J.; Ye, X.-S. Pho-
toinduced C-S Bond Cleavage of Thioglycosides and Glyco-
sylation. Org. Lett. 2015, 17, 5606-5609. (b) Fava, A.; Cal-
vin, M. Absorption Spectra of Aromatic Disulfides. Univer-
sity of California Radiation Laboratory, Berkley, Calif., Re-
port UCRL 3568, October 31, 1956. (c) Dénes, F.; Pichowicz,
M.; Povie, G.; Renaud, P. Thiyl Radicals in Organic Synthesis.
Chem. Rev. 2014, 114, 2587-2693. (d) Using an iridium
photocatalyst for triplet sensitization of disulfide, see:
Teders, M.; Henkel, C.; Anhauser, L.; Strieth-Kalthoff, F,;
Gomez-Sudrez, A.; Kleinmans, R.; Kahnt, A.; Rentmeister, A,;
Guldi, D.; Glorius, F. The Energy-Transfer-Enabled Biocom-
patible Disulfide-Ene Reaction. Nat. Chem. 2018, 10, 981-
988. (e) For Su2 reactions between tributyl tin radicals and
activated C-S bonds, see: Déneés, F.; Schiesser, C. H.; Renaud,
P. Thiols, Thioethers, and Related Compounds as Sources of
C-Centred Radicals. Chem. Soc. Rev. 2013, 42, 7900-7942.



18.

19.

(f) For reactions between thiyl radicals and disulfides, see:
Bonifacic, M.; Asmus, K. D. Adduct Formation and Absolute
Rate Constants in the Displacement Reaction of Thiyl Radi-
cals with Disulfides. J. Phys. Chem. 1984, 88, 6286-6290.
Interaction energy calculated for Int-I using B3LYP/6-
3111+G(d,p)/CPCM(CH2Clz)/EmpiricalDispersion=GD3B]
revealed E = -10.3 kcal/mol for two point-charges in di-
chloromethane at at r = 3.6 A. Given that the thiolate nega-
tive charge is delocalized across the aromatic ring, an inter-
action energy of E = -7.8 kcal/mol appears plausible.

(a) Crisenza, G. E. M.; Mazzarella, D.; Melchiorre, P. Syn-
thetic Methods Driven by the Photoactivity of Electron Do-
nor-Acceptor Complexes. . Am. Chem. Soc. 2020, 142,
5461-5476. (b) Iwasaki, F.; Saito, Y. The Crystal Structure

20.

21.

of the 1:1 Complex of s-Trinitrobenzene and s-Triamino-
benzene. Acta Cryst. 1970, B26, 251-260.

(a) Yanai, T.; Tew, D. P.; Handy, N. C. A New Hybrid Ex-
change-Correlation Functional Using the Coulomb-Attenu-
ating Method (CAM-B3LYP). Chem. Phys. Lett. 2004, 393,
51-57. (b) Grimme, S.; Ehrlich, S.; Goerigk, L. Effect of the
Damping Function in Dispersion Corrected Density Func-
tional Theory. J. Comput. Chem. 2011, 32, 1456-1465. (c)
Liu, B; Lim, C.-H.; Miyake, G. M. Visible-Light-Promoted C-
S Cross-Coupling via Intermolecular Charge Transfer. J. Am.
Chem. Soc. 2017, 139,13616-13619.

Tripp, J. C.; Schiesser, C. H.; Curran, D. P. Stereochemistry of
Hexenyl Radical Cyclizations with Tert-Butyl and Related
Large Groups: Substituent and Temperature Effects. J. Am.
Chem. Soc. 2005, 127, 5518-5527.

e o (0] CO,Me I
N Jk<i— CO,Me k.
H H
Me Me via SET
[SES) H within an
ion-pair

complex

synthesis of aminomethyl-cyclopentanes via ion-pair charge-transfer

Me
blue SH
LED
Me
’ l CO,Me
N CO,Me

charge-transfer

aminomethyl-cyclopentanes




