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ABSTRACT: Organic transformations initiated by photochemical activation have been at the forefront of reaction discovery. We
have seen the [2+2] photocycloaddition performed upon excitation of a,p-unsaturated carbonyl compounds, and more recently [3 +
2] cycloadditions of aryl cyclopropyl ketones have been reported. These methodologies required a photocatalyst and/or external
activators, adding some limitations to the substrates used. Herein, we report a formal photochemical [3 + 2] cycloaddition using N-
aryl cyclopropylamines and o,B-unsaturated carbonyl systems without the use of photocatalysts or additives. This simple method
proceeding through a Single Electron Transfer (SET) offers a wide scope for the synthesis of N-arylaminocycloalkyl compounds in

good to excellent yields.

Cyclopropanes have special and unique reactivity that can
be attributed to the torsional and angular strain of the ring.! Re-
cently, the use of transition metals to cleave cyclopropanes to
form cyclopentane rings has been demonstrated.? The addition
of an activating handle such as an attached nitrogen-based func-
tional group, which allows the exploitation of C-C bond cleav-
age opening the formation of key intermediates.’ From a radical
formation perspective, cyclopropylamines can be employed in
the formation of cyclopentanes through the formation of the ni-
trogen center radical initiating the B-scission of the three-mem-
bered ring.*® However, most of these methods requires often
the use of harsh conditions such as high energy light, or strong
oxidants. Recently, modern visible-light photoredox catalysis
has provided an attractive alternative method for the formation
nitrogen and carbon centered radical.” In 2012, Zheng and
coworkers reported a [3 + 2] photocatalytic cycloaddition of cy-
clopropyl anilines and styrenes for the synthesis of aminocyclo-
pentanes (Scheme 1a).® Following these reports, other groups
utilized organic dyes and Ir(IIT) based catalysts to perform dia-
stereoselective and enantioselective [3 + 2] cycloadditions
where the proceed through a stepwise process.” Recently, pho-
toexcitation of cyclopropylimines to generate nitrogen-centered
radicals has been shown to be an alternative strategy for the for-
mation of amino-cyclopentanes (Scheme 1b).'

With this in mind, the process of photoinduced single elec-
tron transfers (SET) can be carried out using a diverse photoac-
tivated molecules, leading to different free-radical reaction
pathways and new methodologies in C-C bond formation. To
broaden the scope of N-aryl cyclopropylamine 1 cycloaddition,
we first examined the reaction with electron-poor olefins 2 and
the use of other photoredox catalysts such as Au,dppm,Cl, (5
mol%). Initial results shown that the gold(I)-catalyzed photo-
redox cycloaddition of 1a (Ar = Ph) and ethyl acrylate 2a (Y =
CO,Et) using 365 nm LEDs gave 3aa (Ar =Ph and Y = CO,Et)
in good yields as an inseparable mixture of diastereomers (dr =
3:2) (Scheme 1c). However, a control experiment revealed that
irradiation (365 nm) of 1a and 2a in the absence of a photocata-
lyst gave the desired cycloadduct product 3aa in 72% yield (dr
= 3:2). This exciting result indicates that the initial SET could
be triggered by photoexcitation of the cyclopropylaniline 1a.
This unexpected result prompted us to investigate the general
applicability of this reaction. Herein, we report the synthesis of
N-aryl aminocycloalkyl 3 harnessing a distinct activation mode.

Scheme 1. Previous and present work in the formal [3 + 2]
cycloadditions of aryl cyclopropylamines.

a) Zheng, 2012

Ar.
Ar SNH
~
NH photocatalyst, hv A
+ A A > d
b) Stephenson, 2020
Ar t
X
kN b A A N
A — AN > /_i A
c) This work
Ar
Ars H SNH
Blue LEDs - 30 examples, 31-99% yield
Y ples, y
Ay m» (& - no photocatalysts
eCN, : A )
)" 12 a=12 operationally simple
3

Initial optimization revealed that cycloaddition proceeded as
well as with UVA and blue LEDs (365 and 465 nm, respec-
tively). Although complete conversion was achieved in a
shorter time with 365 nm (24h) irradiation compared to 465 nm
(48 h), better yields were obtained using visible light thus avoid-
ing product degradation. The equivalent number of 2a was
found to be an important factor in the yield of the reaction (en-
tries 1-4). The desired aminocyclopentane 3aa was obtained in
95% vyield using 10 equivalents of ethyl acrylate. (Entry 4).
Next, a screening of solvents was examined (Entries 4-8). Re-
actions performed in acetonitrile provided the best yield (Entry
4) while a lower yield was observed in a protic solvent such as
ethanol (Entry 5). Interestingly, a reversal of the diastereoselec-
tivity of the reaction was observed when the reaction was per-
formed in non-protic and less polar solvents (Entries 6-8). By
optimizing the reaction conditions, we found that the reaction
in 0.2M afforded 3aa in 98% yield (88% isolated) (Entry 10).
Increasing the concentration above 0.2M proved to be disad-
vantageous for the yield as the reaction mixture became too vis-
cous (Entry 11). Lower yields were observed when the photo-
chemical cycloaddition was performed in an open flask (Entry
12). Finally, control experiments showed that no trace of the
desired product was observed when the solution was heated to



80°C in the absence of light, only the starting product 1a was
recovered (Entry 13).

Table 1. Optimization of Reaction Conditions

Ph.
Ph-NH Blue LEDs NH
+ A CoE ——— CO,Et
MeCN, 48h

1a 2a 3aa
entry  2a(equiv) solvent [M] 3aa(%)* dr®

1 1 MeCN 0.1 72 32
2 2 MeCN 0.1 56 32
3 5 MeCN 0.1 45 32
4 10 MeCN 0.1 95 32
5 10 EtOH 01 78 32
6 10 CyH 0.1 75 1:2
7 10 DCE 0.1 73 23
8 10 PhH 0.1 88 23
9 10 MeCN  0.05 79 32
10 10 MeCN 02  98(88) 32
11 10 MeCN 05 85 32
12¢ 10 MeCN 02 70 1:1
134 10 MeCN 02  0(71) -

“NMR yield. *Determined by crude 'H NMR analysis. ‘Reaction
run without degassing and in normal atmosphere. “Heating at 80°C
in the absence of light.

Having identified the optimal reaction conditions, we ex-
plored the reaction scope by examining different olefin substit-
uents. Irradiation of 1a in the presence of monosubstituted acry-
lates gave the desired compounds in good yields (Scheme 2,
3aa-3ac). Cycloaddition with methyl methacrylate 2d led to the
formation of 3ad in quantitative yield, albeit with modest dia-
stereoselectivity, whereas a higher diastereoselectivity was
achieved with the use of a trisubstituted olefin such as 2e, giving
the cycloaddition product 3ae in 57% yield (dr = 9:1). Methyl
vinyl ketone 2f led to the formation of 3af in 57% yield along
with a side product 3ae’ (16%) resulting of a Michael addition.
To our delight, the reaction scope was expended to styrene (2g),
vinyl phenyl sulfone (2h), and acrylonitrile (2i), also provided
moderate to excellent yields of the desired products (3ag, 84%,
dr = 3:2; 3ah, 65%, dr = 6:1; 3ai, 99%, dr =2:1).

To gain more mechanistic insight, we then performed the
reaction with dimethyl maleate (2j) and dimethyl fumarate (2Kk).
The corresponding aminocyclopentanes 3aj were isolated in
79% and 75% yields, respectively. Based on 'H and '*C NMR
analyses, both reactions converged to the same mixture of dia-
stereomers. These results demonstrate that the olefin geometry
was not preserved in the final product supporting the premise
that the reaction proceeds through a SET pathway. In addition,
no conversion of methyl maleate 2j to fumarate 2k under these
conditions was observed. Interestingly, reaction with cyclohex-
enone (2m) and N-phenylmaleimide (2n) proceeded smoothly
with 1a to give the endo products 3am and 3an as the major
diastereomer in 31% and 75% yields respectively.

As shown in Scheme 3, we examined the scope of the reac-
tion with different N-arylaminocyclopropanes 1. Initially, the
electronic properties of the aryl unit appear to have little impact
on the desired reactivity. Reactions with para substituted elec-
tron-rich aryl units such as methoxy (1b) and methyl (1¢) or

bearing an electron-withdrawing group such as Cl (1d) and es-
ter (1e-f) allowed the formation of the desired products (3ba-
fa) in good yields. However, we observed a significant de-
crease in yield using the p-trifluoromethyl substituent (3ga, R=
CF3, 29%, dr = 1:1). This indicates that the electron density of
the aryl amine can influence the SET process. High yields were
obtained with o- and m-methoxy substituted cyclopropylamines
1h and 1i as well as with 1j. The steric hindrance of the cyclo-
propylamine substituent has no influence on the reaction out-
come, as shown by the reaction of o-phenyl and 2-naphthalenes
1k and 11. Both provided the desired aminocyclopentanes (3ka
and 3la) in 84% and 99% yields, respectively. It is worth men-
tioning that the pyridine group is well tolerated under the reac-
tion conditions, which is in contrast to the Rh(Il)-catalyzed ver-
sion.” The compound 3ma was isolated in 95% yield.

Scheme 2. Substrate Scope of the Olefins®
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“Isolated yield. ’Diastereomeric ratio determined by 'H NMR
analysis. 16% of 1,4-addition product (3ai’).

We were wondering if a similar photochemical process
could be realized with N-arylcyclobutylamine leading to a for-
mal [4+2]-cycloaddition (eq. 1). Irradiation of N-phenyl cyclo-
butylamine 1n and methyl acrylate 2a with blue LEDs did not
lead to the complete conversion of the starting product, the de-
sired product was obtained in low yield (<10%). However, per-
forming the same reaction under 410 nm LEDs led to the for-
mation of cyclohexylamine 3na in 42% yield (dr = 1:1). We
observed an increase in yield with the p-methoxy aryl substitu-
ent, the formal [4+2] cycloaddition product 30a was isolated in
92% yield (dr = 3:2) (eq. 1).



Scheme 3. Aryl Cyclopropylamine Scope
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To gain further mechanistic insight, we performed a series
of experiments. We first examined the effect the amine substi-
tution, N-methyl-N-arylcyclopropylamine 1p and carbamate 1q
were irradiated in the presence of ethyl acrylate 2a under stand-
ard conditions (Scheme 4A). After 48h of irradiation using ei-
ther UVA or blue LEDs, only starting material was recovered
in both cases. These results indicates that the N-aryl and NH
groups are essential for the SET to occur. Based on the results
of the cyclization of methyl maleate and fumarate (Scheme 2),
it can be assumed that the reaction proceeds via a SET process
involving the simultaneous formation of cationic and anionic
radical intermediates.

R

R
9 .,
NH . /\COZEt 410 nm CO,Et (eq. 1)
Er 2a MeCN, 48h
in,R=H 3na, R=H, 42%, 1:1 dr
10, R = OMe 30a, R = OMe, 92%, 3:2 dr

To examine if the photochemical cycloaddition proceeds
through a stepwise or concerted process, cyclopropyl amine 2a
was irradiated in the presence of allylic acetate 2p and allylic
sulfone 20 (Scheme 4B). One could reason that if this reaction
involves radical or anionic intermediates such 5 or 5°, a mixture
of compounds 3 and 4 would be observed due to the elimination
of the leaving group. In both cases, only the cycloadducts 3ap
and 3ao were isolated in 78% and 61% yields as a mixture of
diastereomers. Elimination product such as 4 or its derivatives
were not observed in the crude reaction mixture or nor isolated.
Finally, resubmission of trans-3aa and cis-3aa separately to the
reaction conditions in the presence of methyl acrylate 2b did not
lead to the formation of diastereomers, only starting material
was recovered. At the outset, these results suggest that the re-
action could proceed by a concerted mechanism. However, a

stepwise process in which the addition onto the iminium would
be faster than the elimination should not be ignored. This is
different from previous photoredox-catalyzed [3+2] cyloaddi-
tions that propose a stepwise radical or anionic cycloaddition.®
10

Scheme 4. Mechanistic studies
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With these results in hand, we propose the following mech-
anism (Scheme 5). After the photoexcitation of 1, one can en-
visage a SET between 1 and 2 promoting the formation of a
nitrogen centered radical cation A which undergoes a rapid
strain-induced B-scission ring opening and the radical anion C.
The newly formed radical alkyl iminium B would recombine
with C resulting in the formation of 3. The need for secondary
aryl cyclopropylamines also supports the formation of a com-
plex bound by hydrogen-bonding, as tertiary amines were not
compatible with the methodology. The charge transfer could be
facilitated by the H-bonding between 1 and 2 by stabilizing the
complex and increasing the electrostatic attraction. On the
other hand, given the electron rich nature of the N-aryl cyclo-
propylamine 1 in the presence of electron accepting compounds
such as 2, the formation an electron donor-electron (EDA) com-
plex could be at play.!!

Scheme 5. Proposed Mechanism
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In summary, we have developed an operationally simple
light-mediated formal [3 + 2] cycloaddition of N-aryl cyclopro-
pyl amines and electron deficient alkenes to afford aminocyclo-
pentanes in good to excellent yields. The reaction scope is broad
including various alkenes and cyclopropylamines providing key
evidences that the reaction mechanism involves a photoinduced
SET process. New forays into the use of diverse N-aryl cyclo-
butylamine derivatives including mechanistic investigations are
underway and will be reported in due course.

ASSOCIATED CONTENT

Supporting Information

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

General experimental procedures, detailed synthetic procedures,
and analytical data for all compounds mentioned (PDF)

AUTHOR INFORMATION

Corresponding Author

Louis Barriault - Centre for Catalysis, Research and Innovation,
Department of Chemistry and Biomolecular Sciences, University
of Ottawa. orcid.org/0000-0003-2382-5382; E-mail: lbar-
riau@uottawa.ca

Present Addresses

Montserrat Zidan- Centre for Catalysis, Research and Innova-
tion, Department of Chemistry and Biomolecular Sciences, Uni-
versity of Ottawa. orcid.org/0000-0002-7953-4341

Author Contributions
The manuscript was written through contributions of all authors.

Notes
The authors declare no competing financial interest.

ACKNOWLEDGMENT

We thank the Natural Sciences and Engineering Research Council
(NSERC) and the University of Ottawa for support of the described
research. M.Z. thanks the government of Ontario for an OGS M.Sc.
scholarship and NSERC for Ph.D. scholarship (PGS-D), and
NuChem Sciences for Industrial Fellowship. We thank Tito
Scaiano and Lucas Villela for helpful discussions.

REFERENCES

(1) (a) Wong, H. N. C.; Hon, M. Y.; Tse, C. W.; Yip, Y. C.; Tanko,
J.; Hudlicky, T. Use of Cyclopropanes and their Derivatives in Or-
ganic Synthesis. Chem. Rev. 1989, 89, 165—198; (b) Reissig, H. U.;
Zimmer, R. Donor—Acceptor-Substituted Cyclopropane Deriva-
tives and Their Application in Organic Synthesis. Chem. Rev. 2003,
103, 1151-1196; (c) Cavitt, M. A.; Phun, L. H.; France, S. Intra-
molecular Donor—Acceptor Cyclopropane Ring-Opening Cycliza-
tions. Chem. Soc. Rev. 2014, 43, 804—818; d) Schneider, T. F.;
Kaschel, J.; Werz, D. B., A New Golden Age for Donor—Acceptor
Cyclopropanes, Angew. Chem. Int. Ed. 2014, 53, 5504.

(2) Kuang, Y.; Ning, Y.; Zhu, J.; Wang, Y., Dirhodium(II)-Cata-
lyzed (3 + 2) Cycloaddition of the N-Arylaminocyclopropane with
Alkene Derivatives, Org. Lett. 2018, 20, 2693—2697.

(3) Sokolova, O. O.; Bower, J. F. Selective Carbon—Carbon Bond
Cleavage of Cyclopropylamine Derivatives. Chem. Rev. 2021, 121,
80—109. and references cited therein.

(4) Takemoto, Y.; Yamagata, S.; Furuse, S.-1.; Iwata, C. CAN- Me-
diated Tandem 5-exo-Cyclisation of Tertiary Aminocyclopro-
panes: Novel Accelerative Effect of an N-Benzyl Group for Oxida-
tive Ring- Opening. Chem. Commun. 1998, 651—652.

(5) (a) Lee, J.; U, J. S.; Blackstock, S. C.; Cha, J. K. Facile Ring
Opening of Tertiary Aminocyclopropanes by Photooxidation. J.
Am. Chem. Soc. 1997, 119, 10241-10242. (b) Ha, J. Du; Lee, J.;
Blackstock, S. C.; Cha, J. K. Intramolecular [3 + 2] Annulation of
Olefin-Tethered Cyclopropylamines. J. Org. Chem. 1998, 63,
8510-8514.

(6) Madelaine, C.; Six, Y.; Buriez, O. Electrochemical Aerobic Ox-
idation of Aminocyclopropanes to Endoperoxides. Angew. Chem.,
Int. Ed. 2007, 46, 8046—8049.

(7) For selected recent reviews, see: (a) Prier. C. K.; Rankic, D. A ;
MacMillan, D. W. C. Visible Light Photoredox Catalysis with
Transition Metal Complexes: Applications in Organic Synthesis.
Chem. Rev. 2013, 113, 5322-5363. (b) Schultz, D. M.; Yoon, T. P.
Solar Synthesis: Prospects in Visible Light Photocatalysis. Science
2014, 343, 1239176-1-1239176-8. (c) Pitre, S. P.; McTiernan, C.
D.; Scaiano, J. C. Understanding the Kinetics and Spectroscopy of
Photoredox Catalysis and Transition-Metal-Free Alternatives. Acc.
Chem. Res. 2016, 49, 1320-1330. (d) Pitre, S. P.; McTiernan, C.
D.; Scaiano, J. C. Library of Cationic Organic Dyes for Visible-
Light-Driven Photoredox Transformations. ACS Omega 2016, 1,
66-76. (¢) Romero, N. A.; Nicewicz, D. A. Organic Photoredox
Catalysis. Chem. Rev. 2016, 116, 10075-10166. (f) Shaw, M. H.;
Twilton, J.; MacMillan, D. W. C. Photoredox Catalysis in Organic
Chemistry. J. Org. Chem. 2016, 81, 6898 — 6926. (g) Studer, A.;
Curran, D. P. Catalysis of Radical Reactions: A Radical Chemistry
Perspective. Angew. Chem. Int. Ed. 2016, 55, 58—102.

(8) (a) Maity, S.; Zhu, M.; Shinabery, R. S.; Zheng, N. Intermolec-
ular [3 + 2] Cycloaddition of Cyclopropylamines with Olefins by
Visible-Light Photocatalysis. Angew. Chem., Int. Ed. 2012, 51,
222-226. (b) Nguyen, T. H.; Maity, S.; Zheng, N. Visible Light
Mediated Intermolecular [3 + 2] Annulation of Cyclopropylani-
lines with Alkynes. Beilstein J. Org. Chem. 2014, 10, 975—980.
(9) (a) Muriel, B.; Gagnebin, A.; Waser, J. Synthesis of Bicy-
clo[3.1.0]Thexanes by (3 + 2) Annulation of Cyclopropenes with
Aminocyclopropanes. Chem. Sci. 2019, 10, 10716—10722. (b) Yin,
Y.; Li, Y.; Goncalves, T.P.; Zhan, Q.; Wang, G.; Zhao, X.; Qiao,
B.; Huang, K.-W.; Jiang, Z. All-Carbon Quaternary Stereo- centers
a to Azaarenes via Radical-Based Asymmetric Olefin Difunction-
alization. J. Am. Chem. Soc. 2020, 142, 19451—-19456. (c) Uragu-
chi, D.; Kimura, Y.; Ueoka, F.; Ooi, T. Urea as a Redox- Active
Directing Group under Asymmetric Photocatalysis of Iridium- Chi-
ral Borate Ion Pairs. J. Am. Chem. Soc. 2020, 142, 19462—19467.
(d) White, D. H.; Noble, A.; Booker-Milburn, K. I.; Aggarwal, V.
K.; Diastereoselective Photoredox-Catalyzed [3 + 2] Cycloaddi-
tions of N-Sulfonyl Cyclopropylamines with Electron-Deficient
Olefins., Org. Lett. 2021, 23, 3038-3042. (e) Kohara, K.; Trow-
bridge, A.; Smith. M. A.; Gaunt, M. J. Thiol-Mediated a-Amino
Radical Formation via Visible-Light-Activated Ion-Pai Charge-
Transfer Complexes., J. Am. Chem. Soc. 2021, 143, 19268—19274
(10) (a) Campos, P.J.; Soldevilla, A.; Sampedro, D.; Rodriguez, M.
A. N-Cyclopropylimine-1-pyrroline Rearrangement. Novel Photo-
chemical Reaction. Org. Lett. 2001, 3, 4087 - 4089. (b) Staveness,
D.; Sodano, T. M.; Li, K.; Burnham, E. A.; Jackson, K. D.; Ste-
phenson, C. R. J. Providing a New Aniline Bioisostere through the
Photochemical Production of 1-Amino- norbornanes. Chem. 2019,
5, 215-226. (c) Muriel, B.; Gagnebin, A.; Waser, J. Synthesis of
Bicyclo[3.1.0]hexanes by (3 + 2) Annulation of Cyclopropenes
with Aminocyclopropanes. Chem. Sci. 2019, 10, 10716—10722. (c)
Staveness, D.; Collins, J. L.; McAtee, R. C.; Stephenson, C. R. J.
Exploiting Imine Photochemistry for Masked N-Centered Radical
Reactivity. Angew. Chem., Int. Ed. 2019, 58, 19000—19006; (d)
Sowden, M. J.; Collins, J. L.; Staveness, D.; Stephenson, C. A One
Pot Photochemical Method for the Generation of Functionalized
Aminocyclopentanes., ChemRxiv, 2020, DOI: 10.26434/chem-
rxiv.13079159.v1. (f) Harmata, A. S.; Spiller, T. E.; Sowden, M. J.;
Stephenson, C. R. J., Photochemical Formal (4 + 2)-Cycloaddition
of Imine-Substituted Bicyclo[1.1.1]pentanes and Alkenes, J. Am.
Chem. Soc., 2021, 143, 21223-21228.



(11) For recent reviews, see: (a) Buzzetti, L.; Crisenza, G. E. M.; of Electron Donor-Acceptor Complexes. J. Am. Chem. Soc. 2020,
Melchiorre, P. Mechanistic Studies Photocatalysis. Angew. Chem. 142, 5461 — 5476.

Int., Ed. 2019, 58,3730 —3747. (b) Crisenza, G. E. M.; Mazzarella,

D.; Melchiorre, P. Synthetic Methods Driven by the Photoactivity



Arg

Are NH
NH Blue LED
ue S
EWG
+ /\ —>
A) Z "EWG MeCN, 48h
n=12 n=12

- 30 examples, up to 99% yield
- operationally simple
- no photocatalyst needed




