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Copper-catalyzed aziridination with redox-active ligands:
molecular spin catalysis

Yufeng Ren, ¥ Khaled Cheaib,” Jérémy Jacquet,” Hervé Vezin,™ Louis Fensterba aylis Orio,

Sébastien Blanchard™ and Marine Desage-EI Murr®*

Abstract: Small-molecule catalysts as mimics of biological systems  the latter favors a step
illustrate the chemists’ attempts at emulating the tantalizing abilites  intermediates. Copper nitrene s
displayed by Nature’s metalloenzymes. Among these innate  need to isolate metaljd
behaviours, spin multistate reactivity is used by biological systems  between off-site sp.
as it offers thermodynamic leverage towards challenging chemical structure and their
reactivity but this concept is difficult to translate into the realm of

synthetic organometallic catalysis. Here we report a rare example of ~ Redox-active ligan tained attention due to
molecular spin catalysis involving multistate reactivity in a small-  their ability inspired transformations
molecule biomimetic copper catalyst applied to aziridination. This  implying liga participation akin to that
behaviour is supported by spin state flexibility enabled by the redox-  encountered talloenzymatic redox co-factors. This
active ligand. from an early interest in bioinspired
s morphed into broader synthetic
Il)—porphyrin complexes for nitrene
transfer has been repOted by Zhang and de Bruin and
mechanistic studies have provided information on key
—nitrene intermediates involved in which the
hyrin li@§hd acts as a redox-active ligand in a bis-nitrene
ies.® A well-established family of redox-active ligands are
henols™ which can shuttle between three distinct redox
amidophenolate (AP), iminosemiquinone (SQ), and
uipone (BQ).'"” Complex 1 Cu(Lsq). is a stable
stem with a Cu" centre and two biradical SQ
species!' Which has been shown to promote ligand-based
redox events." Here, we report on the ability of this three-spins
system to carry out aziridination through molecular spin
sis,"¥ wherein the redox-active ligands mediate electronic
r from the nitrene source to the metal complex.

anism through radical
are elusive® and the
ces a disconnect
gatiolY of their electronic
the catalytic cycle.

Of all the tricks up Nature’s sleeve, multistate reactivity!"! as a
means to control reactivity within enzymatic active sites is
perhaps among the most astute and difficult behaviour to
emulate. Metalloenzyme-promoted mitigation of reactivity with
stability is handled through the occurrence of spin-flip events,
mostly metal-based, for example from a singlet to a triplet state.
A classic example of such reactivity is found in epoxidation of
double bonds performed by cytochrome P450.'*% M
catalysed aziridination —which, unlike epoxidation, does not
a biological counterpart— relies on the use of noble metals such
as Rh and Ru or cheaper first-row transition metals a
Ni, Cu and Mn.P! Recent work from the Arnold
aziridination performed by an engineered bact
obtained through in vitro evolution casts a light on
merger of bioinspired systems and bona
applications.”! Because aziridination is elec

r initial studies began with the observation that complex 1 can
erform aziridination of 4-chlorostyrene. The influence of the
nitrene source was first investigated (Table 1). In the presence
of 5 mol% of complex 1, an excess of 4-chlorostyrene (4 equiv.)
in dichloromethane at room temperature, tosyliminoiodinane
(entry 3) gives access to aziridine 2 in 65 % yield, whereas
chloramine-T (entry 1) and sulfonyle azide (entry 2) are not
converted. An increase in substrate concentration, from 1 M to 5
M, enabled to obtain 78 % of aziridine 2 (entry 4). Similar yields
were also obtained when diminishing the catalytic load to 2
mol% (entry 5). Then, we turned our attention to the reaction
time: after 2 hours, iminoiodinane was totally converted and
aziridine 2 was obtained in 89 % yield with 1 mol% of catalyst
(entry 6), and in 90 % yield with 0.5 mol% of catalyst (entry 7),
E-mail: marine.desage-el_m thus demonstrating the rapid evolution of the reaction. The
[o]  DrH.Vezin reaction is not air-sensitive (entry 8). Switching dichloromethane
Laboratoire o uge et Raman, Université des for acetonitrile afforded reduced reaction times as the reaction
\S/.Ciences et T was complete in 20 min with a quantitative yield of aziridination
illeneuve d’Asc
Dr M. Orio substrate (entry 9). This could be due to degradation or side
i CNRS, Centrale Marseille, iSm2 UMR reactivities of the aziridination product under prolonged reaction
conditions, although no other product was detected.

of debate, a consensus revolves arou
nitrene species, whose electronic str,
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Table 1. Optimization conditions for the aziridination of 4-chlorostyrene
catalyzed by complex 1 Cu(Lsq)..

entry®  [Styrene]  Nitrene source Catalyst time Yield
(x mol%) (%)

1 1™ ACH@SOZNB 5 18h -

2 1™ Chloramine-T 5 18h -

3 1M PhINTs 5 18h 65

4 5M PhINTs 5 18h 78

5 5M PhINTs 2 18h 80

6 5M PhINTs 1 2h 89

7 5M PhINTs 0.5 2h 90

g 5M PhINTs 1 2h 87

9 5M PhINTs 1 20min 99

) 4 equiv. styrene, ™ NMR yields, calculated considering nitrene source as
limiting reactant, ' Reaction performed under air, “ Acetonitrile as solvent.

The scope of the reaction was assessed on a variety of
substrates and found to be quite large. Mono-substituted
aziridines were obtained in excellent to moderate yields
depending on the Csp2 or Csp3 hybridization of the substit
group (substrates 2, 3, 10). Di-substituted aziridines co
isolated with yields up to 86% (4, 5, 6, 7, 8, 11, 13, 14) and

Also, the methodology could be extended to more
gem-disubstituted (12) and tri-substituted (9, 15, 1
Running the reaction on geranyl acetate, which
triply-substituted double bonds afforded an ove

2, 99%
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In UV-Vis-NIR, complex 1 [Cu(Lsq).] displays a characteristic
intervalence charge transfer (IVCT) band at 795 nm (Fig. 1).
Upon addition of 4-chlorostyren evolution is detected.
Addition of increasing amounts of Ph 2, 3 and 10 equiv.)
induces the disappearance of the IVCT ich reaches its
minimum value upon addition of 2 equi
of a new broad band shift
the consecutive formation of t
corresponding to mono- a

t complexes, presumably
cies,’® upon addition

fer rather than a IVCT
donor state involves
e nitrene ligands while
e benzoquinone moieties
and complex 1 [Cu(Lsql2] is
quilibrium. Spectra recorded for 0.5 and 1
at these two species coexist under
s (See Sl for detailed studies and

assigned to a int
between the tw
predominantly the

—_—
1+ 1 equiv. PhINTs
1+ 10 equiv. PhINTs

Absorbance

400 600 800 1000 1200

Wavelength (nm)

igure 1. UV-Vis-NIR spectra of complex 1 and upon addition of increasing
amounts of PhINTs in DCM under argon atmosphere ([1]= 0.075 mM).

The X-band spectrum of complex 1 in solution at 293 K displays
a main feature around g=2, which corresponds to an apparent
S=1/2 ligand centered radical (fig S13). Evolution of this EPR
spectrum upon reaction with PhINTs was monitored for three
distinct substoichiometric nitrene to copper ratios (0.25:1, 0.5:1
and 0.75:1) (Fig. 2A). RT spectrum for the lowest concentration
displays a five lines pattern centered at g=2.0042, indicating a
species (presumably mono-nitrene 17) with two quasi equivalent
nitrogens coupled to an organic radical. Under stoichiometric
conditions (Fig. 2B), a drastic change in the EPR spectrum
occurs, indicating the formation of a new species, presumably
bis-nitrene 18. At the 1:1 ratio, the RT spectrum is typical for a
Cu(ll) species. Increasing PhINTs (2 to 5 equiv.) results in an
increase of this signal. Under catalytic conditions (Fig. 2C), a
copper pattern with Ao cu = 70 Gauss and a g factor of 2.13
remain throughout the reaction, thus indicating no change in the
environment of the copper complex. After 20 hours, the copper
(I1) signal disappears and the five lines pattern is observed,

This article is protected by copyright. All rights reserved.



Chemistry - A European Journal

consistent with regeneration of mono-nitrene 17, which seems to
be the resting state of the catalysis.
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Figure 2. X-band EPR studies of A) formation of the mono-ni
aziridination reaction under operando conditions, D) 2D HYSC

While catalysis occurs at room temperature,
experiments were performed at 5K in order to get st
insights on the various species involved. For 1 alone, a we
coupling signal with proton and carbon is observed inythe
quadrant (+,+) (Fig. S10). Additionallyga "N A, = 3.2 MHE

incorporated (Fig. S12). Ad
observed with a maximym va

representative  of
respectively. A HYSCOR
reaction aliquots displays a
and only weak '*C and 'H
Interestingly, in

ligand-centered S=1/2 signal
lings in the (+,+) quadrant.
gion, we can observe two
pectively, arising from a
atom of 4-chlorostyrene (Fig. 2D). This

spectru with the formation of intermediate 19,
as pro, hc cycle (Fig. 3), resulting from the
reacti 17 with the alkene.

T calculations were undertaken to gain insight into the
pecies observed during catalysis. The structures of the putative
species were subjected to geometry optimization. Their
electronic properties were investigated using Broken-Symmetry
calculations to evaluate the ground spin and first excited states
of each intermediate. Complex 1 displays a quasi square planar
geometry (Fig. S16) and the spin density plot (Fig. S17) is
compatible with a Cu(ll) center bound to two redox-active
iminosemiquinone (SQ) ligands. In agreement with previous
studies!"'®! the system is characterized by a doublet S=1/2
ground spin state due to strong antiferromagnetic coupling
between the SQ moieties (Table S1). A quartet S=3/2 state is
close enough in energy to be thermally accessible, as
experimentally observed by SQUID technique.I'" The theoretical
structure of complex 17 is trigonal bipyramidal (Fig. S18) and its
electronic structure shows a Cu(ll) center interacting with an SQ
moiety and a NTs radical (Fig. S19). The computed geometry for
17 does not allow for an IVCT band neither between the NTs
radical and the SQ ligand nor between the SQ and BQ ligands in
agreement with UV-vis data. A ferromagnetic interaction
dominates in 17 resulting in a quartet S=3/2 ground spin state
and the energetic separation with the first doublet S =1/2 state is
consistent with its observation at RT (Table S1). Complex 18
displays an octahedral geometry (Fig. S20) and the spin density

This article is protected by copyright. All rights reserved.
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plot (Fig. S21) is compatible with a Cu(ll) center bound to two
NTs radicals. The system is characterized by a doublet S=1/2
ground spin state due to antiferromagnetic coupling between the
NTs moieties (Table S1). The theoretical structure of complex 19
is also trigonal bipyramidal (Fig. S22) and its electronic structure
shows a Cu(ll) center interacting with an SQ moiety and a
styrene-based radical (Fig. S23). An antiferromagnetic
interaction dominates in 19 resulting in a doublet S=1/2 ground
spin state in agreement with HYSCORE measurements (Table
S1).

Together with DFT calculations, variable temperature EPR
experiments (see Sl) indicate that all the species (1, 17, 18, 19)
involved in the reaction have a complex electronic structure due
to the interaction of two ligand radicals (S=1/2) and one metal
centre (S=1/2), leading to a mixture of populated spin states at
room temperature. Small changes in the coordination sphere
have been shown to have an impact on the spin states of related
complexes.'"" Interestingly, while starting complex 1, bis-nitrene
18 and intermediate 19 present a doublet ground state, mono-
nitrene 17 has a quadruplet ground state. In a classical
approach, reaction between [Cu(Lsq).] and PhINTs to form
mono-nitrene 17 should be spin forbidden, and thus extremely
slow. However, due to its unique electronic structure, the excited
state S=1/2 of 17 becomes accessible, as attested by the
observed radical centered S=1/2 signature at RT (Fig. S14).
Hence, through multistate configuration, the reaction becomes

Figure 3. Mechanistic proposal for the aziridination reaction outlining th
iminobenzoquinone.

tBu o il
1% RN
. ,Cu:
i T
Ph
mono-nitrene 17

Vi#

N

47.

10.1002/chem.201705649

WILEY-VCH

spin allowed, ensuring fast kinetics for each step. The
implication of redox-active ligands in spin-forbidden processes
has been discussed by de Brufll We thus propose the
following mechanism in which ea ediate has been
spectroscopically identified, and ic structures
confirmed by DFT calculations (Fig.
copper-nitrenes involving t i
by Pérez,"® Norrby!"” and Ra
alkane hydroxylation.['”
cycle in aziridination.
prevails throughou
homeostasis is en
ligand-based.

the

ems has been studied
ination,""® and by Ray in
sed a Cu'/Cu" redox

In conclusion
catalysis in ¢
copper complex

xample of molecular spin
iridination performed by a
ing two redox-active iminosemiquinone
viour is enabled by the spin fluxionality
plex and the intermediates involved
in the reaction, wed by the redox-active nature of
the ligands. This work showcases the ability of redox-active
catalytic ma?st to perform otherwise well-known reactions

ough disfj and unconventional mechanisms and opens
perspellives in redox and biomimetic catalysis.

Ived species with DFT inserts. SQ: iminosemiquinone, BQ:
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This article is protected by copyright. All rights reserved.



Chemistry - A European Journal

Acknowledgements

The authors thank UPMC, CNRS, IR-RPE CNRS FR3443
RENARD network (CW X-band EPR with Dr. J.-L. Cantin, INSP
UMR CNRS 7588, UPMC and X-band EPR in Lille). Sorbonne
Universités is acknowledged for an Emergence Sorbonne
Universités grant (MDEM and KC) and CSC for a PhD fellowship
(YR). The authors gratefully acknowledge the COST Action 27
CM1305 ECOSTBio (Explicit Control Over Spin-States in
Technology and Biochemistry).

Keywords: redox-active ligand * copper catalysis ¢ aziridination
* spin catalysis * multi-state reactivity

[11  a) H. Hirao, D. Kumar, W. Thiel, S. Shaik, J. Am. Chem. Soc. 2005, 127,
13007-13018; b) D. Usharani, B. Wang, D. A. Sharon, S. Shaik, In Spin
States in Biochemistry and Inorganic Chemistry; M. Swart, M. Costas,
Eds.; John Wiley & Sons, Ltd, 2015; pp 131-156.

[2] S.P.de Visser, F. Ogliaro, N. Harris, S. Shaik, J. Am. Chem. Soc. 2001,
123, 3037-3047.

[3] a) D. A. Evans, M. T. Bilodeau, M. M. Faul, J. Am. Chem. Soc. 1994,
116, 2742-2753; b) Z. Li, K. R. Conser, E. J. Jacobsen, J. Am. Chem.
Soc. 1993, 115, 5326-5327; c) S. Fantauzzi, A. Caselli, E. Gallo,
Dalton Trans. 2009, 5434-5443, d) B. Darses, R. Rodrigues, L.

Neuville, M. Mazurais, P. Dauban, Chem. Commun. 2017, 53, 493-508,

e) N. Jung, S. Brase, Angew. Chem. Int. Ed. 2012, 51, 5538-5540.

[4] C. C. Farwell, R. K. Zhang, J. A. Mcintosh, T. K. Hyster, F. H. Arnold,
ACS Cent. Sci. 2015, 1, 89-93.

[5] a)A. I Olivos Suarez, V. Lyaskovskyy, J. N. H. Reek, J. I. van der Vlugt,
B. de Bruin, Angew. Chem. Int. Ed. 2013, 52, 12510-12529, b) P. F.
Kuijpers, J. . van der Viugt, S. Schneider, B. de Bruin, Chem. Eur. J.
2017, doi: 10.1002/chem.201702537.

[6] a) S. Kundu, E. Miceli, E. Farquhar, F. F. Pfaff, U. Kuhlmann, P.
Hildebrandt, B. Braun, C. Greco, K. Ray, J. Am. Chem. Soc. 2012, 134,
14710-14713, b) V. Bagchi, P. Paraskevopoulou, P. Das, L. Chi, Q.
Wang, A. Choudhury, J. S. Mathieson, L. Cronin, D. B. Pardue, T. R.
Cundari, G. Mitrikas, Y. Sanakis, P. Stavropoulos, J. Am. Chem. Soc.
2014, 136, 11362-11381, c) T. Corona, L. Ribas, M. Rovira, E. R.
Farquhar, X. Ribas, K. Ray, A. Company, Angew. Chem. Int. Ed. 2016,
55, 14005-14008.

[7] a) H. Grutzmacher, Angew. Chem. 2008, 120, 1838-1842; Angew.
Chem. Int. Ed. 2008, 47, 1814-1818; b) P. J. Chirik, K. Wieghardt,

Science 2010, 327, 794-795; c) V. K. K. Praneeth, M. R. Ringenberg, T.

R. Ward, Angew. Chem. 2012, 124, 10374-10380; Angew. Chem. Int.
Ed. 2012, 51, 10228-10234; d) J. |. van der Vlugt, Eur. J. Inorg. Chem.
2012, 363-375; e) S. Blanchard, E. Derat, M. Desage-El Murr, L.
Fensterbank, M. Malacria, V. Mouries-Mansuy, Eur. J. Inorg. Chem.
2012, 376-389; f) V. Lyaskovskyy, B. de Bruin, ACS Catal 2012, 2,
270-279; g) O. R. Luca, R. H. Crabtree, Chem. Soc. Rev. 2012, 42,
1440-1459; h) D. L. J. Broere, R. Plessius, J. |. van der Vlugt, Chem.
Soc. Rev. 2015, 44, 6886-6915.

[8] M. Goswami, V. Lyaskovskyy, S. R. Domingos, W. J. Buma, S.
Woutersen, O. Troeppner, |. lvanovi¢-Burmazovi¢, H. Lu, X. Cui, X. P.

Zhang, E. J. Reijerse, S. DeBeer, M. M. van Schooneveld, F. Felix Pfaff,

K. Ray, B. de Bruin J. Am. Chem. Soc. 2015, 137, 5468-5479.

9] D. L. J. Broere, R. Plessius, J. |. van der Vlugt, Chem. Soc. Rev. 2015,
44, 6886-6915.

[10] a) P. Chaudhuri, M. Hess, U. Florke, K. Wieghardt, Angew. Chem. Int.
Ed. 1998, 37, 2217-2220; b) P. Chaudhuri, M. Hess, J. Midiller, K.
Hildenbrand, E. Bill, T. Weyhermiiller, K. Wieghardt, J. Am. Chem. Soc.
1999, 7121, 9599-9610.

[11]

[12]

[13]

[14]

[19]

[16]

[17]

[18]

[19]

10.1002/chem.201705649

WILEY-VCH

P. Chaudhuri, C. N. Verani, E. Bill, E. Bothe, T. Weyhermiiller, K.
Wieghardt, J. Am. Chem. Soc. 2001, 123, 2213-2223.

a) C. Mukherjee, T. Weyhermiiller, E. Bothe, P. Chaudhuri, Inorg.
Chem. 2008, 47, 2740-2746; b) J. Jacquet, E. Salanouve, M. Orio, H.
Vezin, S. Blanchard, E. Derat, M. Desage-El Murr, L. Fensterbank,
Chem. Commun. 2014, 50, 10394-10397; c) J. Jacquet, S. Blanchard,
E. Derat, M. Desage-El Murr, L. Fensterbank, Chem. Sci. 2016, 7,
2030-2036; d) J. Jacquet, P. Chaumont, G. Gontard, M. Orio, H. Vezin,
S. Blanchard, M. Desage-El Murr, L. Fensterbank, Angew. Chem. Int.
Ed. 2016, 55, 10712-10716; e) J. Jacquet, K. Cheaib, Y. Ren, H. Vezin,
M. Orio, S. Blanchard, L. Fensterbank, M. Desage-EI Murr, Chem. Eur.
J. 2017, 23, 15030-15034.

a) A. L. Buchachenko, V. L. Berdinsky, Chem. Rev. 2002, 102, 603—
612; b) A. L. Buchachenko, V. L. Berdinsky, J. Phys. Chem. 1996, 100,
18292-18299.

S. Ye, B. Sarkar, F. Lissner, T. Schleid, J. van Slageren, J. Fiedler, W.
Kaim, Angew. Chem. Int. Ed. 2005, 44, 2103-2106.

W. I. Dzik, W. Béhmer, B. de Bruin, In Spin States in Biochemistry and
Inorganic Chemistry; M. Swart, M. Costas, Eds.; John Wiley & Sons,
Ltd, 2015; pp 103—129.

L. Maestre, W. M. C. Sameera, M. M. Diaz-Requejo, F. Maseras, P.
Pérez, J. Am. Chem. Soc. 2013, 135, 1338—1348.

P. Brandt, M. J. Sodergren, P. G. Andersson, P.-O. Norrby, J. Am.
Chem. Soc. 2000, 122, 8013-8020.

F. Heims, K. Ray, In Spin States in Biochemistry and Inorganic
Chemistry; M. Swart, M. Costas, Eds.; John Wiley & Sons, Ltd, 2015;
pp 229-262.

S.-L. Abram, |. Monte-Pérez, F. F. Pfaff, E. R. Farquhar, K. Ray, Chem.
Commun. 2014, 50, 9852-9854.

This article is protected by copyright. All rights reserved.



Chemistry - A European Journal

Entry for the Table of Contents

COMMUNICATION

$=3/2 0

Redox-active ligand
for
Spin fluxionality

10.1002/chem.201705649

WILEY-VCH

Yufeng Ren, Khaled Cheaib, Jérémy
Jacquet, Hervé Vezin, Louis
Fensterbank, Maylis Orio, Sébastien
Blanchard, Marine Desage-El Murr*

Page No. — Page No.

Copper-catalyzed aziridination with
redox-active ligands: molecular spin
catalysis

This article is protected by copyright. All rights reserved.



