
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
N

ov
em

be
r 

20
18

. D
ow

nl
oa

de
d 

on
 3

/1
6/

20
26

 2
:5

0:
36

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Metal free oxidat
Univ. Grenoble Alpes, CNRS, DCM, 38000 G

univ-grenoble-alpes.fr

† Electronic supplementary information (
new compounds, computational and crys
details. For ESI and crystallographic data
DOI: 10.1039/c8ra08220k

Cite this: RSC Adv., 2018, 8, 38346

Received 4th October 2018
Accepted 8th November 2018

DOI: 10.1039/c8ra08220k

rsc.li/rsc-advances

38346 | RSC Adv., 2018, 8, 38346–383
ion of vinamidine derivatives:
a simple synthesis of a-keto-b-diimine ligands†

Monika Tripathi, Vianney Regnier, Zakaria Ziani, Marc Devillard, Christian Philouze
and David Martin *

Oxidation of vinamidinium salts with meta-chloroperbenzoic acid is the key synthetic step towards new

persistent 1,3-di(amino)oxyallyl radical cations. When applied to parent vinamidines, this protocol allows

for a simple straightforward synthesis of a-keto-b-diimine ligands, for which no convenient synthesis

was previously available.
b-Diketiminates, so-called NacNac ligands (Scheme 1), have
been a focus in coordination chemistry for decades.1 Structural
modications include a large variety of N-substituents, as well
as bulky,2 electron-withdrawing,3 or electron donating4 R
groups. Substitution at the central carbon atom (R0 s H) has
also been explored as a strategy to tame this reactive position
and enhance the chemical stability of the complex.5 The a-keto-
b-diimines are among rare representatives with a more signi-
cant modication at the central carbon. These electron-
decient ligands have found applications in the design of
highly active nickel(II) initiators for the synthesis of high
molecular weight polyethylenes and poly-a-olens.6 Interest-
ingly, low-disperse semi-crystalline polymers could be obtained
under living conditions and remarkable enantiomorphic site
control could be achieved.7

The low availability of a-keto-b-diimines has clearly hampered
further development. Their metal complexes have been known
for long, but only as occasional by-products from the air-
decomposition of unprotected NacNac complexes (R0 ¼ H).8 To
date only a rare selective oxygen-degradation of copper(II)
complexes allows for the synthesis of a handful of 2,4-
di(arylimino)pentan-3-ones 2 from the corresponding vinami-
dines 1.6a,d,9 The procedure requires (i) the synthesis of the Nac-
Nac–Cu(II) complex, (ii) oxidation at the ligand with dioxygen in
a methanol/dichloromethane mixture, (iii) the decomplexation
and hydrolysis of the resulting hemiacetal ligand (Scheme 1). In
turn, we had to synthesize 2,4-bis((2,6-diisopropylphenyl)imino)
pentan-3-one 2a and experienced rsthand the length and limi-
tations of thismethodology. Among the three steps, the oxidation
of the NacNac–copper complex is especially inconvenient and
wasteful, as it consists of a continuous bubbling of pure dioxygen
renoble, France. E-mail: david.martin@
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in a warm solution for two days.6a Recently, we released a par-
ented, though in principle far simpler, oxidation of tetrakis(di-
methylamino) vinamidinium 3 into di(amidinium)ketone 42+

withmeta-chloroperbenzoic acid (m-CPBA) as oxidant. Our initial
focus was on the corresponding radical 4c+, which was found
remarkably air-persistent, despite minimal steric hindrance.10

Herein we report how further assessment of such 1,3-(diamino)
oxyallyl radical cations ultimately led to a straightforward pro-
tocole for the synthesis of a-keto-b-diimines from NacNac
precursors.
Scheme 1 Previously reported synthesis of a-keto-b-diimines and
synthesis of air-persistent radical 4c+ from vinamidinium 3.
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Fig. 1 X-ray structures of 6, 7$H+ and 2c,d with thermal ellipsoids
drawn at 50% probability level. Most hydrogen atoms, solvent mole-
cules and counter-anions were omitted for clarity.
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Prior to 4c+, only two oxyallyl radical cations had been
synthesized from the reaction of rare stable electrophilic car-
benes with carbon monoxide.11–13 In principle, the oxidation of
vinamidinium salts should provide for a more simple and
general route, with no need of sophisticated N-substituents. To
probe this assumption, we rst considered the oxidative func-
tionalization of the chloride salt of vinamidinium 5+, which was
synthesized from N,N-dimethyl-benzamide and 1-dimethyla-
mino-1-phenylethene.14 Addition of m-CPBA at room tempera-
ture yielded 2-chlorovinamidium 6 in 71% yield (Scheme 2).
This result indicated the competitive formation of meta-chlor-
obenzoyl hypochlorite Cl(C6H4)CO2Cl, from the reaction of
chloride anions with m-CPBA.15 Therefore we proceeded to an
anion metathesis. The resulting tetrauoroborate salt reacted
with m-CPBA, but this time to afford 7$H+, which was fully
characterized and isolated in 74% yield. Of note, the NMR
spectra of vinamidiniums 6 and 7$H+ mostly differ in the 13C
chemical shi of their central carbon: 94 and 127 ppm,
respectively. They were unambiguously characterized by mass
spectrometry analyses and X-ray diffraction studies (Fig. 1).

Solutions of 7$H+ featured an EPR signal upon exposure to
air. This slow reaction could be brought to fast completion in
presence of potassium hydrogenocarbonate. The remarkable
Scheme 2 Redox transformations of di(imidazole)methane and 1,3-
di(phenyl) vinamidinium derivatives.

This journal is © The Royal Society of Chemistry 2018
persistency under aerobic conditions of the resulting radical (in
aerated solutions for several hours) was reminiscent of our
previously reported stable oxyallyl radicals, some being simi-
larly synthesized by auto-oxidation of parented enol-cations.11a

Therefore, we hypothesized the formation of radical 7c+.
Although the radical ultimately decayed and couldn't be iso-
lated, the excellent t between the experimental EPR hyperne
coupling constants16 and the calculated values17 for 7c+ strongly
supported this reasonable assumption (Fig. 2a). The reaction of
7$H+ with excess meta-chloroperbenzoic acid or stronger
oxidants, such dibromine or potassium ferricyanate, led to over
oxidation and directly afforded EPR-silent mixtures of trione 8
and the corresponding hydrated gem-diol 8$H2O,18 likely
through the formation and subsequent hydrolysis of electron-
poor di(iminium)ketone 72+.

We turned to mono(methine)cyanine 9 featuring electron-
richer benzimidazole patterns.19 However, the reaction of 9
with m-CPBA afforded known20 1,3-dimethyl- benzimidazolium
10, and not the expected di(benzimidazolium)ketone 132+

(Scheme 2). Note that uncompleted, but clean, formation of 10
was still observed when adding sub-stoichiometric (one equiv-
alent) m-CPBA over one hour at �78 �C. Importantly, dication
132+ could be nally synthesized by the oxidation of di(imine)
methane 1119 by m-CPBA, followed by di(alkylation) of the
resulting di(imine)ketone 12. Given that 132+ was found almost
unreactive towards water, the formation of 10 from 9 results
from further oxidative cleavages of 132+, and not its hydrolysis.21

According to cyclic voltammetry experiments, 132+ undergoes
successive reductions at E1/2 ¼ �0.12 V vs. Fc/Fc+ (reversible)
and Epc ¼ �0.9 V (with further chemical evolution), which we
attributed to the formation of radical cation 13c+ and zwitter-
ionic oxyallyl 13, respectively (see ESI†). We performed the
electrochemical reduction of a solution of 132+ in acetonitrile at
E ¼ �0.5 V. The stoichiometry (one coulomb per mole of
substrate), the observation of a strong EPR signal, as well as an
excellent t between experimental and theoretical hyperne
coupling constants, conrmed the formation of persistent 13c+
RSC Adv., 2018, 8, 38346–38350 | 38347
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Fig. 2 Experimental isotropic X-band EPR spectra in dichloromethane
at room temperature (plain black line) of 7c+ (a), 10c+ (b) and a crude
reactionmixture ofm-CPBA and 1a (c). Simulated spectra (dashed blue
line) were obtained with (a) a Lorentzian line-broadening parameter of
0.22 and the following set of hyperfine constants: a(14N) ¼ 8.6 MHz (2
nuclei) and a(1H) ¼ 12.0 MHz (12 nuclei); (b) with a Lorentzian line-
broadening parameter of 0.013 and the following set of hyperfine
constants: a(14N) ¼ 3.1 MHz (4 nuclei), a(1H) ¼ 6.5 MHz (12 nuclei) and
a(1H) ¼ 0.86 MHz (4 nuclei); (c) with a Lorentzian line-broadening
parameter of 0.37 and the following set of hyperfine constants: a(14N)
¼ 7.8 MHz (2 nuclei), a(1H)¼ 16.5 MHz (1 nucleus) and a(1H)¼ 15.6 MHz
(6 nuclei).
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(Fig. 2b), which ultimately decayed at room temperature aer
several hours.

The formation of di(imine)ketone 12 from 11 was so clean
that it prompted us to explore further the direct oxidation of
NacNac precursors. To our delight, treatment of 1a22 afforded 2a
in 98% yield. In contrast with the former long and tedious
syntheses from literature, the one-step reaction was completed
aer one hour at room temperature on multigram scales. EPR
monitoring of the reaction showed the formation of a para-
magnetic intermediate. Simulation of the hyperne structure of
the spectra required signicant coupling with a single proton,
in addition to two equivalent nitrogen atoms and six protons
(Fig. 2c). This suggested the transient formation of N-
protonated radical 1a$Hc+, parented to 4c+, 7c+ and 13c+, thus
implying closely related pathways for the m-CPBA oxidation of
vinamidiniums and vinamidine 1a.
Scheme 3 One-step synthesis of a-keto-b-diimines 2a–d from
vinamidines 1a–d.

38348 | RSC Adv., 2018, 8, 38346–38350
The only few reported b-di(imine)ketones were derivatives of
acetylacetone and ortho-substituted anilines. Apart from 1a,
which can be stored for several days, they were described as
unstable ligands, to be used as soon as synthesized.6d We
applied our protocole to vinamidine 1b21 with 2,4,6-trimethy-
laryl N-substituents and, indeed, the resulting ketone 2b
decayed into a complex mixture within hours. Fast work-up
allowed for its isolation in 75% yield (Scheme 3). However,
even freshly crystalized 2b contained an impurity with similar
NMR chemical shis, except for a 13C NMR signal (quarternary
carbon) at 94 ppm in place of the CO band of 2b at 194 ppm.
Although the instability of 2b limited further investigations,
drying crystals in vacuo in presence of P2O5 decreased the
amount of impurity, allowing us to assign this latter to the
corresponding hydrated gem-diol 2b$H20.23,24

Finally, we considered vinamidines 1c25 and 1d,4b,d with
phenyl and di(methyl)amino R groups, respectively. The corre-
sponding di(imine)ketones 2c,d, which are out of reach of
previous methods, were isolated in 86–87% yield. They features
similar key structural data (IRATR: n ¼ 1700 cm�1; 13C NMR dCO

¼ 194–191 ppm). Their structures were asserted by a structural
X-ray diffraction study (Fig. 1). Importantly, in ketones 2c,dwere
found remarkably bench stable and have been stored for month
with no noticeable degradation.

In conclusion, the synthesis and characterization of radicals
7c+ and 13c+ are further evidences that introducing 1,3-di(a-
mino)oxyallyl patterns is a robust principle for the design of
persistent radical cations. However, the outcome of the reaction
of vinamidiniums with m-CPBA is too dependent of the
substitution pattern to constitute a general route and over-
oxidation is only manageable with extra electron-donating
amino groups. In contrast, when applied to vinamidines, this
protocol allows for a straightforward synthesis of a-keto-b-dii-
mines. In addition to its simplicity, stable derivatives were
isolated, with unprecedented bulky or electron-donating R
groups. We are now evaluating these new ligands for nickel-
initiated polymerization of ethylene.
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Mafé, F. S. Mair, R. G. Pritchard, J. E. Warren and
R. J. Woods, Dalton Trans., 2003, 1083; (d) H. A. Chiong
and O. Daugulis, Organometallics, 2006, 25, 4054; (e)
A. G. M. Barrett, M. R. Crimmin, M. S. Hill, P. B. Hitchcock
and P. A. Procopiou, Angew. Chem., Int. Ed., 2007, 46, 6339;
(f) S. Kernbichl, M. Reiter, F. Adams, S. Vagin and
B. Rieger, J. Am. Chem. Soc., 2017, 139, 6787; (g) S. Kundu,
W. Y. Kim, J. A. Bertke and T. H. Warren, J. Am. Chem. Soc.,
2017, 139, 1045; (h) K. S. Choung, M. D. Islam, R. W. Gou
and T. S. Teets, Inorg. Chem., 2017, 56, 14326.

4 (a) V. Regnier, Y. Planet, C. E. Moore, J. Pecaut, C. Philouze
and D. Martin, Angew. Chem., Int. Ed., 2017, 56, 1031; (b)
D. C. H. Do, A. Keyser, A. V. Protchenko, B. Maitland,
I. Pernik, H. Niu, E. L. Kolychev, A. Rit, D. Vidovic,
A. Stasch, C. Jones and S. Aldridge, Chem.–Eur. J., 2017, 23,
5830; (c) I. Pernik, B. Maitland, A. Stasch and C. Jones,
Can. J. Chem., 2018, 96, 513; (d) M. Tripathi, V. Regnier,
C. Lincheneau and D. Martin, New J. Chem., 2017, 41, 15016.

5 (a) C. M. Byrne, S. D. Allen, E. B. Lobkovsky and G. W. Coates,
J. Am. Chem. Soc., 2004, 126, 11404; (b) R. Jiao, X. Shen,
M. Xue, Y. Zhang, Y. Yao and Q. Shen, Chem. Commun.,
2010, 46, 4118; (c) M. M. Rodriguez, E. Bill,
W. W. Brennessel and P. L. Holland, Science, 2011, 334,
780; (d) L. A. Harris, E. C. Y. Tam, M. P. Coles and
J. R. Fulton, Dalton Trans., 2014, 43, 13803; (e) K. Grubel,
W. W. Brennessel, B. Q. Mercado and P. L. Holland, J. Am.
Chem. Soc., 2014, 136, 16807; (f) A. Kalita, V. Kumar and
B. Mondal, RSC Adv., 2015, 5, 643.

6 (a) J. D. Azoulay, R. S. Rojas, A. V. Serrano, H. Ohtaki,
G. B. Galland, G. Wu and G. C. Bazan, Angew. Chem., Int.
Ed., 2009, 48, 1089; (b) J. D. Azoulay, Y. Schneider and
G. C. Bazan, US20090299020A1, 2009; (c) J. D. Azoulay,
G. C. Bazan and G. B. Galland, Macromolecules, 2010, 43,
2794; (d) A. Sokolohorskyj, O. Zeleznik, I. Cisarova, J. Lenz,
A. Lederer and J. Merna, J. Polym. Sci., Part A: Polym.
Chem., 2017, 55, 2440.

7 (a) J. D. Azoulay, Y. Schneider, G. B. Galland and G. C. Bazan,
Chem. Commun., 2009, 6177; (b) J. D. Azoulay, H. Y. Gao,
This journal is © The Royal Society of Chemistry 2018
Z. A. Koretz, G. Kehr, G. Erker, F. Shimizu, G. B. Galland
and G. C. Bazan, Macromolecules, 2012, 45, 4487.

8 For the reaction of dioxygen with NacNac–cobalt complexes,
see: (a) M. C. Weiss and V. L. Goedken, J. Am. Chem. Soc.,
1976, 98, 3389; (b) B. Durham, T. J. Anderson, J. A. Switzer,
J. F. Endicott and M. D. Glick, Inorg. Chem., 1977, 16, 271;
(c) J. A. Switzer and F. J. Endicott, J. Am. Chem. Soc., 1980,
102, 1181NacNac-iron complexes: (d) D. P. Riley and
D. H. Busch, Inorg. Chem., 1983, 22, 4141; (e)
D. B. MacQueen, C. Lange, M. Calvin, J. W. Otvos,
L. O. Spreer, C. B. Allan, A. Ganse and R. B. Frankel, Inorg.
Chim. Acta, 1997, 263, 125For lanthanides: (f) J. Zhang,
Z. Zhang, Z. Chen and X. Zhou, Dalton Trans., 2012, 41,
357For alkaline earths: (g) B. Liu, V. Dorcet, L. Maron,
J. F. Carpentier and Y. Sarazin, Eur. J. Inorg. Chem., 2012,
3023.

9 S. Yokota, Y. Tachi and S. Itoh, Inorg. Chem., 2002, 41, 1342.
10 V. Regnier, F. Molton, C. Philouze and D. Martin, Chem.

Commun., 2016, 52, 11422.
11 (a) D. Martin, C. E. Moore, A. L. Rheingold and G. Bertrand,

Angew. Chem., Int. Ed., 2013, 52, 7014; (b) J. K. Mahoney,
D. Martin, F. Thomas, C. Moore, A. L. Rheingold and
G. Bertrand, J. Am. Chem. Soc., 2015, 137, 7519.

12 For the reaction of stable carbenes with CO, see also: (a)
V. Lavallo, Y. Canac, B. Donnadieu, W. W. Schoeller and
G. Bertrand, Angew. Chem., Int. Ed., 2006, 45, 3488; (b)
T. W. Hudnall and C. W. Bielawski, J. Am. Chem. Soc.,
2009, 131, 16039; (c) U. Siemeling, C. Färber, C. Bruhn,
M. Leibold, D. Selent, W. Baumann, M. von Hopffgarten,
C. Goedecke and G. Frenking, Chem. Sci., 2010, 1, 697; (d)
T. Schulz, C. Färber, M. Leibold, C. Bruhn, W. Baumann,
D. Selent, T. Porsch, M. C. Holthausen and U. Siemeling,
Chem. Commun., 2013, 49, 6834; (e) T. Schulz, C. Färber,
M. Leibold, C. Bruhn, P. Prochnow, J. E. Bandow,
T. Schneider, T. Porsch, M. C. Holthausen and
U. Siemeling, Chem. Commun., 2014, 50, 2341.

13 For the quest on stable 1,3-(diamino)oxyallyl derivatives, see:
(a) V. Regnier and D.Martin, Org. Chem. Front., 2015, 2, 1536;
(b) M. Devillard, V. Regnier, M. Tripathi and D. Martin, J.
Mol. Struct., 2018, 1172, 3.

14 (a) H. Ahlbrecht, W. Raab and C. Vonderheid, Synthesis,
1979, 127; (b) R. Pajkert, T. Böttcher, M. Ponomarenko,
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