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Exploring the reductive CO, fixation with amines
and hydrosilanes using readily available Cu(u)
NHC-phenolate catalyst precursorst

Giammarco Meloni,®® Luca Morgan,? David Cappelletti,® Matteo Bevilacqua,®

Claudia Graiff, (2 ¢ Piermaria Pinter, (2 9 Andrea Biffis, (2) P Cristina Tubaro
Marco Baron (2 *ab

xa.b and

N-Methylation of amines is of great interest in the synthesis of pharmaceuticals and valuable compounds,
and the possibility to perform this reaction with an inexpensive and non-toxic substrate like CO, and its
derivatives is quite appealing. Herein, the synthesis of four novel homoleptic Cu(i) complexes with hybrid
NHC-phenolate (NHC = N-Heterocyclic Carbene) ligands is reported, and their use in the catalytic
N-methylation of amines with CO; in the presence of hydrosilanes is explored. Both bidentate or tetra-
dentate ligands can be used in the preparation of the complexes provided that the structural requirement
that the two NHC and the two phenolate donors in the metal coordination sphere are mutually in trans is
fulfilled. A new reaction protocol to perform the N-methylation of secondary aromatic amines and diben-
zylamine in high yield under mild reaction conditions is developed, using the ionic liquid [BMMIM][NTf;]
(1-butyl-2,3-dimethylimidazolium bis(trifluoromethylsulfonyl)imide) as solvent and the catalyst precursor
[Cu(L?),]. Reactivity studies indicate that the reaction follows two different pathways with different hydro-
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Introduction

Copper has always attracted considerable interest in coordi-
nation chemistry, especially in its monovalent (+1) and bi-
valent (+2) oxidation states. A plethora of different applications
with copper-containing compounds, ranging from catalysis, to
medicinal and agricultural chemistry is documented in the
literature."® Even though most of the reported studies involve
nitrogen- and phosphorus-based ligands, copper complexes
with N-Heterocyclic Carbene ligands (NHCs) are increasingly
getting more studied, following the first report by Arduengo in
1993.° The NHCs, thanks to their soft character, prefer to co-
ordinate to the softer Cu(i) rather than to the borderline-hard
Cu(u) metal centre. Fundamental contributions in the field of

“Dipartimento di Scienze Chimiche, Universita degli Studi di Padova, via Marzolo 1,
35131 Padova, Italy. E-mail: cristina.tubaro@unipd.it, marco.baron@unipd. it
bConsorzio Interuniversitario per le Reattivita Chimiche e la Catalisi, Unita di
Ricerca di Padova, via Marzolo 1, 35131 Padova, Italy

‘Dipartimento di Scienze Chimiche, della Vita e della Sostenibilita Ambientale,
Universita degli Studi di Parma, Parco Area delle Scienze 17/A, 43124 Parma, Italy
“Novaled GmbH, Elisabeth-Boer-Strafse 9, 01099 Dresden, Germany

tElectronic supplementary information (ESI) available: NMR, FT-IR, UV-Vis and
ESI-MS spectra, SC-XRD and computational details, additional catalytic data,
stoichiometric reactions NMR spectra. CCDC 2371863 and 2371864. For ESI and
crystallographic data in CIF or other electronic format see DOI: https://doi.org/
10.1039/d4dt02936d

18128 | Dalton Trans., 2024, 53, 18128-18140

silanes, and that the starting Cu(i) complexes are reduced under the catalytic conditions.

homogeneous catalysis with Cu(i) NHC complexes were
reported by the groups of Hoveyda,” ' Nolan,"* " and
Cazin.'®*™® A huge variety of organic reactions is catalysed by
Cu(1) NHC complexes,” and exceptional results in terms of
stability, activity, regio- and enantioselectivity are achieved, if
compared to the similar phosphine-based Cu(i)
complexes.'®?*?! Thanks to the copper natural abundance
and low toxicity,>*>* Cu(i) NHCs are more environmentally
sustainable catalysts compared to those commonly adopted in
organometallic chemistry (e.g platinum group metals).
Furthermore, thanks to the d'® ground state configuration,
Cu(1) NHC complexes exhibit high-quality photophysical pro-
perties: the fast nonradiative decay towards low-lying metal-
centred states is absent and they can be applied for their fluo-
rescence or phosphorescence properties.>*! Instead, the
chemistry of Cu(u) NHCs has been less explored and a
lower number of complexes has been reported to date.**™*?
The first Cu(u) NHC complex was reported by Meyer’s group in
2003, with an hybrid tripodal NHC-imine ligand (NHC-N).*?
Thanks to the hybrid nature of the ligand the resulting
complex is air stable in the solid state, a marked difference
compared to monodentate NHC Cu(u) complexes, which in
general are moisture and water sensitive.*® A similar behaviour
is observed with several hybrid multidentate NHC-N and
NHC-O ligands. Among them, although the examples of Cu(u)
complexes with NHC-phenolates (NHC-O) are limited

This journal is © The Royal Society of Chemistry 2024
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Scheme 1 Cu(i) NHC-phenolate complexes reported in the literature
(top), and in this study (bottom).*3=4°

(Scheme 1),*>~*° they have been recently reported to be air and
moisture stable.*®

interesting catalytic the
N-formylation and N-methylation of amines with CO, or
formic acid in the presence of hydrosilanes. In this frame it is
worth mentioning that in industrial processes the Eschweiler-
Clarke reaction, using formaldehyde as the C1 source, prevails
among the N-methylation of amine methodologies,*®™*° and it
is still research area,”®™> considering that
N-methylation of amines is of great interest in the synthesis of
pharmaceuticals and valuable compounds.>**® Anyway, the
possibility to perform this reaction with an inexpensive and
non-toxic substrate like CO, and its derivatives is quite
appealing.®®™®?

The reductive N-formylation and N-methylation of amines
with CO, or formic acid in the presence of hydrosilanes was
first reported by Cantat in 2013 catalysed by Zn(u) salts in com-
bination with neutral donor ligands, such phosphines and

One reaction is reductive

an active
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NHCs.”® Organocatalysts, such as free NHCs, are also active in
this transformation.®*

Cu(1) NHC complexes were also reported to be active in this
reaction but, to the best of our knowledge, Cu(ux) NHC com-
plexes have never been studied yet. Up to now, in fact only
Cu(u) metal salts in combination with phosphine ligands have
been reported as catalysts for the cited reaction.®*°® In this
work we report the synthesis of three novel bidentate
NHC-phenolate and one tetradentate bis(NHC)-bis(phenolate)
ligand precursors, and their corresponding Cu(u) complexes
(Scheme 1). The catalytic activity of the complexes in the reduc-
tive N-formylation/N-methylation of amines with CO, and
hydrosilanes is also explored, by comparing the activity with
mono- and bis(NHC) Cu(1) complexes and through a reactivity
study aimed at shedding light on the possible active species
involved in the catalytic process. We can anticipate that the
catalytic performance of the Cu(u) complexes is superior in
terms of N-methylated product yield compared to what we
observed in previous studies with Mn(1) complexes, even
working under milder conditions.*®

Experimental
Materials and methods

Unless specified otherwise, all manipulations were performed
under argon atmosphere using standard Schlenk techniques,
and all the utilized glassware was oven-dried at 110 °C prior to
use. Methanol, dichloromethane, and n-hexane used for syn-
thesis were argon-degassed and stored under inert gas and
molecular sieves. All the solvents used for catalytic tests were
stored over molecular sieves and degassed by three consecutive
freeze-pump-thaw cycles before their use. All the chemicals
were purchased from commercial supplier and used without
further purification. 1-(5-tert-butyl-2-methoxyphenyl)-imid-
azole prepared  following reported literature
procedures. NMR spectra were recorded at 298 K on a
Bruker Avance 300 MHz, operating at 300.1, 75.5 and
121.5 MHz, respectively for 'H, *C and *'P NMR nuclei.
Chemical shifts are reported in parts per million and cali-
brated respect to the solvent residue. '"H NMR signals are
labelled as s = singlet, d = doublet, t = triplet, q = quartet,
quint = quintet, sept = septet, m = multiplet and br = broad.
ESI mass spectra were recorded on a Finnigan Thermo
LCQ-Duo ESI mass spectrometer operating in positive ion
mode; sample solutions were prepared by dissolving the com-
pounds in acetonitrile and were directly infused into the ESI
source by a syringe pump at 8 pL min~" flow rate. Elemental
analyses were performed by the microanalytical laboratory of
Chemical Sciences Department (University of Padova) with a
ThermoScientific FLASH 2000 elemental analyzer. FT-IR
spectra were recorded at 25 °C, with a Bruker Tensor 27
spectrometer, preparing KBr pellets for the samples. The IR
spectra were recorded in the mid-infrared using a
4000-400 cm™" wavenumber range and a spectral resolution of
2 cm™'. Absorption peaks are labelled based on their intensity,

was
69,70
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Vs = very strong, s = strong, m = medium, w = weak, vw = very
weak, b = broad. UV-vis absorption spectra were recorded in di-
chloromethane at 25 °C using a Varian Cary 100 Bio spectro-
photometer, with 1 cm optical path quartz cells, from 900 to
190 nm after baseline correction.

Synthesis of the proligands

General procedure for the synthesis of Ha'”Br and HaL. In
a Schlenk tube, a solution of 1-(5-tert-butyl-2-methoxyphenyl)-
imidazole (2.2 mmol, 1 equiv.) and the respective alkyl halide
(4 equiv.) in 10 mL acetonitrile, was heated at 80 °C for 16 h.
The solvent was then removed, and the residue was treated
with diethyl ether (15 mL), collected by filtration, washed with
diethyl ether (3 x 15 mL) and dried under reduced pressure.

Ha'Br - alkyl halide: benzyl bromide, Yield: 95% (white
solid). "H NMR (300.1 MHz, DMSO-d¢): 6 = 9.80 (s, 1H,
NCHN), 8.08 (s, 1H, NCH), 8.00 (s, 1H, NCH), 7.64-7.27 (m,
8H, Ar), 5.54 (s, 2H, CH,), 3.85 (s, 3H, OCHj), 1.30 (s, 9H, CH;)
ppm. "*C NMR (75.5 MHz, DMSO-dg): § = 149.9 (Ar), 143.9 (Ar),
137.3 (NCHN), 134.6 (Ar), 129.0 (Ar), 128.9 (Ar), 128.5 (Ar),
128.3 (Ar), 124.3 (NCH), 123.2 (Ar), 122.8 (Ar), 122.0 (NCH),
112.8 (Ar), 56.4 (CHy), 52.2 (OCH3), 34.2 (C), 31.1 (CH3) ppm.

Ha’Br - alkyl halide: 1-bromohexane, Yield: 91% (hygro-
scopic white solid). "H NMR (300.1 MHz, DMSO-de): 6 = 9.56
(s, 1H, NCHN), 8.07 (t, J = 1.7 Hz, 1H, NCH), 8.00 (t,J = 1.7 Hz,
1H, NCH), 7.63-7.57 (m, 2H, Ar), 7.28 (d, J = 9.5 Hz, 1H, Ar),
4.25 (t,J = 7.2 Hz, 2H, NCH,), 3.84 (s, 3H, OCH3), 1.87 (quint, J
= 7.2 Hz, 2H, CH,), 1.30 (m, 15H, CH; + CH,), 0.87 (t, ] = 6.5
Hz, 3H, hex-CH;) ppm. >C NMR (75.5 MHz, DMSO-d): § =
150.0 (Ar), 143.9 (Ar), 137.1 (NCHN), 128.3 (Ar), 124.0 (NCH),
123.3 (Ar), 122.9 (Ar), 122.1 (NCH), 112.9 (Ar), 56.4 (OCHj;),
49.2 (NCH,), 34.2 (C), 31.1 (CH3), 30.6 (CH,), 29.2 (CH,), 25.2
(CHy), 22.0 (CH,), 13.9 (hex-CHj3) ppm.

Ha’I - alkyl halide: methyl iodide, Yield: 93% (hygroscopic
light-yellow solid). "H NMR (300.1 MHz, DMSO-dg): & = 9.49 (s,
1H, NCHN), 8.04 (s, 1H, NCH), 7.90 (s, 1H, NCH), 7.61-7.58
(m, 2H, Ar), 7.28 (d, J = 9.5 Hz, 1H, Ar), 3.95 (s, 3H, NCH3),
3.85 (s, 3H, OCH;), 1.30 (s, 9H, CH;) ppm. *C NMR
(75.5 MHz, DMSO-dg): 6 = 149.9 (Ar), 143.9 (Ar), 137.6 (NCHN),
128.2 (Ar), 123.7 (NCH), 123.3 (NCH), 123.2 (Ar), 122.8 (Ar),
112.8 (Ar). 56.4 (OCH3), 36.0 (NCH3), 34.1 (C), 31.0 (CH;) ppm.

Synthesis of H,a’Br,. In a pressure tube, a mixture of 1-(5-
tert-butyl-2-methoxyphenyl)-imidazole (2.2 mmol, 1 equiv.)
and 1,12-dibromododecane (1.0 mmol, 0.5 equiv.) was stirred
and heated at 120 °C for 16 h. The crude product was treated
with diethyl ether (10 mL) at room temperature, obtaining a
white solid that was successively collected by filtration, washed
three times with diethyl ether and dried under vacuum.

H,a'Br, - Yield: 94% (brownish solid). 'H NMR
(300.1 MHz, DMSO-dg): 6 = 9.62 (t, ] = 1.5 Hz, 2H, NCHN), 8.07
(t, J = 1.5 Hz, 2H, NCH), 8.00 (t, J = 1.5 Hz, 2H, NCH),
7.60-7.58 (m, 4H, Ar), 7.28 (d, J = 9.5 Hz, 2H, Ar), 4.27 (t, ] =
7.4 Hz, 4H, NCH,), 3.84 (s, 6H, OCH,), 1.87 (br, 4H, CH,),
1.30-1.26 (m, 34H, CH; + CH,) ppm. *C NMR (75.5 MHz,
DMSO-dg): § = 150.0 (Ar), 144.0 (Ar), 137.1 (NCHN), 128.3 (Ar),
123.9 (NCH), 123.2 (Ar), 122.9 (Ar), 122.2 (NCH), 112.9 (Ar),
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56.4 (OCH3), 49.2 (NCH,), 34.2 (C), 31.1 (CH3), 29.3 (CH,), 29.0
(CH,), 28.9 (CH,), 28.4 (CH,), 25.6 (CH,) ppm.

General procedure for the synthesis of H,L'®Br, H,L’I, and
H,L*Br,. The precursors Ha'Br, Ha’l, or H,a"Br, (2.0 mmol)
was dissolved in 15 mL of a 1:1 HBr: acetic acid mixture and
heated at 125 °C for 16 h. The solvent was then removed at
reduced pressure, and the product recrystallized from acetone/
diethyl ether, washed with diethyl ether (3 x 15 mL) and dried
under reduced pressure.

H,L'Br - Yield: 80% (light brown solid). 'H NMR
(300.1 MHz, DMSO-d¢): 6§ = 10.62 (s, 1H, OH), 9.86 (s, 1H,
NCHN), 8.09 (s, 1H, NCH), 8.03 (s, 1H, NCH), 7.56-7.10 (m,
7H, Ar), 7.11 (d, J = 8.5 Hz, 1H, Ar), 5.58 (s, 2H, NCH,), 1.28 (s,
9H, CH;) ppm. *C NMR (75.5 MHz, DMSO-d¢): & = 148.1 (Ar),
142.5 (Ar), 137.0 (NCHN), 134.8 (Ar), 129.0 (Ar), 128.8 (Ar),
128.5 (Ar), 128.0 (Ar), 124.0 (NCH), 122.5 (Ar), 122.0 (Ar), 121.6
(NCH), 116.7 (Ar), 52.0 (NCH,), 34.0 (C), 31.1 (CH;) ppm. FT-IR
7: 3062 (vs), 2960 (s), 1622 (m), 1549 (s), 1513 (s), 1456 (m),
1363 (m), 1274 (s), 1139 (m), 1072 (m), 823 (s), 710 (vs), 650
(m), 472 (w) em™.

H,L?Br - Yield: 85% (hygroscopic white solid). "H NMR
(300.1 MHz, DMSO-d): 6 = 10.60 (s, 1H, OH), 9.67 (s, 1H,
NCHN), 8.07 (s, 1H, NCH), 8.00 (s, 1H, NCH), 7.50-7.41 (m,
2H, Ar), 7.12 (d, J = 8.50 Hz, 1H, Ar), 4.30 (t, J = 7.2 Hz, 2H,
NCH,), 1.87 (br, 2H, CH,), 1.27 (br, 15H, CH;3 + CH,), 0.85 (s,
3H, hex-CH;) ppm. >C NMR (75.5 MHz, DMSO-d): § = 148.2
(Ar), 142.5 (Ar), 136.8 (NCHN), 128.0 (Ar), 123.6 (NCH), 122.6
(Ar), 122.1 (NCH), 121.7 (Ar), 116.7 (Ar), 49.1 (NCH,), 34.0 (C),
31.1 (CH3), 30.6 (CH,), 29.3 (CH,), 25.2 (CH,), 21.9 (CH,), 13.9
(hex-CH3) ppm.

H,L’Br - Yield: 92% (hygroscopic light yellow solid). "H
NMR (300.1 MHz, DMSO-d,): = 10.60 (s, 1H, OH), 9.48 (s, 1H,
NCHN), 8.04 (t, J = 1.8 Hz, 1H, NCH), 7.88 (t, J = 1.8 Hz, 1H,
NCH), 7.47-7.42 (m, 2H, Ar), 7.07 (d, J = 8.5 Hz, 1H, Ar), 3.95
(s, 3H, NCHj;), 1.28 (s, 9H, CH;) ppm. *C NMR (75.5 MHz,
DMSO-dg): 6 = 148.2 (Ar), 142.5 (Ar), 137.4 (NCHN), 128.1 (Ar),
123.5 (NCH), 123.3 (NCH), 122.6 (Ar), 121.7 (Ar), 116.7 (Ar),
36.0 (NCH3), 34.0 (C), 31.1 (CH;) ppm.

H,L'Br, - Yield: 83% (brownish solid). 'H NMR
(300.1 MHz, DMSO-d): 6 = 10.59 (s, 2H, OH), 9.61 (s, 2H,
NCHN), 8.07 (s, 2H, NCH), 8.01 (s, 1H, NCH), 7.49-7.42 (m,
4H, Ar), 7.09 (d, J = 8.50 Hz, 2H, Ar), 4.27 (t, J = 7.4 Hz, 4H,
NCH,), 1.87 (br, 4H, CH,), 1.30 (br, 34H, CH; + CH,) ppm. **C
NMR (75.5 MHz, DMSO-d): 6 = 148.2 (Ar), 142.5 (Ar), 136.8
(NCHN), 128.1 (Ar), 123.7 (NCH), 122.6 (NCH), 122.1 (Ar),
121.7 (Ar), 116.7 (Ar), 49.1 (NCH,), 34.0 (C), 31.1 (CHj3), 29.3
(CH,), 30.0 (CH,), 28.9 (CH,), 28.4 (CH,), 25.6 (CH,) ppm.

Anion metathesis on ligand precursors. The ligand precur-
sor (0.4 mmol) was dissolved in 50 mL of water and, under stir-
ring, a water solution of KPF¢ (4 mmol, 10 equiv., in 10 mL)
was added dropwise. The mixture was stirred overnight, and
the white product collected by filtration, washed with water (3
x 10 mL) and dried under reduced pressure.

Ha'PF, - Starting from Ha'Br, Yield: 90% (white solid). "H
NMR (300.1 MHz, CD;CN): § = 8.92 (s, 1H, NCHN), 7.62 (s, 1H,
NCH), 7.60 (m, 1H, Ar), 7.52 (s, 1H, NCH), 7.49-7.47 (m, 6H,

This journal is © The Royal Society of Chemistry 2024
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Ar), 5.43 (s, 2H, CH,), 3.87 (s, 3H, OCH3), 1.33 (s, 9H, CH3)
ppm. *'P NMR (121 MHz, CD;CN): § = —144.62 (sept, J = 710
Hz, PF¢) ppm. '°F NMR (189 MHz, CD;CN): § = —=70.57 (d, J =
710 Hz, PF) ppm.

H,L'PF, - Starting from H,L'Br, Yield: 85% (white solid).
"H NMR (300.1 MHz, CD;CN): § = 9.06 (s, 1H, NCHN),
7.55-7.46 (m, 10H, Ar + NCH), 7.35 (d, J = 8.4 Hz, 1H, Ar), 5.47
(s, 2H, NCH,), 1.34 (s, 9H, CH;) ppm. *'P NMR (121 MHz,
CD;CN): § = —144.6 (sept, J = 710 Hz, PF,) ppm. "’F NMR
(189 MHz, CD3;CN): 6 = —70.6 (d, J = 710 Hz, PF) ppm.

Synthesis of the copper complexes

General procedure for the synthesis of the Cu(u) complexes
[Cu(LY),], [Cu(L?),], [Cu(L?®),], and [Cu(L*)]. A mixture of
Cu(OAc),-H,0 (0.26 mmol, 1 equiv.), K,CO; (1.04 mmol,
4 equiv.), and the ligand precursor (0.52 mmol, 2 equiv.) was
suspended in dry and degassed methanol (10 mL) under argon
atmosphere. After 5 hours of stirring, the solvent was removed,
and the purple-brown residue extracted with 10 mL of anhy-
drous dichloromethane. The obtained suspension was filtered
via cannula filtration, then the volume of the remaining
solution was reduced to approximatively 2 mL. Finally, after
the addition of degassed n-hexane (15 mL), the product was
recovered as a solid (powder) by filtration.

[Cu(LY),] - Yield: 80% (dark brownish-purple powder).
Elemental analysis caled (%) for C4oH4,CuN,40,-H,0: C 69.39,
H 6.41, N 8.09. Found: C 69.77, H 6.75, N 7.92. ESI(+)-MS (m/
2): 674.17 [[Cu(L),] + H]". FT-IR i: 3089 (vw), 3062 (vw), 3025
(vw), 2960 (s), 2863 (w), 1610 (m), 1499 (vs), 1455 (m), 1411
(m), 1492 (w), 1356 (m), 1306 (vs), 1262 (s), 1147 (m), 1109 (W),
866 (W), 834 (s), 776 (w), 737 (s), 721 (m), 709 (m), 667 (W), 619
(vw), 595 (vw), 557 (vw), 447 (vw), 411 (vw) cm~'. UV-vis
(CH,CL,): 4 (/M em ™) = 230 (44 100), 318 (14 400), 455 (970)
nm. Crystals suitable for single crystal X-ray diffraction
(SC-XRD) analysis were obtained by slow evaporation of a con-
centrated solution of the complex in acetone.

[Cu(L?),] - Yield: 60% (purple powder). Elemental analysis
caled (%) for C35H5,CuN,0,-1.5H,0: C 66.20, H 8.33, N 8.13.
Found: C 66.19, H 8.42, N 8.05. ESI(+)-MS (m/z): 662.21 [[Cu
(L2),] + H]". FT-IR &: 3159 (vw), 3124 (vw), 3087 (vw), 2958 (vs),
2928 (vs), 2959 (s), 1609 (m), 1500 (vs), 1464 (m), 1392 (m),
1362 (m), 1349 (m), 1303 (vs), 1262 (s), 1148 (m), 1105 (W),
1171 (vw), 871 (w), 828 (s), 737 (s), 671 (W), 620 (vw), 595 (vw),
445 (vw), 410 (vw) em ™', UV-vis (CH,CL,): 1 (¢/M™" em™) = 230
(37 100), 319 (12 500), 460 (830) nm.

[Cu(L?),] - Yield: 55% (dark brown powder). ESI(+)-MS (m/
2): 522.12 [[Cu(L?),] + H]". FT-IR &: 3174 (vw), 3145 (vw), 3063
(vw), 2958 (s), 2903 (m), 2864 (m), 1675 (w), 1609 (m), 1501
(vs), 1460 (s), 1402 (m), 1353 (m), 1315 (vs), 1264 (s), 1149 (m),
1118 (w), 1083 (w), 1020 (vw), 873 (w), 835 (s), 819 (s), 751 (s),
723 (s), 666 (m), 617 (vw), 592 (vw), 524 (vw), 445 (vw), 403 (W)
em™ ', UVwis (CH,CL): 4 (/M em™) = 230 (35700), 320
(9400), 454 (580) nm.

[Cu(LY)] - In this synthesis 0.26 mmol of H,L*Br, were used
(1:1 molar ratio between Cu and ligand precursor). Yield: 58%
(dark purple powder). Elemental analysis caled (%) for
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C3sH;5,CuN,0,-H,0: C 67.28, H 8.02, N 8.26. Found: C 67.23,
H 7.73, N 8.06. ESI(+)-MS (m/z): 660.26 [[Cu(L*)] + H]". FT-IR
3171 (vw), 3135 (vw), 3069 (vw), 2952 (vs), 2925 (vs), 2854 (s),
1688 (w), 1609 (m), 1500 (vs), 1462 (m), 1414 (m), 1392 (m),
1362 (m), 1350 (m), 1315 (s), 1262 (s), 1202 (W), 1147 (m), 1107
(w), 1070 (w), 1027 (vw), 874 (w), 862 (w), 834 (s), 832 (s), 737
(m), 720 (m), 669 (m), 619 (vw), 528 (vw), 404 (w) cm™". UV-vis
(CH,CL,): 4 (/M " em™) = 230 (32 500), 318 (10 400), 465 (980)
nm.

Synthesis of the copper(i) complex [CuBr(a')]. A mixture of
Ha'Br (0.25 mmol, 1 equiv.), CuBr(SMe,) (0.25 mmol, 1 equiv.)
and K,CO; (0.75 mmol, 3 equiv.) was refluxed in dry and
degassed acetone (10 mL). After 16 hours, the green suspen-
sion was cooled to room temperature and filtered on a Celite
pad. After removal of the solvent, the pure product was
obtained as light-yellow crystals by layering of diethyl ether
into a dichloromethane solution of the complex at —18 °C.
Yield: 60% (light yellow crystals). "H NMR (300.1 MHz, CDCl,):
8 =7.58 (d,J = 2.2 Hz, 1H, NCH), 7.39 (m, 6H, Ar), 7.20 (d, J =
2.2 Hz, 1H, NCH), 6.99-6.94 (m, 2H, Ar), 5.41 (s, 2H, CH,),
3.74 (s, 3H, OCH3), 1.23 (s, 9H, CH;) ppm. Elemental analysis
caled (%) for C,1H,,CuBrN,0-0.5H,0: C 53.34, H 5.33, N 5.92;
Found: C 53.29, H 5.34, N 5.89. ESI(+)-MS (m/z): 703.19
[Cu(a"),]". Crystals suitable for SC-XRD analysis were obtained
by slow evaporation of a concentrated solution of the complex
in acetone.

Synthesis of the copper(i) complex [Cu(a"),]PFe. A mixture of
Ha'PF, (0.25 mmol, 1 equiv.), [Cu(CH;CN),]JPF, (0.25 mmol,
2 equiv.) and K,CO; (1.50 mmol, 6 equiv.) was refluxed in dry
and degassed acetonitrile (10 mL). After 16 hours, the yellow
suspension was cooled to room temperature and filtered on a
Celite pad. After removal of the solvent, the residue was
extracted with dichloromethane, and upon filtration on Celite,
the filtrate was dried under reduced pressure. The crude
product was washed with water (3 x 10 mL) and dried under
vacuum. Yield: 50% (light yellow crystals). 'H NMR
(300.1 MHz, CD;CN): § = 7.46-7.19 (m, 18H, Ar), 7.03 (d, J =
9.4 Hz, 2H, Ar), 5.10 (s, 4H, CH,), 3.83 (s, 3H, OCHj), 1.36 (s,
9H, CH;) ppm. *'P NMR (121 MHz, CD;CN): § = —144.63 (sept,
J = 707 Hz, PFs) ppm. Elemental analysis caled (%) for
C4,H,5CuF¢N,0,P-2H,0: C 56.97, H 5.92, N 6.33; Found: C
56.76, H 5.74, N 6.26. ESI(+)-MS (m/z): 703.22 [Cu(a'),]". The
low stability of the complex in solution prevented the obtain-
ment of a good quality ">*C NMR spectrum; nevertheless, the
carbene carbon chemical shift at § 179.0 ppm was identified
via a *C-"H HMBC NMR spectrum.

Computational details

71,72

All calculations were performed with ORCA v5.0.3.
Molecular geometries were optimized without any symmetry
constrain in the gas phase using the PBEO functional.”? Scalar
relativistic effects were modeled using the Zeroth Order
Regular Approximation (ZORA)’* with the ZORA-Def2-SVP’°
basis set and the ZORA-Def2-TZVP’> for copper with the RI’®
approximations with the related auxiliary basis sets (SARC/
J).”77% The D3”° dispersion correction with Becke-Johnson®’
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damping was used. All optimized structures were verified as
true minima by the absence of negative eigenvalues in the har-
monic vibrational frequency analysis.

Single point calculations were performed at the same level
of theory with a ZORA-Def2-TZVPP basis set for all atoms. The
absorption spectra were modeled by time-dependent DFT cal-
culations (TD-DFT) with the ZORA-def2-TZVPP basis set and
PBEO functional. For the TD-DFT calculations 20 roots were
computed and solvation effects were included with the SMD
solvation model with (DCM)®' as solvent. The Tamm-Dancoff®>
approximation was used to speed up the calculations. Intrinsic
bond orbitals (IBOs)** were calculated, and were visualized
using Chemcraft®* and IBOview.®

General procedure for catalytic tests

The catalytic tests were carried out in a 10 mL Schlenk tube or,
when pressure higher than 1 bar was used, in a 35 mL Fischer-
Porter reactor. To the magnetic stirring bar equipped tube,
after three vacuum-argon cycles, the catalyst, the solvent, the
amine (substrate), and the silane were added in the order.
Then, CO, was fluxed to saturate the environment and the
reactor was closed, maintaining a CO, balloon connected to
the reactor. For the high-pressure experiments, the reactor was
simply sealed and maintained at the target pressure.
Subsequently, the reactor was dipped into a thermostatic bath
fixed to the target temperature. The magnetic stirring and the
reactor immersion level were maintained identical in all per-
formed tests. The starting time of the tests was set at five
minutes after the reactor immersion. After the reaction time,
the reactor was cooled to room temperature, depressurized,
and 2,5-dimethylfuran was added with a micro syringe as
internal standard (1 equiv. respect to the substrate). The reac-
tion mixture was then thoroughly mixed and the '"H NMR spec-
trum of a sample in CDCl; was recorded. Conversions and
yields were calculated by 'H NMR spectroscopy. In some cases,
the addition of a small quantity of potassium carbonate to the
NMR tube helped to obtain a better spectrum. Every test was
performed three times and the reported conversion and yield
are the resulting average value. The yield obtained in the repli-
cation of the same test varied in the range +1%.

X-Ray crystallography

The crystallographic data for compounds [Cu(L'),] and
[CuBr(a')] were obtained by mounting a single crystal of each
sample on a loop fiber and transferring it to a Bruker D8
Venture Photon II single crystal diffractometer equipped with
an area detector, working with monochromatic MoKa radi-
ation in the case of [Cu(L"),] and CuKu radiation in the case of
[CuBr(a')]. The APEX 3 program package was used to obtain
the unit-cell geometrical parameters for both structures. The
raw frame data were processed using SAINT and SADABS to
obtain the data file of the reflections. The structures were
solved using SHELXT (Intrinsic Phasing method in the APEX 3
program).®® The refinement of the structures (based on F* by
full-matrix least-squares techniques) was carried out using the
SHELXTL-2018/3 program.®’” The hydrogen atoms were intro-
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duced in the refinement in defined geometry and refined
“riding” on the corresponding carbon atoms. Deposition
numbers 2371863 and 2371864 contain the supplementary
crystallographic data for compound [Cu(L'),] and [CuBr(a')]
respectively.

Results and discussion

Synthesis and characterization

The hybrid bidentate H,L'®Br and tetradentate H,L*Br,
ligand precursors were prepared by a two-step synthesis
(Scheme 2), adaptation of a previously reported procedure,®®®
consisting in the quaternarization of 1-(5-tert-butyl-2-methoxy-
phenyl)-imidazole with the selected alkyl halide, followed by
the demethylation of the methoxy moieties using HBr. The
imidazolium salts Ha'?Br, Ha’l and H,a’Br, obtained after
the first reaction step, can be used as NHC precursors as well
(vide infra). From the imidazolium salts Ha'Br and H,L'Br, the
respective hexafluorophosphate salts Ha'PF; and H,L'PFg
were obtained in high yield, performing the anion exchange in
water using KPFg. All the proligands were isolated with an
overall yield >80%.

The ligand precursors H,L'Br and H,L*Br, were reacted
with Cu(OAc),-H,0 and K,CO; in methanol to afford the

Bu
©
80 °C, x PF
16h KPFg 6

—_—

— NN  H,0 NL/\>
N = 0L N
® ® \
J °C 16h Ha'Br: R=Bn, X =Br Ha1PF6: R=Bn

Ha?Br: R = "Hex, X = Br
Hadl: R=Me, X =1

@\

H2L1BI': R=Bn, X=Br
HZLZBI': R ="Hex, X = Br
H,L3Br: R = Me, X = Br

NN
© R

H,a’Br, H,L'PFg: R =Bn

o
2Br HBr, AcOH
125°C, 16h
K KPFg

HBr, AcOH
125°C, 16h ® (CHyp)pp @ S
(\N/ SN, 2Br
N—1/ Ly
’BUG—OH HO@‘BU
H,L B,

Scheme 2 Synthesis of the ligand precursors used in this study.
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corresponding Cu(u) complexes of general formula [Cu(L),] or
[Cu(L)] depending on the use of bidentate (L'"®) or tetradentate
(L*) ligands (Scheme 3). By using tetradentate ligand precur-
sors with shorter linkers, methylene or dimethylene bridging
groups,®’® it was not possible to isolate the corresponding
Cu(n) complexes. The complexes [Cu(L'?),] are soluble in
common organic solvents, while [Cu(L*)] is soluble only in di-
chloromethane, chloroform, and sparingly soluble in acetone.
Complexes [Cu(L'?),] and [Cu(L*)] were characterized by
means of ESI-MS spectrometry, FT-IR and UV-Vis spectroscopy
and in the case of [Cu(L"),] single crystal X-ray diffraction. In
the ESI-MS spectra, the presence of the peaks attributed to the
species [Cu(L'), + H']" and [Cu(L*) + H']" is diagnostic of the
formation of the Cu(u) complexes.

In the FT-IR spectra of the complexes (Fig. S35-38%), the
lack of the PhO-H stretching signal at ca. 3060 cm™, clearly
visible for proligand H,L'Br (Fig. S347), agrees with the depro-
tonation of the phenol moieties upon metal coordination. The
UV-visible absorption spectra of the Cu(u) complexes were
registered in dichloromethane solution, showing similar fea-
tures for the four compounds with three well defined absorp-
tion maxima at ca. 230, 320 and 460 nm (Fig. S39-42+). Finally
in the case of complex [Cu(L'),], the molecular structure was
confirmed by X-ray diffraction on a single crystal obtained by
slow evaporation of an acetone solution of the complex
(Fig. 1). The complex crystallizes in the monoclinic P2; space
group and presents a slightly distorted square planar geome-
try, as indicated by the value close to 0 (0.05) of the 7, geome-
try index.®® In the coordination sphere of the Cu(u) centre the
two NHC and the two phenolate donors are mutually in trans.

Bu
Bu
S} R
X Cu(OAc),- H,0, ! 0
K,COs N | i
) 2 N p—a— j
- N N
OH N “Ig'T'OSHP{ o) /
@ \ ) R
R
HL'Br: R=Bn, X = Br
HL2Br: R = "Hex, X = Br Bu [Cu(L"),]: R = Bn
21 -
HL3Br: R = Me, X = Br [Cu(L2),]: R = "Hex
By o [Cu(L3),]: R = Me
2Br
N
\\/\> (CH2)12
OH SN Cu(OAc),- H,0, =
\ K,CO4 ( N\J’/N Bu
(CHy)p —08M8M8 > ~ /O
MeOH, _Cu
OH f/N ® RT, 5h o )\N
W R )
4
H,L*Br, [Cu(L)]

Bu

Scheme 3 Synthesis of the Cu(i) complexes prepared in this work.
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Fig. 1 ORTEP drawing of complex [Cu(LY),]. Ellipsoids are drawn at the
50% probability level. Hydrogen atoms have been omitted for clarity.
Selected bond distances (A) and angles (°): Cu—C1 2.005(3), Cu-C21
2.007(3), Cu—-0O1 1.946(2), Cu—-02 1.958(2), C1-Cu-C21 174.1(1), O1-
Cu-02 179.2(1), C1-Cu-01 86.7(1), C21-Cu-02 88.3(1), C1-Cu-02
179.2(1), C21-Cu-01 91.6(1).

The two NHC rings are almost coplanar, with a dihedral angle
of 5.75(13)° between them, and are slightly tilted with respect
to the mean metal coordination plane with angles of 26.82(9)
and 23.03(9)° respectively. The Cu-O and Cu-C bond lengths
are comparable to similar copper(n) NHC-phenolate com-
plexes.*> Two intramolecular C-H---O hydrogen bonds are
present in the structure. The donor-H---acceptor distances (D)
are 2.939(4) and 3.015 (4) for C24-H---O1 and C4-H---O2
respectively. The C-H---O angles (0) are 124.03(17)° and
137.83(19)° for C24-H---O1 and C4-H---O2 respectively. Thus,
D and 6 values are within the ranges of those reported in the
literature for this type of interaction.*

The number of homoleptic Cu(u) complexes with hybrid
NHC-phenolate ligands reported in the literature up to now is
very limited.**™*> All of them exhibit a square planar coordi-
nation geometry, with different degrees of angular distortion
and a trans arrangement. The formation of cis isomer has not
been documented yet in these systems. Instead, with group
10 metal centres both the cis and trans isomers can be
obtained selectively, mainly depending on the steric bulkiness
of the NHC wingtip substituent. With methyl wingtip the cis
isomer is obtained, whereas with bulkier Dipp (2,6-diisopro-
pyl-phenyl) or Mes (mesityl) wingtips the trans isomer is iso-
lated.”* Our results align with the literature results for Cu(n),
as indicated by the molecular structure of [Cu(L"),] and by the
fact that in the case of the tetradentate ligands, only the use of
a long and flexible bridging group, allowing the formation of
the trans isomer, brings to the isolation of a stable Cu(u)
complex. Differently, in a previous work we successfully co-
ordinated tetradentate bis(NHC)-bis(phenolate) ligands with
the shorter CH, and CH,CH, linkers to Ni(u), obtaining the
complexes cis-[NiL].”®

To gain more insight on the experimental selective for-
mation of the ¢rans isomer for our Cu(u) complexes, the elec-
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tronic and structural properties of the complex with the benzyl
substituent were investigated by means of computational
methods. In order to save computational resources, the ‘Bu
group on the phenolate ring was substituted with a methyl
one, and the truncated complex is reported as [Cu(L'),]" in
the text. DFT calculations in the case of trans-{Cu(L"),]™" well
reproduced the structural parameters observed in the solid-
state structure of [Cu(L'),] (Fig. 2, left). The calculated 7, geo-
metry index is 0.00, so perfectly square planar, close to the
0.05 value measured by XRD. Next, the geometry of the cis
isomer was optimized at the same level of theory, obtaining
for cis{Cu(L"),]"" a highly distorted structure as indicated by
the 7, geometry index of 0.51 (Fig. 2, right). The deviation from
a square planar coordination is imposed by the arrangement
of the ligands forced by the steric hindrance of the benzyl
wingtip substituents. A consequence of the forced cis geometry
is the loss of the hydrogen bonding interaction evident in the
X-ray structure of the trans isomer. In gas phase, the trans
isomer is predicted thermodynamically more stable than the
cis one (AGeis_¢rans = +6 kJ mol™), but the energy difference is
too small to justify the selective trans isomer formation, thus
kinetic factors cannot be excluded in determining the output
of the syntheses.

Next, we investigated the electronic structure of the
[Cu(LY),]™ complex, and the spin-density is located mainly on
the metal centre with small contribution from the ligands (see
Fig. 3).

Intrinsic bonding orbital (IBO) analysis shows that in
complex trans{Cu(L"),] the ligand forms two sigma bonds
with the metal centre (see Fig. 4). In addition, TD-DFT calcu-
lations on the cis and trans isomers of [Cu(L'),]M predict a
weak absorption band for the cis isomer at A,ps, = 537 nm
(fose = 0.016) which is not observed in the experimental UV-Vis
spectrum (see Fig. S677). Differently, the TD-DFT spectrum of
the trans isomer well reproduces the experimental absorption
spectrum with a predicted A,ps, = 405 nm (fos. = 0.033) in good
agreement with the experimental value of 455 nm. Therefore,
we tentatively suggest that also in solution the trans isomer is
favoured.

Successively, with the aim of comparing the catalytic
activity of Cu(u) and Cu(r) complexes (vide infra), we tried to

Fig. 2 Optimized structures at the ZORA PBEO ZORA-Def2-TZVPP
D3BJ level of theory level for the trans (left) and cis (right) isomers of
[Cu(LY),]Me. We highlight the formation of H-bonds for the trans isomer.
Colour codes: Cu, orange; O, red; N, light blue; C, grey; H, white.
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Fig. 3 Spin density plot of trans-[Cu(LY),]™® ZORA PBEO ZORA-Def2-
TZVPP D3BJ level of theory (iso-surface 0.005).

1BO 3

1BO 1

Cu-0 o-bonding orbital
[Cu] 13.2%
[O] 82.8%

Cu—Cyyyc 0-bonding orbital
[Cu] 17.7%
[c] 79.7%

Fig. 4 IBO analysis of trans-[Cu(LY),]™® complex. The metal-ligand
c-bonding orbitals are shown and the partial-charge distribution of a
given IBO at ZORA PBEO ZORA-Def2-TZVPP D3BJ level of theory is
given below. Structural depictions were made using IboView.
Considering the centrosymmetric structure of the complex only one
Cu-C and one Cu-0 c-bonding orbitals are depicted.

coordinate the hybrid ligands L™ to Cu(), but none of the
complexation attempts led to the desired product. Differently,
by using potassium carbonate as base, [CuBr(SMe,)] as metal
precursor, and performing the reaction in acetone the Cu(r)
complex [CuBr(a")] was obtained starting from the ligand pre-
cursor Ha'Br (Scheme 4)."> Furthermore, starting from Ha'PFg
the synthesis of the bis(NHC) complex [Cu(a'),]JPFs was
achieved in acetonitrile with [Cu(CH3;CN),](PFs) as metal
source (Scheme 4). The Cu(i) complexes were isolated as crys-
talline light-yellow solids in moderate yields. Purity of the com-
plexes was confirmed by elemental analysis, and from their "H
NMR spectra. In the case of complex [Cu(a'),]PFg the carbene
carbon chemical shift was identified at 179.0 ppm via "H-'*C
HMBC NMR experiment, a value in agreement with other
reported bis-NHC Cu(i) cationic complexes.”?

This journal is © The Royal Society of Chemistry 2024
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Scheme 4 Synthesis of the Cu()) complexes prepared in this work.

The molecular structure of the complex [CuBr(a')] was con-
firmed by single crystal X-ray diffraction (Fig. 5), from crystals
obtained from layering of diethylether on a dichloromethane
solution of the complex at —18 °C. As expected, the copper(1)
centre presents a slightly distorted linear geometry (C1-Cu-Br
178.3(2)°). The Cu-C and Cu-Br bond distances of 1.890(6)
and 2.2273(9) A respectively are perfectly in agreement with
similar [CuBr(NHC)] complexes reported in the literature.”® No
interaction is observed between the oxygen atom of the
methoxy group and the copper centre, with the substituted
phenyl wingtip oriented in the way that minimizes steric repul-
sion around the metal centre.

Catalytic studies

The obtained Cu(u) complexes were tested as catalyst precur-
sors in the reductive N-formylation and N-methylation of
amines with CO,, a reaction that we have recently studied with
Mn(1) complexes as catalysts.”® A preliminary screening of the
reaction conditions was carried out using N-ethylaniline (1a)
as substrate, [Cu(L"),], 3 equivalents of PhSiH; as reducing

Fig. 5 ORTEP drawing of complex [CuBr(al)]. Ellipsoids are drawn at
the 50% probability level. Hydrogen atoms have been omitted for clarity.
Selected bond distances (A) and angles (°): Cu—C1 1.890(6), Cu—Br
2.2273(9), C1-Cu-Br 178.3(2).

This journal is © The Royal Society of Chemistry 2024
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1a - siloxanes

Scheme 5 Benchmark reaction for the N-methylation and
N-formylation of amines with CO,. Reaction conditions: N-ethylaniline
0.40 mmol, PhSiHsz (3 equiv.), [Cu(LY),] 1 mol%, 40 °C, 5 h, in 1 mL of
solvent.

agent, at 40 °C and varying the reaction solvent and CO,
pressure (Scheme 5).

The results of the preliminary catalytic experiments are
reported in Table S2.7 Under the adopted reaction conditions,
the proligand H,L'Br, and Cu(OAc),-H,O were not able to
promote any product formation. Instead, using [Cu(L'),] at a
1 mol% loading with respect to the aniline 1a a
complete conversion can be achieved in 5 h at 40 °C and a
3 bar CO, pressure, using DMF or the ionic liquid 1-butyl-
2,3-dimethylimidazolium  bis(trifluoromethylsulfonyl)imide
([BMMIM][NTf,]) as solvent. A product mixture of 2a and 3a
was obtained, with 3a as the main product in all the per-
formed tests. A blank experiment carried out using
[BMMIM][NTf,] showed that the ionic liquid is not able to
promote the products formation in the absence of the copper
complex (Table 1, entry 1). Successively, to further increase the
methylated (2a) product yield, the temperature was increased
to 60 °C, the CO, pressure was lowered to 1 bar, and the reac-
tion time was extended to 16 h, performing the reaction in
[BMMIM][NTS,] (Table 1). Under these conditions the selecti-
vity was reversed with 2a being always the main product. This
is not surprising since it is known that a decrease in the CO,
pressure and an increase in the temperature shift the selecti-
vity towards the methylated species.>® Then the activity of the
different Cu(u) complexes was evaluated (Table 1, entries 2-5).

Table 1 N-methylation and N-formylation of N-ethylaniline with CO,
and hydrosilanes

Entry  Catalyst Silane (equiv.)  Conv.“/%  2a%%  3a“/%
1 — PhSiH; (3) 0 0 0

2 Cu(L"), PhSiH; (3) 84 62 22

3 Cu(L?), PhSiH; (3) 100 81 19

4 Cu(L?), PhSiH; (3) 29 15 14

5 Cu(L)] PhSiH; (3) 20 15 5

6 CuBr(a')] PhSiH; (3) 5 2 3

7 Cu(a'),]PFs  PhSiH; (3) 2 0 2

8 Cu(L), Ph,SiH, (3) 13 13 0

9’ Cu(L?), PhSiH; (3) 68 59 9

10? Ccu(L?), Ph,SiH, (3) 39 39 0

11 Cu(L?), Ph,SiH, (9) 75 75 Traces
12 Cu(L?), PhSiH; (6) 100 85 15
13° Cu(L), PhSiH; (3) 100 93 7

Reaction conditions: N-ethylaniline 0.40 mmol, hydrosilane, catalyst
loading 1 mol%, p(CO,) = 1 bar (balloon), 60 °C, 24 h, in 1 mL of
[BMMIM][NTf,]. “Yield determlned by 'H NMR using 2 5-dimethyl-
furan as an internal standard. ° T = 80 °C. © Catalyst loadmg 2 mol%,
t=16h.
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Fig. 6 (a) Total conversion of N-ethylaniline versus time using the Cu(i) complexes; (b) total conversion of N-ethylaniline, yield of 2a and 3a and

residual silane versus time using [Cu(L?),] as catalyst, complete data reported in Table S3.1 Reaction conditions for all the experiments:
N-ethylaniline 0.40 mmol, PhSiHz (3 equiv.), catalyst loading 1 mol%, p(CO,) = 1 bar (balloon), 60 °C, in 1 mL of [BMMIM][NTf,].

A marked difference was observed among the different com-
plexes, with complexes bearing ligands with bulkier wingtip
substituents on the NHC showing a better catalytic perform-
ance. The catalysts screening shows that [Cu(L?),] is the most
active and selective towards the N-methyl product, leading to
full conversion of the aniline 1a and an 81% yield of 2a
(Table 1, entry 3). The performance of [Cu(L'),] is slightly
lower compared to that of [Cu(L?),], whereas [Cu(L?),] and
[Cu(L*)] were found to be significantly less active. The differ-
ences in activity among the Cu(u) complexes become more
evident looking at Fig. 6a, in which the reagent conversion is
reported against the reaction time. After 7 hours, [Cu(L?),]
achieved an 80% conversion, [Cu(L"),] 43%, and complexes
[Cu(L?),] and [Cu(LY)] slightly less than 20%. In Fig. 6b, the
yields of 2a and 3a and the residual PhSiH; over time using
[Cu(L?),] can be observed. After 24 hours, no residual PhSiH;
remains in the reaction mixture. The Cu(i) complexes
[CuBr(a")] and [Cu(a'),]PFs were also evaluated for this reac-
tion (Table 1, entries 6 and 7), but their performance was way
lower compared to the Cu(u) complexes. The most active
complex [Cu(L?),] was also tested in the presence of other
hydrosilanes, namely Ph,SiH,, Ph;SiH, Me,PhSiH and PMHS
(polymethylhydrosiloxane). Only with Ph,SiH, a poor conver-
sion was observed (13%), interestingly with complete selecti-
vity towards 2a (Table 1, entry 8).

By increasing the temperature to 80 °C a different behav-
iour was observed with PhSiH; and Ph,SiH,. In the case of
PhSiH; lower conversion and yields were obtained (Table 1,
entry 9), probably as consequence of a faster silane consump-
tion in side-reactions. It has been observed that at 80 °C,
PhSiH; already reached 90% consumption after the first three
hours (Table S3 and Fig. S46bft). Differently, in the case of
Ph,SiH,, a higher temperature led to higher conversion and
yield (39%), maintaining the full 2a selectivity (Table 1, entry
10). Better performances can be obtained increasing the silane
equivalents. With 9 Ph,SiH, equivalents the 2a yield increased
to 75% (Table 1, entry 11) maintaining an almost complete
selectivity. With 6 PhSiH; equivalents the 2a yield increased to
85% (Table 1, entry 12). A better improvement was achieved
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maintaining 3 equivalents of silane and increasing the catalyst
loading to 2 mol%, obtaining a 2a with 93% yield (Table 1,
entry 13). Under the latter conditions a preliminary substrate
scope was carried out (Scheme 6).

Under the adopted conditions a full conversion of the
selected secondary amines was always reached, and the
respective N-formyl and N-methyl products were obtained in
different ratio. The methylation of the N-methylaniline (1b)
was achieved with a 92% yield. Instead, the reaction carried
out using N-methyl-p-methoxyaniline (1c¢) or dibenzylamine
(1d) led to a lower methylated product yield of 80% and 75%
respectively.

Mechanistic insights

To obtain information about the mechanism of the reaction,
specific reactivity tests were performed. For this reaction, the

[Cu(L?),] 2 mol%, PhSiH3 (3 equiv.)

CHj3
H CO, (balloon) |

NO N

R R R” R
[BMMIM][NTf,], 60 °C, 16h
- siloxanes
(|3H3 ?H3 ?H3
SN A
MeO
2a 2b 2c

(93%) (92%)

e
N
2e

(75%)

(80%)

Scheme 6 N-Methylation of secondary amines using catalyst [Cu(L?),],
yield in parenthesis. 2a: N-ethyl-N-methylaniline, 2b: N,N-dimethyl-
aniline, 2c: N,N-dimethyl-p-methoxyaniline, 2d: N-methyl-N,N-
dibenzylamine.
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mechanism is still under debate and might vary for different
catalysts and hydrosilanes. Both Beller and Cantat proposed
that the reaction proceeds through an initial formation of silyl-
formate from CO, and hydrosilane, then formation of
N-formyl product by reaction with the amine and finally the
N-methyl product derives from a further reduction (Scheme 7,
route a).>*®” The N-formyl product can be formed also via
reduction of a carbamate salt or via formation of a silyl
carbamate.’®*> Alternatively, as reported by Zhang and Wang,
the silylformate can react with PhSiH; to form a silyl methox-
ide intermediate that is attacked by the nucleophilic amine to
yield the desired N-methylamine (Scheme 7, route b).**°%%” To
verify if the N-formyl to N-methyl reduction mechanism
(route a) is involved in our case, a test was carried out using
N-methyl-formanilide 3a as the substrate under catalytic con-
ditions, showing no reaction (Scheme 8, top). Successively, two
NMR scale reactions were carried out under slightly different

Cat.,
Ph, SiH, (4-%) (H)3 X
_x=12 1,2 Si
G )/
Cat., Cat,
Pth'H(4-><) 'R2RNH PhXSIHva)
'R2RNH
(via carbamate salt ( ) (H)3x
or silyl carbamate) y O 2§
R Ph)/ ~0” 707 Ph),
'R2RN H
Cat,, (H)ax (H)Bx
Cat., Ph, Sty
Ph,SiH 4. | Route a (Ph)/ / \(Ph
(H)3x
IRZRN—CH, Routa b o Si_ _CH,
o RORNH | oo
siloxanes
PhSiHz: x =1
Ph,SiH,: x =2

Scheme 7 Supposed reaction routes involved in the N-formylation and
N-methylation of amines with CO, and hydrosilanes according to the
literature.56:57:94-97

Oxc-M 1eu(L),] 1 mol%, PhsiH; (3 equiv.)

'\\‘ CO, (balloon)
= No Reaction
[BMMIM][NTf,], 60 °C, 30h
3a
[e] H
R o CH,
| [Cu(L"),] 5 mol%, PhSiH; (3 equiv.) ’\|l
N ~ ~N
THF-dg, 100 °C, 24h
o2 2a (traces)
o H
Sc” CH,

{ - [Cu(L",] 5 mol%, PhySiH, (3 equiv.) [

~N N\
THF-dg, 100 °C, 24h
3a

2a (100%)

Scheme 8 Reduction attempt of N-methylformanilide 3a using the
catalyst [Cu(LY),] with hydrosilanes.
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conditions and using both PhSiH; and Ph,SiH, (Scheme 8,
bottom). With PhSiH; almost no reaction was observed,
whereas with Ph,SiH, complete conversion of 3a into 2a was
achieved.

These results suggest that the reaction follows two different
mechanisms with the different hydrosilanes, and this is con-
sistent with what was observed in the catalytic study. In fact,
using Ph,SiH, we selectively obtained product 2a (Table 1,
entries 8, 10 and 11); if formation of 3a is involved in the
mechanism, it might be rapidly converted into 2a when using
Ph,SiH,, whereas its conversion does not take place with
PhSiH; and for this reason a mixture of 2a and 3a is observed
in the catalytic tests with this silane. We then tried to get infor-
mation on the nature of the active catalytic species. In this
frame, free NHCs are reported to be able of catalysing the
N-methylation of amines with CO,.°* To assess whether the
reaction mechanism involves the formation of free carbenes,
experiments with the commercially available 1,3-bis(2,4,6-tri-
methylphenyl)-1,3-dihydro-2H-imidazol-2-ylidene (IMes) were
performed and reported in Table 2. The use of IMes (2 mol%)
led to complete conversion of 1a with 92% yield in 2a (Table 2,
entry 2) under the used reaction conditions.

An analogous test carried out with the addition of elemen-
tal sulphur, resulted in a much lower yield (only 3% of 2a).
Sulphur, in fact, can trap the free carbenes, by forming the cat-
alytically inactive thioureas.’® The same tests were carried out
using complex [Cu(L*),] (1 mol%), leading to the same conver-
sions and product yields, with or without the addition of
sulphur (Table 2, entries 4 and 5). This result suggests that
free carbenes are not the active catalytic species in our system.

Successively, stoichiometric experiments were performed to
test the stability of the Cu(u) complexes under reductive con-
ditions. In fact, reductive organic transformations catalysed by
Cu-NHC complexes in the presence of hydrosilanes
typically involve the formation of Cu(1))-NHC hydride species
[Cu(H)(NHC)] as key intermediates.”"°" Dimeric Cu(i) NHC
hydride complexes were obtained also treating Cu(u) species in
the presence of free NHCs and hydrosilanes.'”> Complex
[Cu(L?),] was treated with PhSiH; in NMR scale experiments in
CD;CN. The "H NMR spectrum of the complex alone did not
show signals, as expected for a paramagnetic d° complex. After

Table 2 N-methylation and N-formylation of N-ethylaniline with CO,
and phenylsilane

Entry Catalyst (mol%) Conv.“/% 2a%/% 3a%/%
1 — 0 0 0
2 IMes’ (2) 100 92 8
3¢ Mes’ (2) 12 3 9
4 [Cu(L?),] (1) 100 81 19
5° [Cu(L?),] (1) 100 81 19

Reaction conditions: N-ethylaniline 0.40 mmol, PhSiH; (3 equiv.),
p(COZ) =1 bar (balloon), 60 °C, 16 h, in 1 mL of [BMMIM][NTf,].

“Yield determlned by 'H NMR using 2,5-dimethylfuran as an internal
standard. ” Mes = 1,3-Bis(2,4,6- trlmethylphenyl) -1,3-dihydro-2H-imida-
zol-2-ylidene. Add1t10n of Sg 0.05 mol%.
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the addition of PhSiH; (4 equiv.) bubbling and precipitation of
a dark solid were observed, while the mixture colour shifted
from brown to light yellow. Few minutes after the addition, the
"H NMR spectrum showed a complex mixture of signals that
evolved to a simpler and stable spectrum after 1 h at 60 °C
(Fig. S5471). Two sets of signals were detected, that by compari-
son with the literature were attributed to two different L
ligands.”® Via "H-"*C HMBC experiments it was possible to
detect the carbene carbon signals of these two ligands at 173.1
and 173.4 ppm (Fig. S59%). The presence of dihydrogen in
solution was also observed.'”® Furthermore, a new singlet at
4.61 ppm was found, attributed to a Si-H group by "H-?°Si
HMBC experiments (Fig. S541). In the corresponding cross-
peak in the'H->°Si HMBC experiments, the >°Si signal was
found at —197.7 ppm. A similar *°Si chemical shift was
recently reported by Bellemin-Laponnaz, Mauro et al., and
attributed to a hexacoordinated Si(iv) NHC-O species
(Fig. S607).'°* Furthermore, in the "H-'"H NOESY we observed
a cross-peak between the N-CH,~ protons of the NHC wingtip
substituent and the new singlet at 4.61 ppm attributed to the
Si-H group (Fig. S571). All the above considerations are con-
sistent with the formation of a species of formula [PhSiH(L?),].
The same behaviour was also observed in the reaction between
the complex [Cu(L"),] and PhSiHj;, for which the formation of
the analogous silicon adduct is probably involved, whereas
with [Cu(L"),] that is much less active in catalysis, the silicon
adduct is not observed in the NMR experiments.

Summarizing, the performed experiments seem to indicate
that the Cu(u) complexes are reduced in the presence of
PhSiH;. However, formation of Cu(i) hydride species typically
observed in Cu(1) NHC catalysis seems not to be followed with
the hybrid NHC-phenolate ligand system, whereas the for-
mation of a silicon adduct seems to be more likely. Further
studies are ongoing to clarify the details of the reaction
mechanism.

Conclusions

Four new Cu(u) complexes with hybrid NHC-phenolate ligands
were obtained by a convenient synthetic procedure using
readily available Cu(OAc),-H,O as metal precursor under mild
reaction conditions. Either bidentate (L'%) or tetradentate (L*)
NHC-phenolate ligands can be used in the complexes prepa-
ration of general formula [Cu(L'?),] and [Cu(L*)] provided
that the two NHC and the two phenolate donors are mutually
in trans in the Cu(u) coordination sphere. This restricts the use
of tetradentate ligands only to those presenting a long and
fluxional linker between the two NHC donors, such as the
dodecamethylene used in L*.

Complexes [Cu(L'?),] and [CuL*] were used in the catalytic
reductive N-formylation and N-methylation of amines with
CO, and hydrosilanes, with complex [Cu(L?),] delivering the
best catalytic performance among the series of complexes syn-
thesised in this study. An efficient reaction protocol was devel-
oped using the ionic liquid [BMMIM][NTf,] as solvent, 60 °C, 1
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bar CO, and 3 equivalents of PhSiH; Under these conditions,
it was possible to perform the N-methylation of secondary aro-
matic amines and dibenzylamine in high yield. Reactivity tests
indicated that under the adopted conditions the
N-methylation of amines follows two different reaction routes
with different hydrosilanes. With PhSiH;, N-methylation
occurs probably via a silyl methoxide path (route b, Scheme 7),
whereas with Ph,SiH, the stepwise N-formylation to
N-methylation is also possible (route a, Scheme 7). The study
of the behaviour of the Cu(i) complexes under reductive con-
ditions in the presence of controlled amounts of PhSiHj;,
revealed that the starting complexes are reduced to diamag-
netic species that through NMR studies were assigned to be
Si(iv) adducts. Overall, the use of hybrid NHC-phenolate
ligands in the reductive catalytic N-methylation on amines
with CO, and hydrosilanes bring to a different reactivity
compared to standard NHCs, opening new possibilities to
develop innovative catalytic systems. Further studies are
ongoing to fully elucidate the reaction mechanism to fully
exploit the potential of these systems in catalysis.
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