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Abstract

From achiral imidazolinium salts, chiral transition metal complexes containing
an N-heterocyclic carbene (NHC) ligand were prepared (metal = palladium, cop-
per, silver, gold, rhodium). Axial chirality in these complexes results from the for-
mation of the metal-carbene bond leading to the restriction of rotation of
dissymmetric N-aryl substituents about the C-N bond. When these complexes
exhibited a sufficient configurational stability, a resolution by chiral high-
performance liquid chromatography (HPLC) on preparative scale enabled isola-
tion of enantiomers with excellent enantiopurities (>99% ee) and good yields. A
study of the enantiomerization barriers revealed the effect of the backbone nature
as well as the type of transition metal on its values. Nevertheless, the evaluation
of palladium-based complexes in asymmetric intramolecular a-arylation of
amides demonstrated that the ability to induce an enantioselectivity cannot be

correlated to the configurational stability of the precatalysts.
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divided into two categories: the introduction of a chiral ele-
ment on the N-substituents (Figure 1A, structures A and B)

The use of N-heterocyclic carbenes (NHC) as ancillary
ligands in various metal complexes has substantially contrib-
uted to the development of transition metal catalysis with
major achievements for instance in ruthenium-catalyzed ole-
fin metathesis or palladium-catalyzed cross coupling reac-
tions." Therefore, the design and the synthesis of chiral
NHC ligands have attracted much attention during the last
two decades.*® The main strategies that have been investi-
gated to design chiral monodentate NHC ligands can be

or the use of a chiral NHC backbone (structures C and D).
Most of these chiral NHCs have been synthesized from
building blocks coming from the chiral pool and containing
stereogenic centers. The implementation of planar chirality
to the design of chiral NHC ligands has been scarcely inves-
tigated.” ™" By comparison, NHC ligands containing axes of
chirality have received slightly more attention."" ! The large
majority of these ligands contain a binaphthyl moiety, and
the complexes bearing such NHCs were found to be efficient
in various reactions such as ruthenium-catalyzed metathesis
and gold-catalyzed transformations. Recently, we have dis-
closed a new design of metal-NHC complexes containing an
axis of chirality.**** As depicted in Figure 1C, the concept is
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FIGURE 1 Design of chiral NHC-metal complexes

based on a restricted rotation of dissymmetric N-aryl substit-
uents about the C-N axis. The advantage of this concept is
that synthons arising from the chiral pool are not required
for the synthesis of imidazolium salts, precursors of NHC,
because the metalation step enables the formation of
atropisomers. Owing to the good stability of NHC-metal
complexes towards purification by silica gel chromatogra-
phy, enantiomers resolutions could be achieved using chiral
high-performance liquid chromatography (HPLC) in prepar-
ative scale (up to 600-mg scale).** C,-symmetric Pd- and Cu-
IKong complexes exhibited good performances in asymmet-
ric catalysis with chiral inductions exceeding 90% ee. Even
if C;-symmetric Cu-IKong complexes gave good results in
copper-catalyzed asymmetric allylic alkylation, these dis-
symmetric NHC ligands are interesting to accurately inves-
tigate their configurational stability, in particular the
values of rotational barriers of the NHC-metal complexes.
With NHC-Pd complexes, it has been demonstrated that
an unsaturated backbone substituted with methyl groups
was required to obtain configurationally stable complexes
3 (Figure 2). With an unsubstituted backbone, unsaturated
(complexes 1) or saturated (complexes 2), enantiomers
could not be observed by cHPLC analyses suggesting low
rotational barriers values.>® This statement was confirmed
by theoretical calculations, which allowed to quantify
enantiomerization barriers with a reasonable level of con-
fidence in addition to predict on which side the most
favorable rotation will take place.

Therein, we disclosed the synthesis of dissymmetric
imidazolinium salts possessing a gem-dimethyl moiety
and their use to prepare metal-NHC complexes such as
palladium complex 4. The resolution of these axial
chirality-containing complexes by chiral HPLC as well as

N/_\N .
&y
Y el

not configurationally stable
(rotamers)

not configurationally stable
(rotamers)

Me Me Me

Meg/_\N\R
@i &y

Y e
configur: 3"0"8”}’ stable configurationally stable

(atropisomers) (atropisomers)
This work
FIGURE 2 Key role of the backbone substitution to restrict

rotations about the C-N axis

their configurational stabilities (determination of the
rotational barriers values) were investigated.

2 | MATERIALS AND METHODS

All reagents were obtained from commercial sources and
used as received. Solvents (THF, DCM, toluene and Et,0)
were purified and dried over Braun solvent purification
system (MB-SPS-800) or dried by standard procedures
prior to use.** Analytical Thin Layer Chromatography
(TLC) was carried out on Merck silica gel60 F,s4. Products
were revealed by ultraviolet light (254 or 366 nm) and sta-
ined with dyeing reagents solutions as potassium perman-
ganate solution or p-anisaldehyde solution in ethanol
followed by gentle heating. Flash chromatography was
performed on Combiflash® Companion or with Merck
silica gel 60 (230-400 mesh). "H, '*C and '°F spectra were
recorded in CDCl; at ambient temperature on Bruker
Avance III 300 or 400 spectrometers operating at 300, 400
and 500 MHz respectively for "H. *C nuclei was observed
with 'H decoupling. Solvent residual signals were used as
internal standard.>> Chemical shifts (§) and coupling con-
stants (J) are given in ppm and Hz, respectively. The peaks
patterns are indicated as the following format multiplicity
(s: singlet; d: doublet; t: triplet; q: quartet; sept: septuplet;
m: multiplet; dd: doublet of doublet; dt: doublet of triplet;
dm: doublet of multiplet, etc.). The prefix br. indicates a
broadened signal and p. for a pseudo multiplicity. Melting
points (uncorrected) were determined with a Biichi Melt-
ing Point B-545. IR spectra were obtained using a Bruker
Alpha Platinium ATR. HRMS were recorded on SYNAPT
G2 HDMS (Waters) or on QStar Elite (Applied Biosystems
SGIEX) equipped with an Atmospheric Pressure



Ionization (API) source. Mass spectra were obtained using
a time-of-flight (TOF) analyzer. Preparative chiral HPLC
separations were performed on an Agilent 1260 Infinity
unit (pump G1311C, autosampler G1329B, DAD G1365D,
and fraction collector G1364C), monitored by Agilent
OpenLAB CDS Chemstation LC. Optical rotations were
measured on a Jasco P-2000 polarimeter with a sodium
lamp (589 nm), a halogen lamp (578, 546, 436, 405,
365, and 325 nm), in a 10-cm cell, thermostated at 25°C
with a Peltier controlled cell holder. Electronic circular
dichroism (ECD) and UV spectra were measured on a
JASCO J-815 spectrometer equipped with a JASCO Peltier
cell holder PTC-423 to maintain the temperature at 25.0
+ 0.2°C. A CD quartz cell of 1 mm of optical path length
was used. The CD spectrometer was purged with nitrogen
before recording each spectrum, which was baseline sub-
tracted. The baseline was always measured for the same
solvent and in the same cell as the samples. Acquisition
parameters: 0.1 nm as intervals, scanning speed 50 nm/
min, band width 2 nm, and 3 accumulations per sample.
The spectra are presented without smoothing and further
data processing. X-ray Diffraction: Intensity data were col-
lected on an Agilent SuperNova AtlasS2 diffractometer
using MoKa radiation (0.71073 A) at 293(2) K or D8 VEN-
TURE Bruker AXS diffractometer equipped with a (CMOS)
PHOTON 100 detector using MoKe radiation (0.71073 A)
at T =150 K. Data reduction was performed using the
CrysAlisPro software package (version 1.171.37.31) or
SHELXT program. The structures were resolved using the
software SHELXS-97 by the direct methods and refined
using SHELXL-2013-4. The CIF files of transition metal
complexes have been deposited with CCDC numbers
2094763 (5a), 2094764 (6a) and 2094765 ((R,)-(—)-7a).

2.1 | General procedure for the synthesis
of the NHC-palladium complexes 4a and 4c

A mixture of imidazolinium tetrafluoroborate 12 (2.3 mmol,
2.3 equiv.), [Pd (allyl)Cl], (1.0 mmol, 1.0 equiv.), K,CO3
(4.6 mmol, 4.6 equiv.) in acetone was stirred at 60°C for
24 h. Volatiles were removed in vacuo, and the crude prod-
uct was purified by silica gel column (PE/AcOEt = 9:1)
to afford the expected NHC-palladium complex.

2.1.1 | Chloro (allyl)[3-(2-isopropylphenyl)-
1-(2,6-diisopropylphenyl)-4,4-
dimethylimidazolidin-2-ylidene)] palladium
(IT) 4a

According to the general Procedure A, from imida-
zolinium tetrafluoroborate 12a (100 mg, 0.215 mmol, 2.3

equiv.), [Pd (allyl)Cl], (38 mg, 0.103 mmol, 1 equiv.), and
K,CO; (043 mmol, 4.6 equiv.) the expected NHC-
palladium complex 4a was isolated as white solid (108 mg,
90% yield). Mp = 201.0-203.8°C (decomposition). In
CDCl; (25°C) this complex exists as two isomers in a 2.3:1
ratio (unassigned). 'H NMR chemical shifts that differ
between two isomers will be denoted by (maj) and (min). *
H NMR (400 MHz, CDCL;) & = 7.84 (d, J[H,H] = 7.9 Hz,
0.24H, H* min), 7.57 (d, JJH,H] = 7.8 Hz, 0.68H, H""
maj), 7.32-7.22 (m, 3H, H"), 7.21-7.13 (m, 2H, H*),
7.12-7.06 (m, 1H, H"), 4.65 (sept, JJH,H] = 7 Hz, 0.7H,
H"™! maj), 4.51 (sept, JJH,H] = 7.4 Hz, 0.26H, H*™" min),
3.88 (d, JJH,H] = 10.4 Hz, 0.7H, H*" maj), 3.82-3.67 (m,
3H, CH, and CH [CHs],), 3.66-3.56 (m, 0.3H, H*®' min),
3.33-3.23 (m, 0.3H, CH [CHs], min), 3.22-3.09 (m, 1.75H,
CH [CHs], maj), 3.05 (d, JJHH] = 5.4 Hz, 0.7H, H*V!
maj), 2.94 (d, JJH,H] = 6.2 Hz, 0.3H, H*® min), 2.68-2.57
(m, 1H, H*®Y, 1.52 (m, 3H, CH3), 1.39-1.29 (m, 6H, CH,),
1.28-1.21 (m, 9H, CH;), 1.21-1.17 (m, 1H, H**Y, 1.17-1.12
(m, 6H, CH;). *C NMR (101 MHz, CDCL,) & = 213.6
(NCN min), 210.0 (NCN maj), 148.7 (C maj), 148.1
(C min), 148.0 (C maj), 147.7 (C min), 146.6 (C maj), 146.4
(C min), 136.3 (C maj), 136.0 (C min), 135.2 (C min), 134.2
(C maj), 133.9 (CH min), 133.4 (CH maj), 129.1 (CH min),
128.9 (CH maj), 126.2 (CH min), 126.0 (CH maj), 125.7
(CH min), 125.4 (CH maj), 124.7 (CH min), 124.6 (CH
maj), 123.7 (CH min), 123.6 (CH maj), 114.4 (CH maj),
114.2 (CH min), 73.2 (CH, maj), 72.1 (CH, min), 67.5 (C),
67.0 (CH, min), 66.9 (CH, maj), 50.0 (CH, min), 49.7 (CH,
maj), 31.6 (CHy), 29.2 (CH; maj), 28.4 (CH maj), 28.3 (CH
min), 28.2 (CH maj), 28.1 (CH min), 28.0 (CH min), 27.9
(CH maj), 26.9 (CHz maj), 26.6 (CH; min), 26.5 (CH; maj),
26.3 (CH; min), 25.7 (CHz maj), 25.5 (CH; min), 24.2 (CH;
min), 24.1 (CH; maj), 24.0 (CH; maj), 23.4 (CH; min), 23.2
(CH; maj), 22.6 (CH,), 14.1 (CHz maj). HRMS (ESI): m/z:
583.1886 calcd for: C,oH,CIN,PdNa® [M]"; found:
583.1890. IR (ATR): 3036, 2965, 2929, 2868, 1588, 1468,
1448, 1429, 1405, 1384, 1367, 1331, 1303, 1290, 1266, 1238,
1215, 1178, 1092, 1055, 1033, 1019, 1001, 974, 956,
931, 877, 863, 805, 786, 760, 730, 699, 647, 623, 600, 576,
535 cm . Chiral HPLC analysis: Lux-i-Amylose-3 column
with a UV and CD detector at A = 254 nm; flow rate 1 ml/
min; eluent: hexane/iPrOH/DCM 80:10:10; 1st enantio-
mer: Rt = 6.83 min and 2nd enantiomer: Rt = 9.47 min.

2.1.2 | Chloro (allyl)[3-(2-
benzhydrylphenyl)-1-(2,6-diisopropylphenyl)-
4,4-dimethylimidazolidin-2-ylidene)] palladium
(IT) 4c

According to the general Procedure A, from imida-
zolinium tetrafluoroborate 12¢ (100 mg, 0.17 mmol, 2.3



equiv.), [Pd (allyl)Cl], (30 mg, 0.08 mmol, 1 equiv.),
and K,CO; (47 mg, 0.34 mmol, 4.6 equiv.) the expected
NHC-palladium complex 4c was isolated as white solid
(90 mg, 82% yield). Mp = 216.0°C (decomposition). In
CDCl; (25°C) this complex exists as two isomers in a
2.6:1 ratio (unassigned). 'H NMR chemical shifts that
differ between two isomers will be denoted by (maj)
and (min). '"H NMR (400 MHz, CDCl;): & 8.00 (dd, J
[H,H] = 7.4, 2.0 Hz, 0.3H, H" min), 7.85 (dd, J[H,H]
=79, 1.5 Hz, 0.7H, H* maj), 7.38-7.27 (m, 7H, H*"),
7.23-7.12 (m, 7H, H*), 7.03 (dd, J[H,H] = 7.6, 1.9 Hz,
0.7H, H*, min), 6.97 (d, JJH,H] = 6.8 Hz, 1.4H, H",
maj), 6.24 (s, 0.3H, CH [Ph], min), 6.13 (s, 0.7H, CH
[Ph], maj), 4.81-4.64 (m, 0.7H, H*™' maj), 4.47-4.37
(m, 0.3H H*™ min), 4.06-3.93 (m, 1H, H*M), 3.63-3.53
(m, 2H, H" and CH,), 3.65-3.51 (m, 1H, CH.),
3.30-3.16 (m, 1H, H*"), 2.85-2.69 (m, 1.7H, CH [CH,
L), 2.54 (d, JAH,H) = 6.8 Hz, 0.3H CH (CH,), min),
1.69-1.63 (m, 3H, CH,), 1.54 (s, 4H, CH;), 1.43 (dd, J
(H,H) = 6.7, 1.6 Hz, 4H, CH (CH;), maj), 1.41-1.37 (m,
1.7H, CH (CHs), min), 1.33-1.28 (m, 4.3H, CH,),
1.28-1.26 (m, 1H, H*®", 1.23-1.13 (m, 4.3H, CH3), 0.78
(s, 0.8H, CH; min), 0.54 (s, 2H, CH; maj). >*C NMR
(101 MHz, CDCLs): & = 212.4 (NCN min), 209.8 (NCN
maj), 148.8 (C maj), 148.3 (C min), 146.1 (C maj),
145.8 (C min), 144.7 (C maj), 1442 (C min), 143.1
(C min), 142.6 (C maj), 142.5 (C maj), 142.4 (C, min),
137.7 (C min), 137.1 (C maj), 136.5 (C maj), 136.1 (C,
min), 133.3 (CH), 132.8 (CH), 131.8 (CH), 131.7 (CH),
129.9 (CH), 129.8 (CH), 129.5 (CH), 129.2 (CH), 129.0
(CH), 128.5 (CH), 128.3 (CH), 128.2 (CH), 128.11 (CH),
128.08 (CH), 127.8 (CH), 126.7 (CH), 126.6 (CH), 126.5
(CH), 126.3 (CH), 126.2 (CH), 124.8 (CH), 124.7 (CH),
123.7 (CH), 123.5 (CH), 115.2 (CH), 114.7 (CH), 74.1
(CH, maj), 72.1 (CH, min), 68.4 (C min), 63.2 (C maj),
67.0 (CH, min), 66.8 (CH, maj), 50.4 (CH min), 50.2
(CH maj), 49.8 (CH, min), 49.15 (CH, maj), 31.6 (CH,
maj), 29.8 (CH; maj), 29.4 (CHz min), 28.4 (CH maj),
28.3 (CH min), 28.1 (CH maj), 27.1 (CH; maj), 26.9
(CH; min), 26.4 (CH; maj), 25.4 (CH; min), 25.0 (CH;
maj), 23.9 (CH; maj), 23.8 (CH; min), 23.3 (CH; maj),
22.6 (CH,), 14.1 (CH;). HRMS (ESI): m/z 705.2210
calcd for: CioH4sCIN,PdNat [M]"; found: 705.2206. IR
(ATR): 2963, 2925, 2864, 1596, 1493, 1476, 1463, 1445,
1425, 1397, 1384, 1369, 1327, 1301, 1257, 1215, 1172,
1097, 1076, 1054, 1039, 1021, 1002, 933, 897, 871, 847,
815, 782, 769, 761, 753, 740, 706, 647, 620, 601, 544,
517 cm '. Chiral HPLC analysis: Chiralpak IG column
with a UV and CD detector at A= 254 nm; flow
rate 1 ml/min; eluent: heptane/iPrOH/DCM 70:10:20;
1st enantiomer: Rt =4.71 min and 2nd enantiomer:
Rt = 6.04 min.

2.1.3 | (1-(2,6-Diisopropylphenyl)-3-(2-
isopropylphenyl)-4,4-dimethylimidazolidin-
2-ylidene)copper(I) chloride 5a

1-(2,6-Diisopropylphenyl)-3-(2-isopropylphenyl)-4,4-
dimethylimidazolidinium tetrafluoroborate 12a (470 mg,
1 mmol) was suspended in MeOH (20 ml). Dowex-22 Cl
(1.1 g) were added in the mixture and the reaction was
stirred at 25°C for 24 h. The solvent was removed under
vacuum. The residue was dissolved in dichloromethane
(20 ml), dried by Na,SO, and filtered. The solvent was
removed under vacuum to give the imidazolinium
chloride which is directly used without further purifica-
tion. A mixture of 1-(2,6-diisopropylphenyl)-3-(2-iso-
propylphenyl)-4,4-dimethylimidazolidinium chloride
(200 mg, 0.5 mmol), CuCl (53 mg, 0.55 mmol, 1.1 equiv.),
K,COs (135 mg, 1 mmol, 2.0 equiv.) in acetone (10 ml)
was stirred at 60°C for 20 h. The reaction mixture was fil-
tered through a Celite® pad and the solvent was removed
under vacuum. The crude product was triturated with pen-
tane (5 ml) and the brown solid was filtrated off to give the
NHC-copper complex. (109 mg, 47% yield). Rf = 0.50
(EP/Et,0 1:1). Mp = 214.7-216.0°C. '"H NMR (300 MHz
CDCL,) & = 7.46-7.37 (m, 3H, H™), 7.28-7.23 (m, 6H, H*"
), 3.79 (s, 2H, CH,), 3.26 (sept, J(H,H) = 6.9 Hz, 1H, CH
(CHs),), 3.13 (sept, J(H,H) = 6.9 Hz, 1H, CH (CHs),), 3.08
(sept, J(H,H) = 6.9 Hz, 1H, CH (CH,),), 1.60 (s, 3H, C
(CH3),), 1.40 (dd, J(H,H) = 6.8 and 4.7 Hz, 6H, CH (CH;
),), 1.38-1.32 (m, 16H, CH (CHs), and C (CH,),). *C
NMR (75 MHz, CDCL) & =202.1 (C), 148.2 (C), 146.7
(O), 146.7 (C), 134.6 (C), 134.1 (C), 130.4 (CH), 129.72
(CH), 129.68 (CH), 127.3 (CH), 126.5 (CH), 124.6 (CH),
124.5 (CH), 67.2 (C), 66.9 (CH,), 29.1 (CHs), 28.8 (CH),
28.5 (CH), 28.4 (CH), 26.3 (CH3), 26.2 (CH;), 25.4 (CH.),
25.1 (CH,), 24.3 (CH;), 23.9 (CH,), 234 (CH;). HRMS
(ESI): m/z: 497.1755 caled for: C,¢H;6CICuN,Na® [M
+ Na]™: found 497.1754. IR (ATR): 2957, 2,928, 2,866,
1,481, 1,469, 1,449, 1,414, 1,385, 1,368, 1,330, 1,312, 1,291,
1,265, 1,255; 1,216, 1,173, 1,093, 1,055, 1,031, 935, 869,
810, 786, 767, 760, 739, 649, 613; 600, 534 cm '. Chiral
HPLC analysis: Chiralpak IG column with a UV and CD
detector at A = 254 nm; flow rate 1 ml/min; eluent: hep-
tane/EtOH/DCM 80:10:10; 1st enantiomer: Rt = 5.93 min
and 2nd enantiomer: Rt = 7.01 min.

214 | 3-(2-Benzhydrylphenyl)-1-(2,6-
diisopropylphenyl)-4,4-dimethylimidazolidin-
2-ylidene)copper(I) chloride 5¢

A mixture of 3-(2-benzhydrylphenyl)-1-(2,6-diiso-
propylphenyl)-4,4-dimethyl-4,5-dihydro-1H-imidazol-3-



ium chloride 12¢’ (234 mg, 0.44 mmol), CuCl (48 mg,
0.48 mmol, 1.1 equiv.), K,CO; (120 mg, 0.9 mmol, 2.0
equiv.) in acetone (5 ml) was stirred at 60°C for 20 h.
The reaction mixture was filtered through a Celite® pad
and the solvent was removed under vacuum. The crude
product was triturated with pentane (5 ml) and the
brown solid was filtrated off to give the NHC-copper
complex. (87 mg, 33% yield). Rf =044 (EP/Et,0 1:1).
Mp = 270.0°C (decomposition). "H NMR (300 MHz CDCl,
) & = 7.38-7.30 (m, 5H, H™), 7.26-7.14 (m, 12H, H*), 6.10
(s, 1H, CHPh,), 3.62 (d, JUH,H) = 1.6 Hz, 2H, CH,), 3.20
(sept, J(H,H) = 6.8 Hz, 1H, CH (CH3),), 3.04 (sept, J(H,H)
= 6.6 Hz, 1H, CH (CHs),), 1.58 (s, 3H, C (CH,),), 1.39-1.28
(m, 12H, CH (CHs),), 0.84 (s, 3H, C (CHs),). '*C NMR
(75 MHz, CDCL,) & = 146.6 (C), 146.4 (C), 143.5 (C), 142.8
(C), 142.5 (C), 136.4 (C), 134.6 (C), 132.7 (CH), 131.1 (CH),
129.8 (CH), 129.7 (CH), 129.6 (CH), 129.1 (CH), 128.7 (CH),
128.6 (CH), 127.5 (CH), 126.7 (CH), 126.6 (CH), 124.8 (CH),
124.4 (CH), 68.1 (C), 67.0 (CH,), 50.6 (CH), 29.3 (CH.), 28.7
(CH), 28.6 (CH), 26.0 (CHs), 25.4 (CHs), 25.1 (CHs), 24.7
(CHs), 23.8 (CH3). HRMS (ESI): m/z: 621.2068 calcd for:
C3¢H4oCICuN,Na™ [M + Na]™: found 621.2075. IR (ATR):
2961, 2925, 2865, 1685, 1597, 1480, 1468, 1447, 1405, 1386,
1368, 1332, 1315, 1292, 1259, 1242, 1218, 1178, 1096, 1078,
1056, 1028, 806, 763, 751, 733, 700, 618, 603, 590, 541 cm ™~ ".
Chiral HPLC analysis: Chiralpak IH column with a UV
and CD detector at A = 254 nm; flow rate 1 ml/min; eluent:
heptane/iPrOH/DCM 90:5:5; 1st enantiomer: Rt = 6.74 min
and 2nd enantiomer: Rt = 9.51 min.

2.1.5 | (1-(2,6-Diisopropylphenyl)-3-(2,6-
diisopropylphenyl)-4,4-dimethylimidazolidin-
2-ylidene)silver(I) chloride 6a

1-(2,6-Diisopropylphenyl)-3-(2-isopropylphenyl)-4,4-

dimethylimidazolidinium chloride 12a’ (1 equiv, 100 mg,
0.24 mmol) was suspended in 3 ml of CH;CN (dried over
4-A molecular sieves), then Ag,0O (5 equiv, 280 mg,
1.32 mmol) was added and the reaction mixture was
stirred at 60°C for 1 h. After filtration on Celite® pad and
removing the solvent, a yellow precipitate was obtained
and then purified by silica gel chromatography with
DCM as eluent. The title NHC-silver complex was
obtained as a yellow solid (85mg, 68% yield).
Mp = 156°C (decomposition). "H NMR (400 MHz, CDCl,
): 8 =7.38-7.29 (m, 3H, H*"), 7.21-7.12 (m, 4H, H*"),
3.74 (s, 2H, CH,), 3.21-3.09 (m, 1H, CH (CH,),), 3.13-
2.99 (m, 1 H, CH (CH,),), 3.00-2.89 (m, 1H, CH (CHa),),
1.53 (s, 3H, CH3), 1.38-1.20 (m, 21H, CH; and CH (CH3),
). *C NMR (101 MHz, CDCl3): & = 206.9 (d, J'['®Ag-"3
C] = 258.7 Hz, NCN), 206.9 (d, J'['*’Ag-'3C] = 223.7 Hz,
NCN), 148.1 (C), 146.6 (C), 146.6 (C), 134.7 (C), 134.3 (C),

130.3 (CH), 129.9 (CH), 129.9 (CH), 127.5 (CH), 126.6
(CH), 124.8 (CH), 124.6 (CH), 67.38 (d, J['®Ag"
C] =80.9 Hz, CH,), 67.38 (d, J°['*“’Ag-"*C] = 64.5 Hz,
CH,). 29.2 (CHs), 28.7 (CH), 28.5 (CH), 28.4 (CH), 26.4
(CH3), 26.3 (CH3), 25.4 (CH3), 25.1 (CH3), 24.4 (CH,),
24.0 (CH,), 23.4 (CH;). HRMS (ESI): m/z: 520.1615 calcd
for: C,sH36AgCIN," [M*]; found: 520.1610. IR (ATR):
3067, 2961, 2925, 2867, 1718, 1677, 1590, 1483, 1451,
1416, 1385, 1366, 1330, 1309, 1291, 1266, 1240, 1216,
1176, 1091, 1055, 1033, 975, 956, 934, 862, 806, 785,
760, 737, 648, 599, 574, 532 cm ™!, Chiral HPLC analysis:
Chiralpak IG column with a UV and CD detector at
A =254nm; flow rate 1 ml/min; eluent: heptane/
ethanol/dichloromethane (80/10/10); 1st enantiomer:
Rt = 7.55 min and 2nd enantiomer: Rt = 8.83 min.

2.1.6 | 1-(2,6-Diisopropylphenyl)-3-(2,6-
diisopropylphenyl)-4,4-dimethylimidazolidin-
2-ylidene)gold(I) chloride 7a

A mixture of  1-(2,6-diisopropylphenyl)-3-(2-iso-
propylphenyl)-4,4-dimethylimidazolidinium chloride
12a’ (90 mg, 0.22 mmol), [Au (DMS)CI] (64 mg,
0.22 mmol, 1 equiv.), K,CO3 (30 mg, 0.22 mmol, 1 equiv.)
in acetone (3 ml) was stirred at 60°C for 24 h. The reac-
tion mixture was filtered through a Celite® pad and the
solvent was removed under vacuum. The crude product
was purified by silica gel chromatography with DCM to
give the NHC-gold complex as white solid. (108 mg, 81%
yield). Mp = 230.9-232.0°C. '"H NMR (400 MHz, CDCl,)
§ = 7.47-7.43 (m, 2H, H"), 7.40 (t, J(H,H) = 7.8 Hz, 1H,
H*"), 7.27-7.23 (m, 3H, H*), 7.22 (q, J(H,H) = 1.5 Hz,
1H, H") 3.78 (s, 2H, CH,), 3.28-3.09 (m, 2H, CH (CHa)),
3.02 (sept, J(H,H) = 6.9 Hz, 1H, CH (CH3),), 1.61 (s, 3H,
CH,), 1.51-1.42 (m, 6H, CH (CH,),), 1.42-1.36 (m, 6H,
CH (CH;),), 1.36-1.30 (m, 9H, CH (CH,), and CH3). *C
NMR (101 MHz, CDCl;) & = 194.7 (NCN), 148.3 (C),
146.7 (C), 146.6 (C), 134.3 (C), 133.7 (C), 130.4 (CH),
129.9 (CH), 129.9 (CH), 127.3 (CH), 126.5 (CH), 124.7
(CH), 124.5 (CH), 67.0 (C), 66.8 (CH,), 29.0 (CH3), 28.8
(CH,), 28.6 (CH), 28.5 (CH), 26.3 (CH), 26.0 (CH,), 25.1
(CH,), 24.9 (CH;), 24.5 (CH;), 24.0 (CH;), 23.4 (CH,).
HRMS (ESI): m/z: 631.2125 caled for: C,gH36CIN,AuNa™
[M + Na]™; found: 631.2124.IR (ATR): 3048, 2962, 2927,
2868, 1590, 1488, 1461, 1426, 1386, 1368, 1335, 1317,
1293, 1267, 1242, 1218, 1177, 1092, 1055, 1033, 979, 935,
892, 868, 806, 789, 760, 732, 670, 650, 633, 600,
575, 533 cm™'. Chiral HPLC analysis: Lux-i-Amylose-3
column with a UV and CD detector at A = 254 nm; flow
rate 1 ml/min; eluent: heptane/ethanol/dichloromethane
(80/10/10); 1st enantiomer: Rt = 5.74 min and 2nd enan-
tiomer: Rt = 6.36 min.



2.1.7 | Chloro (dmba)[3-(2-
benzhydrylphenyl)-1-(2,6-diisopropylphenyl)-
4,4-dimethylimidazolidin-2-ylidene)] palladium
(1) 15¢

In a 10-ml Schlenk tube, PdCl, (48 mg, 0.16 mmol,
1 equiv.) and 250 mg of 4-A molecular sieves were
charged as well as 3ml of dry CH;CN. Then, dim-
ethylbenzylamine (26 pl, 0.17 mmol, 1.05 equiv.) was
added and the reaction mixture was stirred at 80°C for
30 minutes. Cs,CO; (138.5 mg, 0.43 mmol, 2.5 equiv.)
was added and the stirring was prolonged for 30 min at
80°C. Imidazolinium tetrafluoroborate 12c¢ (100 mg,
0.17 mmol, 1.05 equiv.) was added and reaction mixture
was heated at 80°C for 16 h. The reaction mixture was
cooled to room temperature, filtered through a short
Celite® pad and volatiles were removed. Purification by
silica gel chromatography (PE/EtOAc = 8:2) gave the
expected NHC-palladacycle 15¢ as white solid (55 mg,
44% vyield). Mp = 141.1-142.8°C. In CDCl; (25°C) this
complex exists as two isomers in a 7.5:1 ratio
(unassigned). 'H NMR chemical shifts that differ
between two isomers will be denoted by (maj) and (min).
'H NMR (500 MHz, CDCl;) & = 8.00 (dd, J(H,H) = 8.1,
1.4 Hz, 0.12H, HY min), 7.60-7.56 (m, 0.12H, H*" min),
7.52-7.42 (m, 4H, H*"), 7.38-7.29 (m, 6H, H*"), 7.27-7.19
(m, 4H, H*"), 7.18-7.12 (m, 3H, H*"), 7.12-7.02 (m, 2H,
H"), 6.98-6.84 (m, 4H, H""), 6.83-6.77 (m, 1.4H, H""),
6.75-6.70 (m, 0.24H, H*" min), 6.54 (d, J(H,H) = 8.0 Hz,
0.24H, H* min), 6.37 (s, 0.12H, H* min), 4.13-4.05
(m, 0.16H, CH (CHs), min), 4.03-3.90 (m, 2H, CH (CH),

and CH,®*k*°"¢ i) 3.86 (d, J(H,H)=10.3 Hz,
1H, CH,>™™" maj), 3.82 (d, J(H,H) = 10.3 Hz, 0.17H,
CH,™™" min), 3.74-3.62 (m, 0.31H, CH,®°n¢ yin),
3.49-3.38 (m, 2H, CH (CHj), and CH,P*k*on¢ y45),
3.33 (d, J(H,H) = 13.6 Hz, 0.16H, CH,*®' min), 3.23
(d, JH,H) = 13.6 Hz, 1H, CH,"™™! maj), 2.59 (s, 3H,
N (CH3), maj), 2.48 (s, 0.4H, N (CH;), min), 2.34 (s, 0.4H,
N (CH3), min), 2.27 (s, 3H, N (CH3), maj), 1.75 (d, J
(H,H) = 6.4 Hz, 3H, CH (CHs), maj), 1.68 (s, 3H, CH;
maj), 1.60 (d, J(H,H) = 6.5 Hz, 0.4H, CH (CHs), min),
1.52 (s, 0.4H, CH; min), 1.37 (s, 0.4H, CH; min), 1.20 (d, J
(H,H) = 6.8 Hz, 3H, CH (CH;), maj), 1.17 (d, J(H,H)
=7.0Hz, 0.6H, CH (CHs), min), 114 (d, J(HH)
= 6.9 Hz, 3H, CH (CH;), maj), 0.90 (d, J(H,H) = 6.6 Hz,
3.8H, CH (CH,),), 0.71 (d, J(H,H) = 6.6 Hz, 0.3H, CH
(CH3;), min), 0.67 (s, 0.3H, CH; min), 0.20 (s, 3H, CH;
maj). *C APT NMR (126 MHz, CDCl;) § = 200.2 (NCN),
150.8 (C), 148.0 (C), 147.8 (C), 146.3 (C), 146.1 (C), 144.9
(0), 1429 (0), 137.9 (C), 136.9 (C), 136.4 (CH), 133.0
(CH), 130.9 (CH), 130.6 (CH), 130.0 (CH), 129.9 (CH),
129.8 (CH), 129.0 (CH), 128.6 (CH), 128.2 (CH), 127.5
(CH), 127.4 (CH), 127.1 (CH), 126.5 (CH), 125.6 (CH),

125.3 (CH), 124.5 (CH), 124.4 (CH), 123.6 (CH), 123.2
(CH), 121.7 (CH), 72.3 (CH,), 67.6 (CH.), 66.9 (CH.), 50.8
(CH), 49.6 (CH3), 49.5 (CH3), 29.4 (CH3), 28.1 (CH), 27.1
(CH), 26.5 (CH3), 25.6 (CH3), 24.0 (CH;), 22.8 (CHj).
HRMS (ESI): m/z: 798.2790 calcd for: C45Hs,CINsPdNa™
[M + Na]™; found: 798.2801. IR (ATR): 3059, 2966, 2924,
2869, 1736, 1598, 1582, 1493, 1464, 1443, 1422, 1385,
1369, 1330, 1310, 1266, 1216, 1175, 1100, 1077, 1047,
1027, 996, 975, 931, 888, 866, 849, 802, 781, 757, 731,
702, 657, 645, 607, 545, 525 cm™'. Chiral HPLC analysis:
Chiralpak IG column with a UV and CD detector at
A = 254 nm; flow rate 1 ml/min; eluent: heptane/EtOH/
DCM 90:5:5; 1st enantiomer: Rt =4.83 min and 2nd
enantiomer: Rt = 6.19 min.

2.1.8 | Chloro(1,5-cyclooctadiene)|3-(2-
benzhydrylphenyl)-1-(2,6-diisopropylphenyl)-
4,4-dimethylimidazolidin-2-ylidene)] palladium
(I1) 16¢

A mixture of chloro(1,5-cyclooctadiene)rhodium(I)
dimer (40 mg, 0.08 mmol, 1.1 equiv), imidazolinium tet-
rafluoroborate 12¢ (100 mg, 0.17 mmol, 2.3 equiv.) and
K,CO; (47 mg, 0.34 mmol, 4.6 equiv.) in acetone was
stirred at 60°C for 20 h. The reaction mixture was cooled
to room temperature, filtered through a Celite® pad and
volatiles were removed in vacuo. After purification by sil-
ica gel chromatography (PE/DCM 1:1), the title rhodium
complex was obtained as a yellow crystalline powder
(102 mg, 85%). Mp = 112.7-115.0°C (decomposition). In
CDCl; (25°C) the complex exists as two isomers in a 5.7:1
ratio (unassigned). "H NMR chemical shifts that differ
between two isomers will be denoted by (maj) and (min).
'H NMR (500 MHz, CDCl;) § = 8.53 (d, J(H,H) = 7.9 Hz,
0.8H, H*" maj), 7.62 (d, J(H,H) = 7.4 Hz, 0.2H, H*" min),
7.50-7.34 (m, 5H, H"), 7.33-7.17 (m, 9H, H"), 7.13 (d, J
(H,H) =74 Hz, 1.8H, HY maj), 7.01 (d, J(HH)
= 7.8 Hz, 0.2H, H"" min), 5.83 (s, 1H, CHPh.), 4.80-4.69
(m, 0.25H, CH=CH"°" min), 4.61 (m, 1.65H, CH=CH"°"
maj), 4.33 (sept, J(H,H) = 6.8 Hz, 0.85H, COD maj), 4.03
(sept, J(H,H) = 6.7 Hz, 0.15H, COD min), 3.65 (d, J(H,H)
= 10.0 Hz, 1H, CH,****°"®) 3 56 (s, 0.3H, COD min), 3.40
(d, J(H,H) = 10.1 Hz, 1H, CH,°*"°"¢) 3 29-321 (m, 1H,
COD), 3.11-2.95 (m, 1.85H, CH (CHs), maj), 2.23-2.15 (m,
0.15H, CH (CHs), min), 1.89-1.76 (m, 1H, COD), 1.60 (s,
4H, CH3), 1.55 (d, J(H,H) = 6.6 Hz, 3H, CH (CHy),), 1.44—
1.25 (m, 11H, CH (CHs), and COD), 1.21 (d, J(H,H)
= 6.8 Hz, 0.4H, CH (CH,), min), 1.17 (d, JH,H) = 6.9 Hz,
2.4H, CH (CH;), maj), 1.15-1.07 (m, 2H, COD), 0.67 (s,
0.3H, CH; min), 0.54 (s, 2.5H, CH; maj). 1*C APT NMR
(126 MHz, CDCl;) & = 216.3 (d, J'['®*Rh-13C] = 47.9 Hz,
NCN), 149.8 (C), 149.7 (C), 146.9 (C), 146.2 (C), 146.0 (C),



145.1 (C), 144.4 (C), 144.2 (C), 143.8 (C), 142.0 (C), 139.0
(0), 138.2 (0), 136.8 (C), 136.6 (C), 135.9 (C), 134.3 (CH),
133.8 (CH), 1314 (CH), 131.0 (CH), 130.5 (CH), 130.0
(CH), 129.8 (CH), 129.2 (CH), 128.5 (CH), 128.3 (CH),
128.2 (CH), 1279 (CH), 127.2 (CH), 126.8 (CH), 126.7
(CH), 126.5 (CH), 126.2 (CH), 125.6 (CH), 125.6 (CH),
125.3 (CH), 125.0 (CH), 123.6 (CH), 123.2 (CH), 97.3 (CH,
), 97.3 (CH,), 97.0 (CH,), 96.9 (CH.,), 68.5 (CH.,), 68.4 (CH,
), 67.9 (C), 67.1 (C), 66.1 (CH,), 66.0 (CH,), 51.1 (CH,),
49.7 (CH,), 32.9 (CH,), 31.8 (CHs), 31.7 (CHs), 28.9(CH),
28.8 (CHs), 28.4 (CH), 28.2 (CH), 27.7 (CH), 27.5 (CHa),
26.6 (CH), 24.5 (CH), 24.3 (CH), 23.3 (CH), 22.8 (CHa),
14.3 (CH). HRMS (ESI): m/z: 769.2766 calcd for: C4uHs,
CIN,RhNa™ [M + Na]™; found: 769.2771. IR (ATR): 3060,
3026, 2964, 2932, 2873, 2828, 1598, 1493, 1467, 1444, 1412,
1383, 1368, 1327, 1299, 1279, 1265, 1239, 1214, 1199, 1173,
1113, 1095, 1078, 1055, 1033, 993, 972, 957, 932, 887, 868,
805, 781, 758, 731, 700, 641, 620, 605, 544 cm ' Chiral
HPLC analysis: Chiralpak ID column with a UV detector
at A = 220 nm and CD detector at A = 254 nm; flow rate

1 ml/min; eluent: heptane/EtOH/DCM 80:10:10; 1st
enantiomer: Rt=556min and 2nd enantiomer:
Rt = 6.33 min.

3 | RESULTS AND DISCUSSION

3.1 | Theoretical calculations

We commenced our study with Density Functional
Theory (DFT) calculations in order to anticipate the
configurational stability of complexes bearing the satu-
rated NHC possessing a gem dimethyl pattern. Whereas
the rotational barrier value should be higher than
93 kI-mol ; (t;»>1000s at 25°C) to observe
atropisomers, we targeted enantiomerization barriers
(AG™) above 110 kJ-mol ! (t,, > 12 days at 25°C), in
order to get enantiomers of metal complexes that could
be separated by chiral HPLC in preparative scale. The
results of DFT calculations have been gathered in
Figure 3; rotations on the backbone side are noted AG”™
sB) (red arrow) and rotations on the metal side are noted
AG’E(M) (M = Pd, Cu, Ag, Au) (blue arrow). Palladium
and gold complexes 4a and 7a should present the
expected configurational stability even if the direction of
the most favorable rotation could not be unequivocally
assigned because the values of AG;ﬁ(M) and AG¢(BB) were
of the same magnitude. Of note, for palladium complex
4a, two configurations of minimal energy were calcu-
lated. These configurations that differ from the allyl
orientation were close in energy (4 kJ-mol '); the lowest
minimum has been selected for the rotational barrier
calculation. With copper(I) and silver(I), complexes 5a
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FIGURE 3 Determination of the rotational barrier values by
DFT calculations (BB = backbone)

and 6a, configuration stabilities should be significantly
reduced and even if the observation of enantiomers by
chiral HPLC analysis was expected, the isolation of
enantiopure complexes by cHPLC in a preparative scale
might be troublesome. Theoretical calculations suggested
that the more favorable rotation would take place on
the metal side as it was concluded from our previous
studies.*>**

3.2 | Imidazolinium synthesis
Targeted imidazolinium salts, precursors of NHC
ligands with a saturated backbone, were prepared
according to the synthetic route reported by Grubbs.*®
Amide 8, prepared from a-bromoisobutyryl bromide and
2,6-diisopropylaniline, was treated with several anilines
in the presence of NaH to afford the expected 9a
(Table 1). Whereas, the substitution reaction was quanti-
tative with 2-isopropylaniline (Entry 1), yields were lower
with more sterically demanding anilines (Entries 2-5)
and required prolonged reaction times (Entries 4 and 5).
With bulky 2-tertiobutylaniline, the by-product 10,
resulting from an elimination reaction, was isolated
(Entry 2). The formation of this by-product was also
observed in minute amounts with benzhydryl-containing
anilines (Entries 3-5).

The reduction of amides 9 into diamines was found
demanding and could be only achieved with borane THF
complex at 60°C and prolonged reaction times (Table 2).



TABLE 1 Synthesis of amides 9

Me 0O jPr,
e
. Ar—NH HN
- Me o pr ArNH, (1equiv.) !
NaH (2 iv. . 1
s/ HN aH (2 equiv.) 9a-e jPr
. THF, 25 °C, 24 h o iPr
8 iPr
HN
10 Pr
Entry Ar 9 (yield) 10 (yield)
1 QTL 9a (99%) —
iPr
2 Q_§ 9b (53%) 10 (17%)
tBu
3 9c (64%) 10 (traces)
Ph
Ph
4% F 9d (90%) 10 (traces)
Me
Ph
Ph
5° Me 9e (72%) 10 (traces)
Me
Ph
Ph

*Reaction time: 96 h.
PReaction time: 48 h.

Whereas diamines 11a and 11c were isolated in satisfac-
tory yields (Entries 1 and 3), amides containing the bulki-
est aryl substituents reacted hardly at all because some
starting material was remaining after few days of reac-
tion. Unfortunately, no desired product formation was
observed, but only degradation products that included
alkene 10 (Entries 2 and 4). Diamine 11e was isolated but
in low quantities which were insufficient to follow on the
synthesis (Entry 5).

The treatment of diamines 9a and 9c¢ with ammo-
nium tetrafluoroborate in triethyl orthoformate at 120°C
gave the expected imidazolinium 12 as tetrafluoroborate
salts with good to excellent yields (Scheme 1).

TABLE 2 Reduction of amides 9

Me o iPr, Me  jPr
BHgTHF (6 oquiv.) Me~
Ar—NH HN Ar—NH HN
THF 60 °C, Time
iPr
9a-e 11a-e
Entry Ar Time (h) 11 (yield)
1 @ 48 11a (66%)
2 Q_§ 72 degradation
3 9 11c (78%)
Ph
PH
4 F 96 degradation
Me
Ph
Ph
5 Me 96 11e (9%)
Me p M Me
Me iPr eﬂ_ iPr
NH4BF4 (1.2 equiv.) N N
NH HN > N
HC(OEt)3, 120 °C,
R P 18-36 h R pr
R R BF46
11a, 11c 12a (R = Me) - 93%
12c (R = Ph) - 69%
SCHEME 1 Synthesis of imidazolinium salts 12
3.3 | Palladium complexes preparation,

resolution by cHPLC, and characterization

With these two imidazolinium salts in hand, we under-
took the synthesis of the corresponding palladium allyl
complexes by treating 12a and 12c with [Pd (allyl)Cl],
and K,CO; in acetone (Scheme 2). Both complexes 4a



Me
Me Me
Mej_\ iPr [Pd(allyl)Cl],, iPr
NoN K,CO; (4.8 equiv.), N N\Q
) R, i
R acetogi,r?o °C, R oy
iPr ,
R 8F,© W e
12a, 12¢ 4a (R = Me)-90%
4c (R =Ph)-82%
SCHEME 2 Preparation of chiral NHC-palladium complexes 4

and 4c were isolated in very good yield after silica gel
chromatography. "H NMR spectroscopy showed the pres-
ence of two isomers in solution with a ratio ca. 70:30 for
both complexes (For details, see supporting information).
This observation was anticipated by theoretical calcula-
tions, for which two possible orientations have been iden-
tified for the allyl ligand. The low difference of energy
between these two isomers (4 kJ-mol™") led theoretically
to a ratio of 83:17 at 25°C.

To our delight, both enantiomers of complexes 4a and
4c could be separated by chiral HPLC using Chiralpak IG
and Lux-i-Amylose-3 columns (Figure 4). The resolution
of these palladium complexes in preparative scale was

6.827
9.466

UV 254 nm J

CD 254 nm

Polarimeter
1 T T T T ]
0 2 4 6 8 10 12
minutes
FIGURE 4 Separation of enantiomers of palladium complex

4a on lux-i-Amylose-3 column; hexane/isopropanol/
dichloromethane 80:10:10, 1 ml/min, 25°C; top (black) UV detector
at 254 nm; middle (red) CD detector at 254 nm; bottom (green)
polarimeter

carried out with a 1-cm diameter Chiralpak IG column
(For details, see supporting information). From 100 mg of
4a, 44 mg of the first eluted enantiomer and 45 mg of the
second eluted enantiomers were obtained with excellent
enantiopurities (>99% ee). From 57 mg of complex 4c,
first and second eluted enantiomers were isolated
enantiomerically pure (>99.5% ee) in 19- and 17-mg
quantities, respectively. With good to excellent resolution
yields (63% for 4c and 89% for 4a), resolution by cHPLC
in preparative scale proved to be an efficient process to
obtain enantiomers with excellent enantiopurities.
Because we have planned to study the performances of
complexes 4 in asymmetric catalysis, the determination of
their absolute configuration was investigated. Unfortu-
nately, attempts to grow suitable crystals for DRX failed.
ECD spectra were recorded, and theoretical spectra were
calculated by DFT and Time-Dependent Density Func-
tional Theory (TD-DFT) taking into account both con-
formers resulting from the allyl orientation (For details,
see supporting information). A good correlation between
experimental and calculated UV and ECD spectra was
observed, which allowed to determine the absolute config-
uration of the second eluted enantiomers on ChiralPak IG
as (Ry)-(+)-4a and (R,)-(+)-4c (Figure 5). Of note, DFT
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} —— Experimental UV
—— Oscillator strength
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— - = Calculated for (aR)-enantiomer
—— Experimental second eluted
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FIGURE 5 Comparison of UV (top) and electronic circular
dichroism (ECD) (bottom) experimental spectra in acetonitrile for
the second eluted enantiomer of 4c on Chiralpak IG and TD-DFT
calculated spectra (o = 0.39 eV, shifted by 4 nm). Vertical bars are
oscillator and rotational strengths calculated for the two
conformers with arbitrary units



and TD-DFT calculations were performed on complex 3a,
and the absolute configuration deduced was identical to
the one determined by X-ray diffraction (XRD).**

The configurational stability of these palladium
complexes has been studied by following the decay of enan-
tiomeric excesses over time at 78°C in ethanol and thus
enabled to determine the values of the rotational barriers
(For details, see supporting information). Complex 4c con-
taining the benzhydryl substituent (AG™ = 117.9 kJ-mol *
; ti2 = 4.6 h at 78°C) exhibited a slightly higher configura-
tional stability than 4a (AG™ =1114kJmol™"; &,

= 29 min at 78°C). Of note, the rotational barrier value of

4a was substantially lower than the calculated value (AG™
@) = 125.5 kJ-mol!). Compared with complex 3a con-
taining a dimethyl substituted unsaturated backbone (AG™
=131.5kI-mol™; t;, = 1 h at 132°C), the value of the
rotational barrier of 4a was found lower by ca. 20 kJ-mol !,
highlighting that the nature of the NHC backbone (satu-
rated vs. unsaturated) significantly impacts its geometry
and consequently the enantiomerization barriers.

3.4 | Palladium-catalyzed asymmetric
intramolecular a-arylation of amides

Complexes 4a and 4c were tested in asymmetric catalysis
for the intramolecular a-arylation of amide 13, which
represents a benchmark substrate to evaluate the effi-
ciency of palladium complexes bearing monodentate chi-
ral NHC ligand.?’° Using the reaction conditions that
have been optimized for palladium complexes 3 bearing
C,-symmetric NHC ligands,” a substantial decrease in
reaction yields compared with complex 3a was observed
(63%-69% vs. 91%) suggesting a lower catalytic activity
of palladium complexes bearing a saturated NHC
4 (Scheme 3). However, complexes 4a and 3a gave
oxindole 14 with identical optical purities (46%-47% ee)
indicating that the nature of the NHC backbone does not

Br i Me
o [Pd] (5 mol%)
ph — o
N tBuOK (1.5 equiv.) N

l\'/Ie Me

DMF, 40 °C, 20 h Me
13 14
Me
W e \\ “ 5 \\ ¢
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69%, 47% ee (R) 63%, 64% ee (S) : 91%, 46% ee (S)
SCHEME 3 Intramolecular a-arylation of amide 13 with

NHC-palladium complexes 4

influence the ability of palladium complexes to induce
enantioselectivity. The nature of the substituents decorat-
ing the N-aryl groups had a more pronounced effect
because 4¢ gave compound 14 with a significantly higher
ee than 4a (64% vs. 47%) emphasizing the favorable effect
of benzhydryl compared isopropyl. Even if the efficiency
of complexes 4a and 4c in terms of enantioselectivity
could not be compared with the results that have been
obtained with chiral C,-symmetric IKong ligands, this
work highlights that configurational stabilities (values of
rotational barriers) could not be correlated to the effi-
ciency to promote a chiral induction. For example, for
identical performances in asymmetric catalysis, the con-
figurational stability of 3a was significantly higher than
the one exhibited by 4a.

3.5 | Synthesis of other transition metal
complexes, separation by cHPLC and
configurational stability

Then, we investigated the possibility to extend our
concept of transition metal-NHC complexes containing
an axial chirality to other transition metals. As depicted
in Scheme 4, from imidazolinium chloride 12a’,
corresponding copper complex 5a, silver complex 6a and
gold complex 7a were prepared in moderate to good
yields following standard procedures. All of these coinage
metal-based complexes were found very stable and were
purified by silica gel chromatography. Of note, the stabil-
ity of silver complex 6a was remarkable because NHC-
silver complexes are known for their low stability in
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SCHEME 4 Preparation of coinage metal-based complexes



solution due to a dimerization process leading to the for-
mation of cationic bis (NHC)Ag(I) complexes.> Because
these complexes did not exhibit isomeric forms, "H NMR
spectra displayed clear signals, in particular three distinct
isopropyl CH resonances. *C NMR spectra of 5a and 7a
exhibited carbenic carbon resonances at 202.1 and
194.7 ppm, respectively, which are characteristic of cop-
per and gold complexes bearing a saturated NHC ligand.
13C NMR spectra of silver complex 6a displayed two sets
of doublets at 206.9 ppm corresponding to '“’Ag and '’
Ag isotopes and with different J coupling of 258.7 and
223.7 Hz, directly proportional to the gyromagnetic ratios
of 'Ag and '’Ag. More surprisingly, J°(***%’Ag-3C)
couplings were also observed for the backbone CH, car-
bon with resonance at 67.4 (°['®Ag-"3C] = 80.9 Hz) and
67.4 ppm (J°['”’Ag-*C] = 65.4 Hz).

From imidazolinium chloride or tetrafluoroborate
12¢, copper-, palladacycle-, and rhodium-based com-
plexes were prepared in low to good yields according to
standard procedures for analogous complexes and puri-
fied by silica gel chromatography (Scheme 5). Like palla-
dium complexes 4a and 4c, complexes 15¢ and 16c
presented isomeric forms in solution. The *C NMR spec-
trum of rhodium complex 16c exhibited a doublet at
216.3 ppm with J'(***Rh-">C) = 47.9 Hz.

A thorough screening of chiral HPLC columns and
eluent compositions allowed to identify suitable condi-
tions for enantiomers separation for all complexes (For
details, see supporting information). However, the low
configurational stabilities of copper complexes 5a and 5¢
as well as silver complex 6a did not permit their
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SCHEME 5 Synthesis of several metal complexes from

imidazolinium salt 12¢

resolution in preparative scale. Nevertheless, small quan-
tities of enantioenriched complexes were obtained in
order to determine their rotational barrier values by fol-
lowing the decay of enantiomeric excesses over the time
at room temperature (Table 3). Enantiomers of other
complexes were separated by cHPLC in preparative scale,
ECD spectra were recorded and their enantiomerization
barriers were determined. Of note, the solvent used to
perform enantiomerization experiences seemed to have a
negligible influence on the enantiomerization kinetics.
Thus, at 25°C, rhodium complex 16¢ has a rotational bar-
rier of 107.2 kJ-mol ' in ethanol and 106.1 kJ-mol ! in
dichloromethane (For details, see supporting informa-
tion). Compared with complexes bearing unsaturated
NHC ligands with two methyl substituents, complexes
bearing saturated NHC ligands with a gem dimethyl pat-
tern exhibited lower rotational barrier values by
ca. 20 kJ-mol ! regardless the metal nature, for example,
3a versus 4a (131.5 vs. 111.4 kJ-mol™!, Entries 1 and 2);
17a versus 5a (117.2 vs. 94.7 kJ-mol ', Entries 4 and 6);
17c versus 5¢ (122.0 vs. 100.7 kJ-mol~*, Entries 5 and 7),
or 18a versus 7a (142.4 vs. 122.2 kJ-mol ', Entries 9 and
10). Benzhydryl group was found slightly more sterically
demanding than isopropyl as it led to increase AG™ by
6 kI-mol™; 4a versus 4c (1114 vs. 117.9 kl-mol™*,
Entries 2 and 3) or 5a versus 5¢ (94.7 vs. 100.7 kJ-mol *,
Entries 6 and 7). The values of the enantiomerization
barriers seemed to be correlated to the nature of the
metal, in particular their atomic radii, proving that the
more favorable rotation leading to enantiomerization is
taking place on the metal side as anticipated by theoreti-
cal calculations. Of note, there was a fair correlation
between calculations and experiences with a AG™ differ-
ence of around 5 kJ-mol ', to the exception of palladium
allyl complex 4a (AAG”™ = 14 kJ-mol *). Nevertheless,
the size of the metal was not the only parameter to
consider because the enantiomerization barrier of silver
complex 6a would have been closer to the one of gold
complex 7a than copper complex 5a. Because crystals
suitable for XRD were obtained for these coinage metal
complexes (Figure 6), allowing the confirmation of the
atoms connectivity; and the determination of the abso-
lute configuration of 7a, bonds distances, angles, and tor-
sion angles were scrutinized. The only noticeable
difference was the length of the metal carbene bond:
Ccarbene—CU = 1.8845(15) A, Ccarpene—Ag = 2.080(3) A,
Ccarbene—AU 1.982(7)/2.016(7) A. These values are in the
range of the bond distances that have been observed for
similar NHC complexes.

The length Ccapene—Ag bond, 10% longer than
Ccarbene—Cu distance, explains that the enantiomerization
barrier was found lower than could be expected consider-
ing only the atomic radius of silver. Bond distances from



TABLE 3 Rotational barriers values of atropisomeric NHC-TM complexes
Entry Complex AG” (kJ-mol ) T (°C) ti/z
1 3a (Pd) 131.1 132 61 min
2 4a (Pd) 111.4 78 29 min
3 4c (Pd) 117.9 78 45h
4 17a (Cu) 117.2 83 112 min
5 17¢ (Cu) 122.0 83 10.1 h
6 5a (Cu) 94.7 25 37 min
7 5¢ (Cu) 100.7 30 203 min
8 6a (Ag) 101.2 25 82h
9 18a (Au) 142.4 132 26 h
10 7a (Au) 122.2 78 20 h
11 15¢ (Pd) 108.2 25 5.9 days
12 16¢ (Rh) 107.2 25 3.9 days

M eN>:<
iy

Me

Me Me, Me Me Me
N N_ _N N_ _N
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17¢ (R = Ph)

FIGURE 6
for clarity)

XRD were in good agreement with the values extracted
from theoretical calculations.

4 | CONCLUSION

In summary, we disclosed the synthesis of chiral transi-
tion metal complexes bearing dissymmetric NHCs con-
taining a saturated backbone with a gem dimethyl moiety.
These complexes were atropisomers due to the restricted
rotation of the dissymmetric N-aryl group about the C-N
bond as a result of the presence of the gem dimethyl
pattern as well as the metal. When these complexes

Ag [@]

Ball-and-stick representations of complexes (rac)-5a, (rac)-6a and (R,)-(—)-7a (most of the hydrogens have been removed

presented a sufficient configurational stability, resolution
by chiral HPLC in preparative scale afforded enantiomers
with excellent enantiopurities (>99% ee). Enantiome-
rization barriers were thoroughly investigated, and it was
found that a saturated backbone with a gem dimethyl
moiety led to reduced configurational stabilities compared
with unsaturated NHCs with a dimethyl substituted back-
bone. The nature of the transition metal, its size, and the
resulting Ccapene—metal bond length, played an important
role on the values of the rotational barriers. However,
the nature of the backbone had no influence on the
enantioselectivity for the asymmetric intramolecular
a-arylation of amide. The concept of atropisomeric metal-



NHC complexes and their resolution by cHPLC, which
was initially developed for copper- and palladium-based
complexes was extended to various other complexes, thus
paving the way for future developments.
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