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C,-Symmetric Atropisomeric NHC Palladium(II) Complexes:
Synthesis, Resolution and Characterization
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#  Aix Marseille Univ, CNRS, Centrale Marseille, iSm2, Marseille, France

Phone: +33 (0)413945630
E-mail: herve.clavier@univ-amu.fr

Abstract: Series of chiral palladium(II) allyl and cinnamyl complexes bearing a C;-symmetric N-heterocyclic
carbenes were synthesized from achiral precursors. The chirality of theses complexes results from the
formation of the carbene-palladium bond which restricts the rotation of dissymmetric N-aryl substituents of the
NHC and thus creates an axis of chirality. Chiral HPLC at preparative scale enabled the resolution of racemic
complexes and provided a straightforward access to complexes with excellent enantiopurities (>99.5% ee).
Enantiopure complexes were studied by crystal X-ray diffraction and electronic circular dichroism (ECD).
Their configuration stabilities were investigated both experimentally and theoretically through the
determination of the rotational barrier values. These complexes were tested for the intramolecular a-arylation
of amides, with a moderate chiral induction (up to 54% ee).
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Introduction

Nowadays, N-heterocyclic carbenes (NHC) are well-
established ancillary ligands in organometallic
chemistry."! Their unique stereoelectronic properties
allow to obtain highly reactive catalytic species and
contributed to the development of a wide array of
metal-catalyzed transformations.'”’ Moreover, well-de-
fined complexes bearing an NHC ligand are often
particularly stable toward air and moisture. Many
metal-NHC complexes can even be purified by silica
gel chromatography. Therefore, the development of
chiral versions has attracted much attention.””! Several
designs of chiral monodentate NHC ligands have been
investigated, such as the use of chiral N-substituents
(A, Figure 1a). In spite of remarkable achievements,*!
chiral catalysts A generally suffer from a high
flexibility of chiral N-substituents that can be circum-
vented with fused skeletons, structure B.”! The main
other strategy consists in the introduction of chiral
centers on the NHC backbone (Figure 1b). Even if
chiral centers are positioned far away from the metal
center, in some case, excellent chiral induction can be
reached with catalysts of structure C.! In 2001,

Grubbs disclosed that the use of dissymmetric aryl
groups as N-substituents allow for improving the
enantioinduction through a relay effect (structure D).!”)
Despite successful and widespread applications,®
conformational insights have been thoroughly studied
only in rare occasions.”’! In absence of determinations
of rotational barriers of aryl groups along the C—N
bonds, configurational stabilities are difficult to assess
(rotamers vs. atropisomers). Axial chirality has also
been implemented for the design of chiral NHC ligands
(Figure 1c). Among various examples,'” structures
E"! and F!'¥ are of interest, albeit often prepared
through tedious and time-consuming syntheses. Re-
cently, we disclosed a new concept of chiral metal-
NHC complexes by virtue of a rotationally restricted
C—N axes leading to the formation of atropisomers
(Figure 1d)."1 Of note, since the systematic name for
this category of NHC ligands is quite cumbersome a
trivial name “IKong” has been assigned.
Advantageously, our strategy does not require the
use of chiral precursors for which supplies, prices and
purities might fluctuate. As the metal-NHC bond
formation generates atropisomers by means of the
C—N bond rotation restriction, chiral HPLC separation
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Figure 1. Designs of chiral monodentate NHC ligands.

at preparative scale gave an access to both enantiom-
ers. Copper and palladium complexes bearing IKong
have shown good performances in enantioselective
catalysis. Herein, we disclosed the synthesis of C;-
symmetric atropisomeric NHC palladium complexes
and their resolution by chiral HPLC at preparative
scale to afford homochiral complexes with excellent
optical purities. Taking advantage of the C,-symmetry
compared to the C,-symmetry which requires the
consideration of meso diastereomers, these complexes
were used to determine accurately the values of the
rotational barriers and thus identify the key parameters
to design configurationally stable NHC-metal com-
plexes such as the necessity of methyl groups on the
NHC backbone.
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Results and Discussion
Imidazolium Salts Synthesis

For the synthesis of imidazolium salts 4 containing
methyl groups on the backbone, we first experienced
the synthetic route disclosed by Fiirstner in 2006."! As
depicted in Scheme 1, formamide 3 was prepared in an
excellent yield from 3-hydroxybutan-2-one 1 and 2-
isopropylaniline giving rise to a-aminoketone 2 and
subsequent formylation using acetic formic anhydride.
Of note, the acid catalyzed substitution could not be
achieved with the bulky 2,6-diisopropylaniline. With
cyclohexylamine, the one-pot reaction including three
steps allowed to isolate imidazolium salt 4b with a
satisfying yield of 49%. With the less nucleophilic 2,6-
diisopropylaniline, the yield of 4e dropped down to
15% and the purification step was found demanding.
At room temperature, the 'H NMR spectra of
imidazolium salt 4b displayed clearly signals of
inequivalent chemical shifts due to the presence of the
diastereotopic isopropyl group which suggests a slow
interconversion of enantiomeric conformers on the
NMR timescale. In order to quantify the rotational
barrier around the C—N bond, variable temperature 'H
NMR experiments were carried out and showed the
effect of the temperature on lineshape up to signals
coalescence (Figure2). Eyring analysis allowed to
extract the kinetic parameters for the C—N bond
rotation and these results were corroborated by DFT
theoretical calculations (Figure 3). In order to simplify
calculations, a methyl group was used as N-substituent
instead of cyclohexyl. Of note, the results presented
later demonstrate that the nature of this N-substituent
does not play a significant role on the rotational
barriers values. The experimental value of the rota-
tional barrier of imidazolium salt 4b (82 kJ.mol ; i.e.
t;,=13s at 25°C) is in good agreement with the
lowest calculated value (4a, 87.3 kl.mol™"). The DFT
approach allowed us to confirm that the rotation takes
place on the hydrogen side as demanding on the
backbone side (AG¢(BB):128 kJ.mol™"). Calculations
performed on the carbene Sa showed that the rotation
is by 20 kJ.mol ' easier on the carbene side compared
to the hydrogen side for imidazolium 4a. This
magnitude difference is in line with literature results.”
More surprisingly, the rotation on the backbone side

Me, Me
Me., O  1)Ac,0, HBF,, 25°C,3h =
NHMe 2) RNH,, Toluene, 25 °C, 3 h NV%\R
\=0 3) Ac,0, Toluene, H*, ]
iPr 80°C, 16 h Pr g
3 (99%)

4b, R = Cy (49%)
4e, R = Dipp (15%)

Scheme 1. Preparation of imidazolium salt 4 according to Fiirstner’s method. (Dipp =2,6-diisopropylphenyl).
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Figure 2. Variable temperature 'H NMR spectra of imidazolium
salt 4b in C,D,Cl, and the corresponding lineshape simulations.
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Figure 3. Values for the rotational barriers of imidazolium salts
4a and 4b and the corresponding free carbene 5a (left:
experimentally determined; right DFT calculated).

was found also by 20 kJ.mol ' easier for the carbene
form compared to the 1m1dazohum (AG” BB) =
108.3 kJ.mol™" vs. 128 kJ.mol™).

As the synthetic procedure developed by Fiirstner
was found not convenient for the synthesis of
imidazolium salt with methyl substituents on the
backbone, we then tested the methodology reported by
Glorius (Scheme 2).""! Dissymmetric formamidines 6
were prepared in low to moderate yields from 2-
isopropylaniline and triethylorthoformate and subse-
quent addition of amine. Then, formamidines 6 reacted
with 3-bromo- butanone in presence of diisopropyle-
thylamine in acetonitrile at 110°C for 20 h to give rise
to the cyclized products 7 which were not isolated and
treated with acetic anhydride and HBF, in toluene at
80°C for 16 h. Imidazolium salts 4b—d were obtained
in low to moderate yields but products were easily
purified. Unexpectedly, under the same reaction con-
ditions, formamides containing two aromatic substitu-
ents 6e—g did not lead to the corresponding cyclized
products 7, but alkylated products 8 were formed but
not characterized due to a large number of isomeric
forms (Scheme 3). From 8 to get imidazolium salts 4
we applied the procedure reported by Shi.'® A treat-
ment with triflic anhydride and trimethylamine gave
rise to the imidazolium salts 4e'—g’ with triflate as
counterion in moderate yields (from 34 to 51%)).

Palladium Complexes Preparation and Resolution

With 6 imidazolium salts 4 in hands, we prepared the
corresponding Pd(allyl)Cl complexes 9 by generation
of the carbene with ‘BuOK in presence of the dimer
[Pd(allyD)CI], (Scheme 4). These complexes were
found very stable and therefore could be purified by
silica gel chromatography to give the pure complexes
in good yields. The same procedure was applied to the
synthesis of Pd(cinnamyl)Cl complexes 10 which were
isolated in good to quantitative yields and displayed
also excellent stabilities (Scheme 5). The 'H NMR
spectra of complexes 9 and 10 are somewhat intricate
due to the presence of at least two isomeric forms. For
the same reason, ?C NMR spectra show a multitude of
peaks, but characteristic carbenic carbons were observ-
able in the range 178-182 ppm.!"”
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140°C.4 h N N. Br
2 2) RNH,, DIPEA, MeCN, )

110 °C, 20 h ©]

140-180 °C, 16 h

6b, R = Cy (41%)
6¢c, R =Bn (53%)
6d, R = Ad (26%)
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N N\R E—
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4b, R = Cy (20%)
7 4c, R = Bn (39%)

4d, R = Ad, (55%)

Scheme 2. Preparation of imidazolium salt 4 according to Glorius’ synthetic procedure.
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Scheme 3. Preparation of imidazolium salt 4 according to the procedure reported by Zhang and Shi.
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Scheme 4. Synthesis of (NHC)Pd(allyl)Cl complexes 9.

Owing the excellent stability of these complexes
towards purification by silica gel chromatography, we
investigated the resolution of the racemates by chiral
HPLC at preparative scale. After a screening of
columns with different chiral stationary phases, Chir-
alpak IG was found suitable for the resolution of all
complexes. With a 1cm diameter column, batches
from 50 to 250 mg could be purified in few hours.
Selected details are gathered in Table 1."” Both
enantiomers of each palladium complexes were iso-
lated in good to excellent yields (34—49%; 71-95%
overall yields) and remarkable enantiopurities, in most
of the case >99.5% ee. Moreover, no racemization
process was observed during the resolution suggesting
a good configurational stability of the palladium
complexes. The examination of specific rotations
revealed that the direction of plane-polarized light
rotations does not change between allyl- and cinnamyl-
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Scheme 5. Preparation of (NHC)Pd(allyl)CI complexes 10.

containing complexes. For example, the first eluted
enantiomer of 9b is dextrorotary as well as the first
eluted complex 10b (entries 1 and 6). The only
exception is for complexes containing an adamantyl N-
substituent, complexes 9d and 10d, for which the first
eluted enantiomer 9d is levorotary whereas dextro-
rotary for 10d (entries 3 and 8). It seems that the first
eluted enantiomers of complexes bearing an alkyl N-
substituent rotate plane-polarized light clockwise (en-



Table 1. Resolution by chiral HPLC of heterochiral complexes 9 and 10.

Me, Me Me, Me Me>_<Me
%N NQ  Saplo 5\((:" Q o™ NSQ
q I Chiralpak IG 0 :g I
\;\ cl \L\ cl \\/\ *cl
R R R

racemic enantiopure (S,) enantiopure (R,)

Entry Complex 1* eluted 2" eluted Overall yield
(Racemate quantity) Complex Quantity Yield ee (%) Complex Quantity Yield ee (%)

1 9b (69 mg) (S)-(+)-9b® 34 mg 49%  >99.5 (R)-(—)-9b™ 32mg 46% >99.5 95%
2 9¢ (132 mg) (S)-(+)-9c®™  49mg  37% >99.5 (R)-(—)-9¢® 45mg  34% >995 71%
3 9d (213 mg) (S)-(—)-9d™ 94 mg 44% >99.5 (R)-(+)-9d™ 95mg 45% >99.5 89%
4 9e (51 mg) (S)-(—)-9e™  22mg  43% >99.5 (R)-(—)-9e® 24mg  47% >99.5 90%
5 9g (170 mg) (S)-(—)-9g"  70mg 41% >99.5 (R)-(—)-9g™ 68mg 40% >99.5 81%
6 10b (106 mg) (S)-(+)-10b™ 45 mg 43% >98.5 (R)-(—)-10b¥ 43 mg 41% >98.5 84%
7 10¢ (110 mg) (S)-(4)-10¢™ 40 mg 36% >99.5 (R)-(—)-10c® 42mg 38% >99.5 74%
8 10d (105 mg) (R)-(H)-10d™ 39 mg 37%  >99.5 (S)-(—)-10d™ 44 mg 42% >99.5 79%
9 10e (55 mg) (S)-(—)-10e™  25mg 46% >99  (R)-(+)-10e™ 24 mg 44% >99  90%
10 10f (135 mg) (S)-(—)-10f4 53 mg 39% >99.5 (R)-(+H)-10f"" 51 mg 38% >99.5 77%
11 10g (250 mg) (S)-(—)-10g™ 105mg  42% >99.5 (R)-(+)-10g™ 95mg  38% >98.5 80%

2l Absolute configuration deduced from ECD spectra comparison.
™ Absolute configuration determined by XRD spectroscopy.

tries 1,2 6 and 7), whereas the first eluted of complexes
containing aryl N-substituents are levorotary (entries 4,
5and 9-11).

Absolute Configuration Assignments

In spite of repeated attempts, suitable crystals for
single crystal X-ray diffraction studies could be grown
only for enantiopure 2™ eluted complexes 9¢, 9e, 9g
and 10g. Ball-and-stick representations depicted in
Figure 4 allowed to unambiguously establish the
structures, the atoms connectivity, as well as the
absolute configurations thanks to Flack parameters
refined to value of zero. These complexes show the
expected distorted square planar geometry around the
metal center. The carbene-Pd bond distances are
between 2.027(3) and 2.037(5) A, and the Pd-allyl and
Pd-cinnamyl bond lengths are respectively in the
ranges of 2.101(5)-2.194(8) A and 2.102(6)-
2.264(6) A. These values are comparable to those
found in similar complexes."®!

With the single crystal X-ray diffraction data in
hands, the buried volumes (%JVg,), a parameter
describing the bulkiness of a ligand in the first
coordination sphere of a metal, and topographic steric
maps have been determined (Figure 5)."" As expected,
the NHC bearing a benzyl N-substituent (complex 9¢)
was found significantly less bulky than other NHC
containing mesityl or Dipp as N-substituent (% Vg, =
35.2% vs. 36.8-37.5%). No significant difference
could be noticed either for %V}, values or steric maps,

Pd1

C37, / c3s
t. 38

(Ra)-(+)-10g

(Ra)-(+)-98

Figure 4. Ball-and-stick representations of enantiopure palladi-
um complexes (hydrogens have been omitted for clarity).

between allyl- and cinnamyl-containing complexes 9¢g
and 10g. The steric map of NHC ligand bearing
complex 9c¢ (upper left corner) does not allow the
identification of the clear zones of different steric
pressures and suggests a low chiral induction in
asymmetric catalysis. In contrast, the steric map of
complex 9e NHC (upper right corner) exhibits a
substantial difference of steric pressure between the
northeast and northwest quadrants. A more pronounced
difference was observed between these quadrants for
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Figure 5. Steric contour maps of NHC ligands (complexes are
oriented as shown in the central sketch).

the NHC ligand of complexes 9g and 10g and suggests
a better ability to induce an enantioselectivity.

UV-vis and ECD spectra for both enantiomers of all
the palladium complexes have been measured in
acetonitrile solutions. Individual ECD spectra, reported
in the supporting information, showed expected nearly
mirror-images for both enantiomers. As Electronic
Circular Dichroism is highly sensitive towards spatial
conformations,?” the comparison of ECD spectra, in
particular with those of complexes that have been
studied by X-ray crystallography, represents an effi-
cient way to assign absolute configurations through the
identification of invariant bands or bisignate patterns
in a specific region. ECD spectra of 1% eluted
complexes 9b—e are depicted in Figure 6. A similar
shape was observed for complexes 9c—e with a
negative ECD-active band between 195 and 200 nm,
albeit differential molar extinctions (Ae) were slightly
different. Due to the low ECD signal observed for 9b,
its absolute configuration cannot be confidently de-
duced from the comparison with other ECD spectra.

As displayed in Figure 7, ECD spectra of first
eluted chiral Pd(cinnanyl)CI(INHC) complexes 10e—g
were perfectly superposable with two negative ECD-
active bands at 195 (Ae=-55; —78 for 10g) and
265 nm (Ae=-5) and one positive band at 225 nm
(Ae= +10). This perfect match might be due to both
N-aryl groups that restrict several rotations in com-
plexes structures and thus provide a more rigid chiral
environment. In the case, the absolute configuration of
complexes 10e and 10f can be confidently assigned as
(S,)-(—) for the first eluted enantiomers.

The assignment of the absolute configuration of
complex 10e was confirmed by the ECD spectra
comparison between allyl- and cinnamyl complexes 9e
and 10e, respectively (Figure 8). The perfect concord-
ance between both spectra enabled to attribute un-
ambiguously the same configuration to enantiomers
with the same elution order. A (R,)-(+) absolute
configuration was attributed to the second eluted
enantiomer 9e through single crystal X-ray diffraction
studies.

However, ECD spectra of allyl- and cinnamyl
complexes 9d and 10d display almost mirror image
with one negative ECD-active band at 195 (Ae=—-26)
and two small positive bands at 220 and 235 nm (Ae=
+2) for 9d whereas 10d exhibited two positive bands
at 195 (Ae=+15) and 270 nm (Ae= +38) as well as
two small negative bands at 220 and 235 nm (Ae=—4
and —2, respectively) (Figure 9). This suggests ob-
viously an inversion of the enantiomeric elution order
by cHPLC on the same chiral column and with the
same mobile phase?”! as hypothesized during the
examination of specific rotations.

-
: e
g e
<
= Me_  Me
= N
=] (Sa)-)-10e, R! = iPr, R? = H, Ar = Dipp R2 /A
5 . " . AN N
2-40—-\ f/ e (SHA01 R = Bu, R =H, Ar=Dipp £y
<‘~17 = = = (S,){-10g. R! = CHPh,. R? = Me, Ar = Mes % ,Pd\CI
- L4
Y
Ph
300 400

Wavelength [nm]

Figure 7. ECD spectra of first eluted complexes 10 e—g.
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Figure 6. ECD spectra of first eluted complexes 9 b—e.
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Figure 8. ECD spectra of first eluted complexes 9e and 10e.
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Figure 9. ECD spectra of first eluted complexes 9d and 10d.

Rotational Barriers Determination

The half-lifes of racemization for palladium complexes
have been experimentally determined by following the

Me Me : Me Me

= g V-
Pd_ ; . Pd
Y e | Y e
9b (R = Cy), AG* = 1385 klmol' | 9a (R =Me)AG*py = 150.7 kJ.mol"

9¢c (R = Bn), AG* = 138.1 kJ.mol"! AG*(BB) =158.6 kJ.mol"!

_ % _ -1
9d (R = Ag), AG - 135.5 kJ.mol i mr= Cy) AG* oy = 145.3 k.ol
9e (R = Dipp), AG* = 131.5 kJ.mol | AG* gg) = 155.9 kl.mol"
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i . Pd 5 ; Pd
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AG*gg) = 155.3 kJ.mol™

10¢ (R = Bn), AG* = 134.4 kJ.mol"! !
10d (R = Ad), AG* = 131.4 kJ.mol™" !
10e (R = Dipp), AG* = 135.3 kJ.mol "

Figure 10. Values for the rotation barriers of PA(INHC) com-
plexes (left: experimentally determined; right DFT calculated).
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Y

decay of enantiomeric excesses over time at a given
temperature and allowed to assess the values of
rotational barriers (Figure 10).""” Of note, the value of
the rotational barrier for complex 10b could not be
determined due to a rapid decomposition of the
complex under the conditions to monitor the kinetic of
enantiomerization (132°C in chlorobenzene). Rota-
tional barrier values for complex 10 f containing a terz-
butyl in ortho position and complexes 9g and 10g
containing a benzhydryl moiety could not be measured.
Thus, these complexes exhibit excellent conformation
stability and degradation processes occurred before
racemization (> 170 kJ.mol ™", #,,> 17 days at 180°C).
All the complexes containing an iso-propyl in ortho
position displayed a rotation barrier value in range
131-139 kl.mol'. This confirms the good conforma-
tional stability of these complexes: ¢,,>2 years at
50°C or t,,>24 hours at 100°C. As hypothesized, the
nature of the second N-substituent (R) as a limited
impact on the values of rotational barriers as well as
the nature of the allyl ligand (allyl vs. cinnamyl).
Theoretical calculations corroborated these findings,
albeit the calculated values are slightly higher than the
experimental values. For example, the lowest theoret-
ically calculated wvalue for structure 9b is
145.3 kJ.mol™" vs. 138.5 kJ.mol™" for the experimental
value of complex 9b. Interestingly, theoretical calcu-
lations allowed to determine that the more favorable
rotations take place on the palladium side (AG#(PC,)).

In order to demonstrate that methyl groups on the
NHC backbone were mandatory to restrict the rotation
of N-aryl substituents along the C—N bond and thus
obtain configurationnally stable chiral palladium-NHC
complexes, complexes 11b and 12b possessing an
unsubstituted saturated and unsaturated NHC backbone
were prepared (Figure 11).'"! Unfortunately, no enan-
tiomers could be detected by chiral HPLC analyses,
even at low temperature. Rotational barriers for
complexes 11a and 12a with a methyl as second N-
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93.0 kJ.mol"! AG*(pg) = 163.3kJ.mol"  AG*pg) = 201.7 kd.mol”"
77.2 kJ.mol"! AG* gg) = 96.8 kJ.mol”! AG* gg) = 201.1 kJ.mol"!

Figure 11. Influence of the backbone substitution on the rotation barriers.



substituent have been theoretically studied. The calcu-
lations show that rotations are more favorable on the
backbone side with lower values by at Ileast
10 kJ.mol~". The values of AGﬂBB) were found close
to 75 kJ.mol ™' (74.3 and 77.2 kJ.mol ™' for complexes
11a and 12a, respectively) which indicates half-lifes
of racemization quicker than one second at 25°C. As
we were wondering if the replacement of the iso-
propyl moiety by a more hindered fert-butyl could
allow to significantly restricted the rotations with an
unsubstituted backbone, calculations were performed
for complex 13a. With AG?é(BB): 96.8 kJ.mol ™, it was
expected to observe enantiomers and therefore com-
plex 13b was synthesized.!"”! Unfortunately, enantiom-
ers of complex 13b could not be observed by cHPLC
analyses suggesting that the value of the rotational
barrier was slightly lower than 90 kJ.mol™'. Of note,
with a tert-butyl group and methyl substituents on the
backbone, calculations gave rotational barrier values
higher than 200 kJ.mol ' (structure 14 a).

Asymmetric Catalysis

The palladium-catalyzed intermolecular a-arylation of
amide has been used as benchmark reaction to evaluate
to ability of chiral palladium-based complexes, in
particular containing chiral NHC ligands to induce
efficiently an enantioselectivity.****4%22 Therefore,
we tested enantiopure complexes 9 and 10 in the
intermolecular a-arylation of amide 15 (Scheme 6).
Standard conditions reported in the literature, 1,2-
dimethoxyethane (DME) at 60 °C in the presence of ¢-
BuOK, were used, but only low enantiomeric excess

C
N)H/Ph

|
Me Me

Ph

[Pd] (5 mol%) Me
mol%
@;O
tBuOK (1.5 equiv.) N

DMF, 40 °C, 20 h Me
15 16
Me Me Me, Me
Y=( o =
&N N N N~Mes
Y g
. Pd_ Ph Pd_
Y N
with (R,)-(+)-9e with (Sa)-(-)-9g

in DME at 60 °C, 93%, 19% ee (S) 93%, 54% ee (R)

in DMF at 40 °C, 91%, 46% ee (S)

Me Me Me Me Me, Me
- - Me ; - (
N_ _N N_ N N N~Mes
YT ST LSy
| /Pd Pd
Cl Cl

\\\ K \L\ e Pr\l-z\d\
Ph Ph L
With (S,)-(-)-10e with (S,)-(-)-10f with (Sp)-)-10g

97%, 44% ee (R) 95%, 38% ee (R) 93%, 44% ee (R)
Scheme 6. Palladium-catalyzed Intermolecular a-arylation of

amide 15.

were obtained. For instance, complex (R,)-(4+)-9e
afforded the expected oxindole in good yield (93%)
but with only 19% ee. When the same reaction was
carried in DMF, reactivity was found higher and
allowed to decrease the reaction temperature to 40 °C.
Moreover, an improved enantioselectivity was ob-
served: 46% ee. A similar chiral induction was
obtained with the cinnamyl analogue (S,)-(—)-10e,
44% ee with 97% yield. Complex (S,)-(—)-10f
containing a fert-butyl group instead of an iso-propyl
gave a slightly lower enantioselectivity (38% ee). The
best enantiomeric excess, 54%, was obtained with
complex (S,)-(—)-9g whereas the cinnamyl analogue
(S,)-(—)-10g gave 44% ee. These levels of chiral
induction were significantly lower than those generally
observed with C,-symmetric chiral NHC ligands. This
might be the result of an unrestricted rotation of the
NHC along the carbene-metal bond."**"

Conclusion

In summary, we reported the synthesis of new class of
chiral palladium complexes bearing C;-symmetric
NHC ligands. The chirality of theses complexes
resulted from the metalation step which restricted the
rotation of dissymmetric N-aryl substituents of NHCs
and thus created an axis of chirality. Due to the
excellent stability of these complexes, a resolution by
chiral HPLC at preparative scale (up to 250 mg scale)
allowed to obtain enantiopure complexes. Remarkably,
all the palladium complexes could be separated by
cHPLC with excellent enantiopurities (typically
>99.5% ee). Analyses by X-ray crystallography of
some complexes confirmed molecular structures and
determined absolute configurations. ECD spectra were
recorded for all complexes and allowed to deduce
absolute configurations. Experimental and theoretical
investigations of the rotational barriers highlighted that
the metalation step enabled the formation of configura-
tionally stable PA—NHC complexes from imidazolium
salts existing in solution as rotamers. Moreover, it has
been demonstrated that the substitution the NHC
backbone with methyl groups was a key parameter to
prevent the rotation of N-aryl substituents on the
backbone side. Finally, palladium complexes exhibited
good catalytic activities in the intramolecular a-
arylation of amides, albeit with moderate enantioselec-
tivities. Nevertheless, enantiomeric excesses were
found higher than those reached with analogous
palladium complexes containing chiral C,-symmetric
NHC ligands.



Experimental Section

Preparation of Dissymmetrical Imidazolium Salts 4
— General Procedure A

To a suspension of formamidine (1 mmol) in acetonitrile
(2mL), N,N-Diisopropylethylamine  (0.35 mL, 2 mmol,
2.0 equiv.) and 3-bromo-2-butanone (0.21 mL, 2 mmol,
2.0 equiv.) were added and the resulting mixture was stirred at
110°C for 20 h. The solvent was removed under vacuum. The
residue was purified by silica gel flash chromatography
(petroleum ether/ethyl acetate=10:1) to give the intermediate.
The intermediate was dissolved in dichloromethane (3 mL).
Triethylamine (142 pul, 1.1 mmol, 1.1 equiv.) was added drop-
wise at —40°C. After 5 min, trifluoromethanesulfonic anhydride
(188 uL, 1.1 mmol, 1.1 equiv.) was added dropwise. The
mixture was slowly warmed up to room temperature and stirred
at room temperature for 4 hours. The volatiles were removed
under vacuum and the residue was purified by silica gel column
(dichloromethane/acetone=10:1) to give the imidazolium
salt 4.

Preparation of Dissymmetric Formamidines 6 —
General Procedure B

Acetic acid (86 puL, 1.5 mmol, 0.05 equiv.) was added to a
round bottom flask charged with the first amine (30 mmol,
1.0 equiv.) and triethyl orthoformate (5 mL, 30 mmol,
1.0 equiv.). The flask was fitted with a distillation head and was
stirred and heated to 140°C until ethanol (3.5 mL, 60 mmol,
2.0 equiv) was collected by distillation. The second amine
(30 mmol, 1.0 equiv) was then added to the reaction mixture.
Heating at 140°C continued until ethanol (1.75 mL, 30 mmol,
1 equiv.) was collected by distillation. Workup was performed
as indicated below, either by washing with cold (5-15°C) n-
hexane and then either recrystallization or flash chromatogra-

phy.

Synthesis of the NHC-Palladium Complexes 9-13 —
General Procedure C

A mixture of imidazolium tetrafluoroborate (or imidazolium
trifluoromethylsufonate) (2.3 mmol, 2.3 equiv.), [Pd(cinnamyl)
Cl], or [Pd(ally])CI], (1.0 mmol, 1.0 equiv.), KOsBu (2.3 mmol,
2.3 equiv.) in acetone was stirred at 25°C for 5 h. The reaction
mixture was filtered through a Celite® pad and the solvent was
removed under vacuum. The crude product was purified by
silica gel column (PE/Et,0=1:1) give the expected NHC-
palladium complex.

Crystallographic Data

CCDC numbers 1918272 ((R)-(+)-9e). 2049183 ((R)~(—)-
9¢), 2049184 ((R)-(+)-9g). 2049185 ((R)-(+)-10g) and
2049186 (11b) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.ca-
m.ac.uk/data_request/cif.
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