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Insights into the catalytic activity of [Pd(NHC)(cin)CI] (NHC = IPr,
IPrCl, IPrBr) complexes in the Suzuki-Miyaura reaction
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Slawin,®! Luigi Cavallo, Fady Nahra,!”! Catherine S. J. Cazin*¥ and Steven P. Nolan*e]

Dedicated to the memory of Professor Istvan E. Marko

Abstract: The influence of C*5-halogenation on palladium N-
heterocyclic carbene complexes and their activity in the Suzuki-
Miyaura reaction have been investigated. Two [Pd(NHC)(cin)CI]
complexes bearing IPr® and IPr¥ ligands were synthesized. After
determining electronic and steric properties of these ligands, their
properties were compared to those of [Pd(IPr)(cin)CI]. The three
palladium complexes were studied using DFT calculations to
delineate their behaviour in the activation step leading to the putative
12-electron active catalyst. Experimentally, their catalytic activity in
the Suzuki-Miyaura reaction involving a wide range of coupling
partners (30 entries) at low catalyst loading was studied.

Introduction

Nowadays, palladium-catalyzed cross-coupling reactions
have become an essential tool in organic and organometallic
chemistry.l"l Since the first report in 1979, the Suzuki-Miyaura
reaction('® ¥ has evolved to become the most popular method
amongst the numerous palladium cross-coupling reactions.!'¢ 4
For its ease of use, this reaction has been widely studied over
the last decade and has found numerous applications in fields
as varied as pharmaceuticals, agrochemicals and electronics.l*>
5 Early on, tertiary phosphine ligands were prominent as catalyst
modifiers in this transformation, in view of ‘their stabilizing
effects.¥l The use of bulky, electron-rich phosphine ligands such
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as dialkylbiaryl-7"! and trialkylphosphines was much later found to
be beneficial for cross-coupling reactions.®

Regarding the development of other protocols, N-
heterocyclic carbene (NHC)-based systems have shown notable
catalytic performances,”® in a number of palladium
transformations but especially in the Suzuki-Miyaura reaction.[’®
19 Among the plethora of Pd-(NHC) complexes,’®* 10t 111 the
[PA(NHC)(R-allyl)CI] family has been shown to be highly active
in the Suzuki-Miyaura coupling. However, the use of a strong
base (e.g., KOBu) was thought required to generate the
catalytically active species, a fact that limited the functional
group tolerance of the protocol.l'%: 1%. 121 The first description of
the activation of Pd-(allyl) complexes, using an alternate weak
base (K.CO3), was described by Colacot and co-workers!'® and
was followed by similar reports.'"¥ In the course of the
preparation of the dinuclear Pd' complex [Pdx(IPr),-(n3-cin)Cl]
[IPr: " 1,3-bis(2,6-diisopropyl-phenyl)imidazol-2-ylidene], Hazari
and co-workers!'*d proposed an equilibrium between the Pd'-
dimer and the catalytically active Pd°-NHC intermediate by a
comproportionation/disproportionation reaction with unreactive
[Pd(IPr)(cin)Cl].'4ddl |n this context, this study suggested the
activation pathway of [Pd(NHC)(R-allyl)Cl] to proceed as
depicted in Scheme 1. Based on these studies, Nolan and co-
workers described the preparation of a wide range of organic
compounds using 0.5 mol% [Pd(IPr)(cin)CI] activated by K,CO3
in a 1:1 mixture of ethanol/water.['®

A) Formation of the Pd? active species
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Scheme 1: Activation pathway of [Pd(NHC)(R-allyl)CI].

Further investigations continue to be carried out with the aim of
designing ever more efficient catalytic system. Recently, Hazari
and co-workers!'#d have prepared a variety of [Pd(IPr)(2-R-
allyCI] and compared their activity in the Suzuki-Miyaura
reaction. What was examined in this report, both experimentally
and computationally, were the effects of allyl group substitution
on the Pd%Pd' dimer interconversion.['*d Subsequent reports
from Hazaril'#®: %1 and Colacot,['®! highlighted the observation
that the incorporation of very sterically hindered ligands should
disfavor the comproportionation with unreactive pre-catalyst,
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thereby providing highly active Pd® species. As a result,
biarylphosphines!'®'7 or bipyrazolylphosphines!'®'"l have been
combined with the r-allylpalladium platform (Figure 1, A) or the
n3- 1- Bu-indenyl ligand has been used as a modified n-allyl
moiety in conjunction with phosphine or NHC ligands!'#1 (Figure
1, B) to generate longer-living catalytic species.

A) Palladium R-allyl complexes reported by Colacot and co-workers
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B) Palladium 1-R-indenyl complexes reported by Hazari and co- workers
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Figure 1: Recent Pd-complexes reported by Colacot and Hazari.

To contribute to this field of interest, the use C*5-
halogenated NHCs was considered (Figure 2, 1 and 8).
Modified-backbone NHCs have gained notable significance,
allowing the tuning of either electronic and/or steric properties.*"
81 Numerous highly efficient palladium pre-catalysts,'® bearing
ligands such as quinone-I'% 2% and acenaphthylene-annelated!°>:
211 imidazol-2-ylidenes respectively 2 and 5 (Figure 2), alkyl-[1%
19h. 221 (3 and 4) and chloro-disubstituted!% 19. 22231 carbenes (1
and 6) as well as bis(dimethylamino) carbene 70'% 24 have
shown remarkable activity in cross-coupling reactions.
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Figure 2: NHCs of interest presenting a modified backbone.

Dichlorinated imidazol-2-ylidenes at the C*®-positions 1
were first reported by Arduengo and co-workers in 1997 1% 191
These ligands have showed predicted lower relative o-donicity
compared to their non-halogenated analogues.['®®! The IPrC
ligand (1) was involved in alkene metathesis transformations
by Nolan and co-workers,?? while IPent® (6) was used by Organ
and co-workers in Stille cross-coupling!'® 2% and Pd-catalyzed
amination.[?% 23¢ More recently, Cole and co-workers!'®¥ have
reported on a series of metal complexes bearing IPrf" (8) along
with [Pd(IPr8")(cin)Cl] (Figure 3, 9c¢) which was briefly studied in
the Suzuki-Miyaura cross coupling.['%
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Results and Discussion

Preparation and characterization of [Pd(IPrX)(cin)CI] (X = Cl, Br).

In a desire to improve the catalytic activity of existing
systems in the Suzuki-Miyaura cross-coupling, and comparing
the influence of halogen substituents in the C*%-positions of
imidazol-2-ylidene ring, [Pd(NHC)(cin)CI] complexes bearing IPr
(Figure 2, 9a), IPr® (9b) and IPr®" (9¢) were prepared.

Sa(SEr <ar

9 9c
[Pd(IPrC)(cin)CI] [Pd(IPrBr)(cin)Cl]

[Pd(IPr)(cin)CI]
Figure 3: [Pd(NHC)(cin)CI] involved in this study.

A friendly and efficient procedure was described by Nolan
and co-workers!®! to prepare [Pd(NHC)(R-allyl)CI] pre-catalysts
including [Pd(IPr)(cin)CI]. Hereafter, this family of complexes can
be prepared under air, starting from their respective imidazolium
salt, in acetone in the presence of a weak base (K;COs3)
avoiding the preparation of the free carbene or its formation in-
situ by action of a strong base (e.g., KOBu).?® Their
corresponding salts were obtained in quantitative yields as
previously reported.['®a 1% Under inert atmosphere, IPr reacted
with either CCly or CBry for three hours, generates the C*5-
haloganed carbene and one equivalent of haloform (CHX3, with
X = Cl or Br)."%1 The free carbene was finally quenched with HCI
in diethylether to afford the desired salt. Subsequently, the salt
was reacted with 0.5 equivalent of [Pd(n3-cin)(u-Cll; using
Ko,CO3; at 60 °C in acetone (Scheme 2). Conditions were
optimized for each complex to reach completion. Complex 9b
was isolated in excellent yield (92%) after five hours, using 1.2
equivalents of the salt, whereas 9¢ was obtained in 90% yield
using only one equivalent of the salt but a slight excess of the
base.

[Pd(n3-cin)(u-Chl,
KoCO3 (2 equiv.),

IPrXHCI > [Pd(IPrX)(cin)Cl]
acetone (0.23 M),

2.4 equiv 60°C,5h 9b, X = Cl, 92%

X=ClorBr 9¢, X=Br, 90%

Scheme 2: Preparation of [Pd(IPrX)(cin)CI] where X = Cl and Br.

As reported by Cole and co-workers, [Pd(IPr&")(cin)CI] (9¢) can
be prepared in good yield using the free carbene route.l'®! We
also prepared [Pd(IPr®)(cin)CI] (9b) from free IPr¢. The latter
reacted with 0.5 equivalent of [Pd(n3-cin)(u-Cll; under inert
atmosphere to deliver 9b in 89 % isolated yield after overnight
reaction at room temperature. 2l

Aiming to fully compare the influence of these ligands, the
synthesis of [Ni(IPr®)(CO);] was achieved (Scheme 3, 10) to
determine the Tolman Electronic Parameter!'8-dl (TEP). This
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parameter was developed to obtain the electron-donor ability of
two electron ligands by measuring the IR carbonyl stretching
frequencies of the related [Ni(L)(CO)s] complexes. The A
stretching frequency of the CO ligands, vco (A4) in cm™ is
referred to as the TEP. In that manner, the more electron density
donated by the NHC to the metal center the stronger the metal-
carbon bond (#back-donation); thus resulting in a weaker C-O
bond (more 7*-back-donation) and a lower IR stretching
frequency (1co).['®d The corresponding Ni-complex was
prepared under inert atmosphere by reacting the required free
IPr8" in the presence of 1.5 equivalents of [Ni(CO)4]. The desired
complex 12 was obtained in a 87 % isolated yield.[]

Br. Br
\’ 7 < ‘/ [Ni(CO)4] (1.5 equiv.),
N \/ _——
THF, rt, 3 h,
87% isolated yield oc™ CO
IPrBr

[Nl(lF’rBr)(CO)3]
Scheme 3: Preparation of [Ni(IPr&)(CO)s].

In addition to NMR spectroscopy and elemental analysis,
suitable X-ray diffraction quality crystals of complexes 9b and 9¢
were grown,?® (Figure 4) allowing further insight into the
properties of these pre-catalysts. In some cases, electronic
properties are not sufficient to rationalize differences in catalytic
activity between NHC ligands. The steric hindrance was
determined by calculating the percent buried volume (%Vgur)
using the SambVca application,28.[18% 189. 291 This concept defines
the percentage of volume of a sphere occupied by the ligand
bond to the metal centre.?°d In terms of reactivity, sterically

demanding ligands have been proven to help stabilize low-valent,

12-electrons Pd%-intermediates.*% Both steric and electronic
properties of complexes 9b and 9¢ are summarized in Table 1.

9b 9c

[Pd(IPrC)(cin)CI] [Pd(IPr8)(cin)Cl]

Figure 4: ORTEP diagrams of molecular structures of 9b and 9¢ showing 50%
probability ellipsoids. Hydrogen atoms and disordered cinnamyl moeity have
been omitted for clarity.

Considering the TEP (Table 1), N-alkyl substituted ICy
showed a low o stretching frequency (2049.6 cm™') compared
to its N-aryl counterparts.['®! The saturated analogue of IPr
(SIPr) has slightly lower donating abilities than IPr (2052.2
compared to 2051.5 cm).'®! Then going from IPr to its
halogenated derivatives (IPr® and IPr®), a more important
increase of the wco frequency was observed. The TEP of IPrc
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(2055.1 cm™) was obtained after re-evaluating the correlation
between the nickel and iridium systems.['8! The [Ni(IPrf")(CO)s]
presented a wco of 2052.3 cm™ in dichloromethane. The
brominated IPr is showed to be more donating than the
chlorinated congener. Similar results were observed for the
halogenated analogues of IMes (1,3-bis(2,4,6-
trimethylphenyl)imidazol-2-ylidene); i.e., IMes® (2051.7 cm™,
1,3-bis(2,4,6-trimethylphenyl)-4,5-dibromoimidazol-2-ylidene) is
more donating than IMes® (2052.6 cm™, 1,3-bis(2,4,6-
trimethylphenyl)-4,5-dichloroimidazol-2-ylidene).l'®! Finally, the
following o~donating trend was observed: IPr > IPrB > |Pr¢. In
term of steric properties, as reported in Table 1, IPr was found to
feature the smallest percent buried volume in the
[PA(NHC)(cin)CI] family whereas IPr* presented the largest.['*?]
By saturating the IPr backbone (SIPr), the %Vg. was increased
by 0.3% (37% for SIPr compared to 36.7% for IPr). With IPrc,
the TEP was predicted higher than |Pr and we expected its bulk
to be higher. As expected, a %Vg, of 37.3% was observed,
presumably due to the chlorides pushing the aromatic rings
towards the metal centre. Surprisingly, IPr®" presented a lower
%Veur (37.0%) than IPrc (37.3%) in the same system when a
higher value might have been expected tin view of the presence
of the bulkier bromide atoms. This outcome, to a certain extent,
can be explained comparing the geometries of IPr¢/IPr® crystal
structures. The aromatic rings of IPr® are more bent towards the
Pd-centre than in IPr®, which is clear when comparing the angle
formed with the imidazolylidene ring (C®-N-CA" 123.4 vs 122.8
°). Additionally, the aromatic rings are more tilted in the case of
IPr8" decreasing the steric hindrance. It appears that the IPrB
ligand accommodates bulk by distorting more significantly
leading to a %Vaur similar to SIPr (37.0%).

Table 1. Steric and electronic properties of NHC ligands.

NHC TEPocm(cm™) %Vaur (%)
ICy 2049 .60 .
IPr 2051.58 36.7
SIPr 2052.2 37.01
IMes® 2052.6" B
IPr¢ 2055.10! 37.3
IMes®" 2051.7 -
IPrBr 2052.3 37.0
IPr* 2052.71! 44 69

le{Reference [20e]. PIReference [20b]. ICalculation parameters: sphere radius,
3.50 A; distances for the metal-ligand bond, 2.00 A; hydrogen atoms were
omitted; scaled Bondi radii were used as recommended by Cavallo.
IReference [29].

To complete this study, a three-dimensional steric map was
developed by determining the %Vsyr in four quadrants around
the metal center (Figure 5).1'%% 2%. 311 | goking along the z-axis,
the calculation provides more information on how the ligand
adapts its shape to the metal environment. Usually, two
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quadrants are more sterically congested with the catalytic pocket
assuming almost C,-symmetry. This shape of the steric map is a
consequence of the opposite rotation around the N-aryl bonds,
which results in a staggering of the 'Pr substituents facing each
other on the two aryl rings on opposite sides of the NHC ring. Of
course, rotation around the N-aryl bonds would invert the bulk in
the quadrants of the steric maps of Figure 5. The less sterically
crowded areas can be thought of as the preferential approach
for substrate leading to the formation of the intermediate
involved in oxidative addition.l'"" 2%. 311 As observed with the
overall percent buried volume, both halogenated ligands showed
similar behavior in the cinnamyl platform.

-0.75

BEY

-2.25

- — — -4t — — -3.00

9b 9c
[Pd(IPr)(cin)CI] [Pd(IPr8)(cin)Cl]

Figure 5: Steric map of Pd-complexes 9b and 9c.

With the aim of comparing these three palladium
complexes (9a-c), we decided to optimize the reaction
conditions using the newly designed [Pd(IPr®)(cin)CI] (9b) as
benchmark catalyst.

Study of [Pd(NHC)(cin)CI] (NHC = IPr, IPr® and IPr®) in the
Suzuki-Miyaura cross-coupling reaction.

We began our study by deploying reaction conditions close
to the ones previously described by Nolan and co-workers.["®!
The optimization was carried out with phenylboronic acid and
the less reactive p-chloroanisole to gauge the viability of our
system. The preliminary conditions depicted in Scheme 4 gave
complete conversion toward the desired coupling compound.

l OMe

>99% GC conversion

[Pd(IPrC)(cin)CI] (1 mol%),
K,COj3 (1.5 equiv.),

+
EtOH (0.5 M), O

OMe Ny, 40°C, 20 h

B(OH),

(1.5 equiv.) (0.5 mmol)

Scheme 4: Preliminary conditions used in the optimization.

During the optimization of parameters such as the catalyst
loading, the temperature, etc., certain aspects are
noteworthy .??! Indeed, increasing the temperature to 80 °C was
found to be detrimental to the catalytic activity leading to
lowering of the conversion. We were delighted to observe
complete conversion at room temperature (ca. 24 °C) with 0.2
mol% of [Pd(IPr)(cin)Cl]. Finally, in order to conduct the
reaction with a stoichiometric amount of boronic acid and a slight
excess of KoCO3 (1.1 equiv.), the catalyst loading had to be
increased to 0.3 mol%. The use of other alcohol solvents or
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bases was shown to be detrimental.?®! In order to gain better
understanding of the activation of the pre-catalysts, additional
experiments were conducted before testing efficiency. At first,
the reaction was conducted with the three different pre-catalysts
9a-c using the optimized conditions and conversions were
reported for different time intervals (Scheme 5). To confirm
these results, two sets of data were acquired for each pre-
catalyst and compared to the final conversion of a third reaction.
The data presented in the following reaction profiling are an
average of GC conversions composed of the two runs.

OMe
B(OH), OMe ‘
"
| I N

(1 equiv.)

[Pd(NHC)(cin)CI] (0.3 mol%),
KoCOj3 (1.1 equiv.),

EtOH (0.5 M),
rt, time

[Comparison®fPd(NHC)(cin)Cl]&t24ECE

GCRonversiond%)?

=t=[Pd(IPr)(cin)CI]2I
~B=(Pd(IPrCl)(cin)CI))
=ke=[Pd(IPrBr)(cin)CI]l

= ] ) w0z 108 200 3602 as00 12003
Timedmin)2

Scheme 5: Comparison of the Pd pre-catalyst with benchmark conditions.

All three pre-catalysts gave similar conversions after 20 hours
(IPr: 94%, IPrC: 95% and IPrf": 92%). They also showed the
same activation time of 20 minutes to form the active Pd°-
species. After the activation step, each pre-catalyst displayed a
different behavior. With IPrc, the conversion increased more in a
linear fashion over time; whereas IPr and IPr®" exhibited a rapid
rise in conversion (IPr: 77% after 100 min; IPr8": 82% after 200
min). Interestingly, the rate of conversion with [Pd(IPrc)(cin)ClI]
pre-catalysts slowed between 60 and 120 min, then reached
maximum conversion linearly.

[PA(IPr®")(cin)CI] (9c) showed interesting reactivity with
intermediate activity compared to its IPr and IPr® counterparts.
Finally, we studied the impact of the temperature on the catalytic
system with [Pd(IPr)(cin)CI] (9a) by plotting the conversion over
time. Three different reaction temperatures were used: room
temperature (24 °C), 40 °C and 80 °C (Scheme 6). First and as
expected, the increase of the temperature shortened the
activation period, going from 20 minutes at 24 °C to immediate
release of the active species at 80 °C. Even though higher
temperature accelerated the reaction, the effect on the final
conversion was deleterious with a drop of 20% compared to
40 °C. The lower conversion at high temperature (80 °C) could
be explained by degradation of the active palladium(0) species,
as well as of the competition with side reactions favored by
elevated temperature, such as reduction of the aryl
chloride/boronic acid, homocoupling and comproportionation of
Pd® with unreactive pre-catalysts. The intermediate temperature
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(40 °C) was found to be optimum leading to the highest

conversion (99%) and shortest induction period.
' OMe

[Pd(IPr)(cin)CI] (0.3 mol%),
K,COg3 (1.1 equiv.),

B(OH), OMe
o O
Cl

(1 equiv.)

EtOH (0.5 M),
T (°C), time

||&t24, dBozcE

[Conversionui (1Pr)(ci

1002

GConversion{%)

o
Timedmin)2

Scheme 6: Influence of temperature on our catalytic system.
Computational _studies of the activation pathway of
[PA(NHC)(cin)CI] (NHC = IPr, IPr®, IPr®).

DFT calculations were performed with the aim to explore
the influence of halogenated backbone on the formation of the
active species (NHC-Pd®) (Scheme 7) and the effect on the
disproportionation/comproportionation pathway (Scheme 8). In
order to carry our investigation, we used the mechanism
proposed by Hazari and co-workers.['*l We extended this study,
exploring as well the formation of the Pd® from the stable
[PA(NHC)(cin)CI] complexes. The calculations were carried out
using the well-defined NHCs (IPr, IPr® and IPrf). To identify the
important rate-limiting steps in the mechanism, the complete
reaction profile has been explored only for reference complex
[PA(IPrc)(cin)Cl] (9b). For the monomers [Pd(NHC)(cin)CI] and
dimers [Pd2(NHC)(cin)Cl], both syn and anti conformations of
the n3-cin or p-cin ligand were modeled. In accordance with our
calculations the syn conformation of the n3-cin ligand is the most
stable for [Pd(NHC)(n3-cin)(u-Cl)], while the anti conformations
of the p-cin ligand is the most stable for the Pd-dimers which
matches the previous findings of Hazari and co-workers.['4c 14el
Only the formation of the terminal olefin has been considered
since only this product has been experimentally observed under
similar conditions.['7?!

The reaction starts with conversion of neutral species | to the
positively charged species Il via dissociative substitution of CI-
by EtOH. The free energy change associated with this process
is 21.4 kcal/mol, indicating this step is achievable at room
temperature. The following deprotonation of the coordinated
EtOH to form Ill'is thermodynamically favored by 15 kcal/mol. To
proceed further, a change in allyl coordination from n?3 to x' (IV)
is needed, and this transformation is endergonic by 6 kcal/mol.
Then, to arrive at the Pd° olefin complex (VIl), two competitive
mechanisms are possible. In the first mechanism, HE-RE in
Scheme 7, species IV undergoes a f-hydride elimination step.
This transformation occurs via transition state (TS') and leads to
intermediate  V, which represents the palladium hydride
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coordinated to an acetaldehyde molecule. This step requires a
barrier of 13.7 kcal/mol (or 25.9 for barrier 1 to TS') and the
resulting intermediate V, at 26.4 kcal/mol, is marginally more
stable than transition state TS'. Nevertheless, de-coordination of
acetaldehyde from V is a substantially barrierless process and
the system collapses into the stable palladium hydride VI at -1.8
kcal/mol. This step is exergonic by 28.4 kcal/mol and requires
only 0.5 kcal/mol of energy (the overall barrier | to TS? is 26.9)
kcal/mol. Next, the reductive elimination between the hydride
and the cinnamyl ligand occurs via transition state TS® with a
relatively small free energy barrier of 10.7 kcal/mol, indicating
this step as very fast. When following the imaginary frequency in
TS3, intermediate VII was formed by stabilization of the Pd°
species with the olefin. The transformation from VI to VIl was
found very exergonic and the associated free energy change
turned out to be 19.5 kcal/mol.

AP

_APh EtoH » COz% //lk/Ph
1] Pd I
P § -Pd< Pd
NHC-"der  CF | INHCTTTOE HCOy  NHC™ “OEt
H
1 I 1
IPr: 0.0/3.482] IPr: 19.9/22.9 IPr: 8.710.7
IPrCt 0.0/4.0 IPrCk 21.4/22.9 IPrCh 6.4/8.6
IPrB": 0.0/4.1 IPr8: 21.4/23.1 IPr": 5.9/8.0
syn/anti®] i
P ¥ S Ph
_Pd-H H -~ i
NHC \O—;\Me nHe-P9~oEt
. Ph Ts! v
0 (Y IPr: 25.1/27.2 IPr: 14.5/17.0
NHG~ RO H IPrCk 25.9/27.9 IPrCk 12.4/15.9
oo IPr8r: 25.8/28.1 IPr8": 11.713.3
v
IPr: 26.7/28.1 ﬁ\nechanism HE-RE ] [Mechanism HS]
IPrC: 26.4/27.6
IPr8: 26.1/27.2
_ LNk
IPr: [29.0/30.9] N
TS2 | IPrch [26.9/28.7] NHC‘PdO H
IPr8": [26.3/28.3]*
A Ph TS*
Pldu IPr: [29.6/29.9]¢
NHC™ "“H IPrC: [26.5/27.1]F

Vi IPrBr: [25.7/26 41

IPr: -0.41.6 o
IPrCh -1.8/0.2 P \_/i
IPr8: -2.5/-0.6
t NHC
= |
_ j\ Pd0
NHC—Pd —_—
WP

‘\—Ph
1S3
IPr: 12.9/15.1 vil
IPrC: 8.9/11.0 IPr: -15.8/-15.8
IPrB": 7.9/10.0 IPrch -21.3/-21.3

IPr8r: 2251225

Scheme 7: Computational study of the formation of Pd° and
disproportionation/comproportionation pathway. PlEnergies are in kcal.mol™".

®ISyn/anti refers to the isomers of the cinnamyl ligand.

Alternative to the HE-RE pathway, formation of the Pd°
complex VII from intermediate IV could be achieved via 1-step
proton migration from OEt ligand to allyl (HS pathway in Scheme
7). This process is exergonic by 33.7 kcal/mol and requires 14.1
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kcal/mol of activation energy (or 26.5 kcal/mol for I to TS*). The
possible evolution of intermediate VII is represented in Scheme
8, and is discussed next. In the VII to VIII step the replacement
of the coordinated olefin by a solvent molecule (EtOH) is
endergonic by 12.6 kcal/mol indicating stronger coordination of
olefin to Pd® compared to the alcohol. However, intermediate VII
appears to be the species liberating the active Pd°® (IX) and
reacting with [Pd(NHC)(cin)CI] to form the Pd-dimer X. The slow
formation of complex VIII would represent a side equilibrium,
generating a small amount of active species (IX). After the initial
study, ethanol can de-coordinate complex VIII, liberating the
active catalyst IX. At this stage, the active Pd° can either enter
the catalytic cycle of the Suzuki-Miyaura reaction or can interact
with another molecule of the initial pre-catalyst | and form the
Pd-dimer XI. Formation of active Pd° species (IX) is a one-step
process endergonic by 5 kcal/mol. On the contrary, as
demonstrated by Hazari and co-workers,!"4¢l conversion of VIII to
Xl is a two-step process and exergonic. The first step
corresponds to coordination of one molecule of the pre-catalyst |
to intermediate VIII to form intermediate X. This process is
endergonic by 13.3 kcal/mol and results from the associative
transition state TS® that corresponds to 30.2 kcal/mol in
activation energy starting from VIII. Finally, intermediate X can
give the Pd-dimer XI releasing a molecule of EtOH. This process
is exergonic by 18.1 kcal/mol and requires only a few kcal/mol of
activation energy. Thus, overall the VIII to XI step is exergonic
by 4.8 kcal/mol, indicating that formation of the Pd'-dimer is
thermodynamically possible from species VIIl. The associated
overall activation barrier is rather high and will probably result in
negligible amount of Pd'-dimer at room temperature. All the
stationary points have been calculated seperately from the
transition state TS® and intermediate X for [Pd(IPr)(cin)CI] (9a)
and [Pd(IPr®")(cin)Cl] (9¢), since these values appeared to be
less relevant.

The above characterization of conversion  of
[PA(NHC)(cin)Cl] to the active Pd® have been calculated for
complexes 9a-c. Extending the analysis to the three complexes
confirms TS* (9b, 9c¢) or TS? (9a) to be the highest points on the
Gibbs free energy surface, suggesting the energy difference
between TS* (9b, 9c¢) or TS? (9a) and the starting pre-catalyst I,
in the 26-29 kcal/mol range, as the activation energy necessary
to form the active species IX. It should be noted that in terms of
activation energy the difference between the alternative
pathways HE-RE and HS of Scheme 7 is negligible and the
preference for one of them is probably sensitive to the electronic
structure method and the solvation model used. As a remark,
the preference of 5 kcal/mol for the hydrogen shift (HS)
mechanism found by Hazari and co-workers!'™ can be related to
the small Me group of MeOH, which reduces steric repulsion
with the Ph group of the substrate in transition state TS*. This
preference is basically cancelled with the bulkier EtOH used in
this study.
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Scheme 8: Computational study of the formation of Pd° and
disproportionation/comproportionation pathway. PlEnergies are in kcal.mol™".
bISyn/anti refers to the isomers of the cinnamyl ligand.

The energy difference between TS® and the most stable species
VII, is about 40 kcal/mol, and represents another important
barrier that can be used to estimate the activation needed to
form the Pd'-dimer. We believe the barrier of 40 kcal/mol is
rather high and will probably result in negligible amount of Pd'-
dimer at room temperature in the case of the ligands
investigated here.

Comparision of the [Pd(NHC)(cin)CI] (NHC = IPr, IPr®, IPr®) in
the Suzuki-Miyaura cross-coupling (Scope and Limitations).

With the optimized reaction conditions in hand, the scope
and limitations of the reaction were studied (Scheme 9). The
reaction time was also optimized for each entry, based on
[Pd(IPr)(cin)CI] (9a) reactivity. We began our investigation by
varying both electronic and steric properties of the arylchloride
using phenylboronic acid as standard (12a-e,g). The benchmark
substrate (12a) prepared from a deactivated chloride was
coupled in excellent isolated yield using the IPrc catalyst (90%)
whereas IPr and IPrf" congeners gave respectively 81% and
67% conversion. Activated arylchlorides (12b-c) bearing
electron-withdrawing groups such as ester, nitro and ketone
afforded the desired compounds in excellent yields (98-85%).
The three complexes led to the formation of the ester 12b with
very similar yields after five hours and we were pleased that no
transesterification occurred. Contrary to 12c, different yields
were observed for biphenyl 12d; with [Pd(IPrf")(cin)CI] being the
most active (97%) and [Pd(IPr®)(cin)Cl] turned out to be the
least effective (85%). Low conversions to 12e were obtained,
using p-chlorobenzoic acid, even after increasing both
temperature and catalyst loading. This outcome is presumably
due to the chelation of the carboxylate to the metal center. Then,
we turned our attention to more sterically hindered coupling
partners (12f,g). Product 12f was isolated, after work-up, in
excellent yield (94%) with the IPr pre-catalyst. When using
[Pd(IPrX)(cin)CI] (X = Cl, Br), lower yields were obtained and
further purification was needed in the case of IPr®". With bulkier
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di-ortho-substituted chloride (12g), poor to good yields were
obtained: IPr8r (32%)< IPr® (54%) < IPr (74%). The use of the
halogenated version of [Pd(IPr)(cin)Cl] seemed to be detrimental
in the coupling involving hindered substrates. Next, from
compounds 12h to 12l, we altered the substitution pattern of
both partners. Employing [Pd(IPr)(cin)CI], the cross-coupling
reaction between o-formylphenylboronic acid and p-
chlorobenzotrifluoride gave the Xenalipin intermediatel®? (12h) in
excellent yield (92%) without further purification. Once again,
halogenated analogues were less active and a drastic drop in
yield was observed when using the IPrc pre-catalyst (38%).

[Pd(IPr¥)(cin)CI] (0.3 mol%),
KoCOj3 (1.1 equiv.),

—_————> Arl.AR

AAB(OH), +  AX

EtOH (0.5 M),
(1 equiv.) X=Cl,Br Ny, 24 °C, time
(2x 0.5 mmol)
l OMe l CO,Me l NO, l COMe
12a,20h 12b,5h 12c, 8h 12d, 6 h
X= | Cl Br X= =] c cl Br
Pr | 81 79 IPr gadl IPr 95 IPr 91 70
IPr¢ | 90 78 IPre! | 94ld IPret | 90 IPr¢ | 85 54
IPrB" | 67 66 IPrB | gsld IPrBr | 93 IPrBr | 97 86
‘,O R e o
@ @ @ L.,
12e,20h 12f,20 h 12g,20h 12h,20h
X= | Cl X= | Cl Br X= | Cl_Br X= | ¢Cl
IPr | 52000 IPr | 944177 IPr | 74 63 IPr | 92
IPrc! IPr¢! | 91 58 IPrc! | 54[cl 36l IPrC! | 381
IPrBr | - IPrBr | 84 68 IPrBr | 32l 350 IPrBr | 710
CHO NH,
J J . O
o
NC OHC
12,20 h 12j, 20 h, 12k, 20 h 121,20 h
X=| ¢l X= | cl X= X= | cl
IPr | 60! IPr | olal[e) IPr 59 IPr | 7709l
IPrc!| 55! IPrC! IPrc! | 84 IPrc! | 85l
IPrBr| 320€] 1PrBr IPr8r | 68 IPr8r | 730l
Scheme 9: Scope and comparison. Isolated vyields (%) after flash
chromatography or recrystallization. [@GC conversion (%). ©'"H NMR

conversion (%). "H NMR yield (%) using mesitylene as internal standard.
Msolated yield after work-up, without further purification. [¥Reaction carried
out at 40 °C.

The biphenyl 12i bearing a nitrile group was prepared with
moderate to low yields (IPr: 60% > IPrc: 55% > IPrB: 32%) at
40 °C. As no conversion was observed at 24° C, elevated
temperature was employed to presumably reverse nitrile (or
aldehyde) coordination with the active Pd°® species. As expected,
the more chelating' amino substituent, in p-chloroaniline,
prevented the coupling with p-formylphenylboronic acid (12j),
even at higher temperature. The cinnamylboronic acid treated
with p-chloroacetophenone afforded the desired compound 12k
from 84% with [Pd(IPr®)(cinCl] to 59% with the IPr-complex.
Using the same conditions as with 12i, the cyano-functionalized
boronic acid reacted with benzyl chloride to undergo a sp?-sp®
coupling and gave 12l in very good yields. Like the previous
entry (12k), [Pd(IPr®)(cinCl] showed the best result with 85%
followed by [Pd(IPr)(cinCl] with 77% isolated yield. Finally, using
bromides as coupling partners (12a,d,f,g) led to lower yields
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than when their chloride relatives were used but the same
relative trend in catalyst activity remains unchanged.

For the second part of the reaction scope, the reactivity of
heteroaryls was explored (Scheme 10). Initially, the compatibility
with the pyridine moiety (13a,b) was examined. Reacting 2-
chloropyridine with p-formylphenylboronic acid at 40 °C yielded
the expected product (13a) in moderate (IPr: 67%) to very good
yield (IPrB: 83%). Compound 13b was not observed by GC
using pyridine-3-boronic acid and p-chlorobenzaldehyde as
starting material. Next, we examined furan and thiophene
derivatives (13c-g). The p-methoxycarbonylphenylboronic acid
in combination with 2-chlorothiophene gave the coupling product
13c in very good yield. Among the Pd-complexes tested,
[Pd(IPrB")(cin)Cl] led to the best activity with 92%. When the
functionalization of the coupling partners was inverted, no
conversion was observed with 2-thiopheneboronic acid (13d).

[Pd(IPrX)(cin)CI] (0.3 mol%),
KoCO3 (1.1 equiv.),

Arl.B(OH), +  Ar2X Ar-Ar2
EtOH (0.5 M),
(1 equiv.) X=Cl, Br Ny, 24 °C, time
(2x 0.5 mmol)
Z CHO
| [
N
N™ NN S ~ o
O '/ MeO,C \s
13a, 20 h 13b, 20 h 13c 20h 13d, 20 h
X= | Cl X=| ¢ cl
IPr |67 IPr | Ofal.[e] IPr | oFl
IPrct | 720l 1Prc! IPrc
IPrBr | 83tel IPrBr IPrBr
o] o]
,©);\S (j/(j)‘\ CHij)‘\
/4 ~
MeO,C |
2 S \_0
13e,20h 13f, 20 h 139,20 h
o] X=| Cl X=| Cl
IPr | ofal [e] IPr | 930 IPr | 83
pret| - IPrC! | 940 IPrc | 81
IPror| - IPrBr | 930 IPrBr | 86

Scheme 10: Scope and comparison involving heterocyclic substrates. Isolated
yields (%) after flash chromatography or recrystallization. /GC conversion
(%). P"H NMR conversion (%). ©'H NMR yield (%) using mesitylene as
internal standard. isolated yield after work-up, without further purification.
[eIReaction carried out at 40 °C.

Having the chloride at the 3-position of the thiophene ring was
detrimental and no GC conversion was recorded even at
elevated temperature 13e. On the other hand, the reactivity was
restored when using 3-thiopheneboronic acid. With p-
choloacetophenone, the latter gave the desired product 13f with
excellent yields (93%) and without extensive purification. As
previously observed with pyridine partners, certain reactions can
be achieved by inversion of the coupling partners. When the 2-
choropyridine was a suitable partner, its boronic acid equivalent
did not allow the coupling presumably due to poor
transmetallation or reduction/homocoupling. Finally, the same
chloride was engaged in the coupling with 2-furanboronic acid.
The expected compound (13g) was obtained in very good yield
and [Pd(IPr®")(cin)CI] was found to be the most effective pre-
catalyst (86%).



The last portion of our reaction scope involved indoles and
their derivatives (Scheme 11). In the first entry, m-methoxy-
carbonylphenylboronic acid was coupled with the Boc-protected
4-chloroindole (Boc = ‘butyloxycarbonyl). The reaction with
[Pd(IPr)(cin)CI] afforded the desired indole (14a) in very good
yield. However, an important decrease of the yield was observed
with both halogenated Pd-complexes. We were delighted to see
that heating at 40 °C with [Pd(IPr)(cin)CI] led to quantitative yield
without further purification. The cross-coupling reaction was also
conducted using 5-chloroindole (14b).

[Pd(IPr¥)(cin)CI] (0.3 mol%),
KoCO3 (1.1 equiv.),

Ar-B(OH), + Ar2-X Arl-Ar2
EtOH (0.5 M),
(1 equiv.) X=Cl, Br Ny, 24 °C, time
(2x 0.5 mmol)
F
OHC O
O . U
MeO,C Boc N O
N MeO N
\BOC =
/
14a,20 h 14b, 20h 14c,20h O
X= Cl Br X= | Cl X= cl
IPr | 84, 98ldl. [e] 4glc] 1Pr 63 IPr | 86, >99dl [¢]
IPrc! 32 330 IPre | 70 IPrc! 49l
IPrB" 23l 340 IPrBr | 72 IPrBr 430
g
™S
J J ¢
COEt -
NH
N NH =
\BOC éOC OHC
14d, 20 h 14e,20 h 14f, 20 h
X= Cl X= Cl X= Cl
IPr | Ol el IPr | 72[ IPr | QL[
Prct | - IPrC! | 420l Pt -
[ IPrB | 300l IPeB | -
Scheme 11: Scope and comparison part. lll. Isolated yields (%) after flash

chromatography or recrystallization. [@GC conversion (%). ©H NMR
conversion (%). ©'H NMR yield (%) using mesitylene as internal standard.
[lisolated yield after work-up, without further purification. /Reaction carried
out at 40 °C.

Moving the chloride in the 5-position was found to have a
drastic effect on the reactivity with the boronic = acid.
[PA(IPr)(cin)CI] gave the lowest vyield with 63% while
[Pd(IPrBr)(cin)CI] led to the best result with 72% isolated yield.
Compound 14c, bearing an indole substituent, was prepared in
very good yield with the IPr-complex at 40 °C. The workup of the
quantitative reaction required only simple extraction. Next, we
moved to the indoline ring; the Boc-protected 5-chloroindoline in
the presence of p-trimethylsilyl-phenylboronic acid did not
deliver 14d even at elevated temperature. Next, 5-
chlorooxindole was engaged with p-acetylphenylboronic acid at
40 °C. Surprisingly, our conditions led to the ring opening and
the formation of the tri-functionalized biphenyl 14e. This
protected amino-ester was prepared in very good vyield (72%)
with [Pd(IPr)(cin)CI] (IPrC: 42% > IPrB": 30%). This reaction was
conducted under the same conditions in the absence of pre-
catalyst and the ring-opened starting material was recovered in
82% isolated yield.?8! Finally, we investigated the challenging
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unprotected 4-chloro-7-azaindole at 40 °C (14f). As might have
been expected no conversion was observed in this instance.
Compound 14b was also prepared starting from a bromide, and
in keeping with our previous results, a decrease of the reactivity
was observed compared to its chloride analogue. The use of the
different complexes at low catalyst loading led to very good
yields in most cases using our very mild conditions.

The original [Pd(IPr)(cin)CI] (9a) was found to be most
effective on average and most reactive with hindered coupling
partners. Moreover, [Pd(IPré)(cin)Cl] was most active in the
preparation of thiophene or furan derivatives. The
[PdA(IPr®(cin)Cl] gave variable results throughout our study of
the scope. From the various motifs examined in the course of
the exploration of the reaction scope we can state that the use of
the three palladium pre-catalysts 9a-c are substrate dependent
for the Suzuki-Miyaura cross-coupling under our reaction
conditions. However, we have demonstrated a generality of this
room temperature procedure with [Pd(IPr)(cin)Cl] 9a.

Conclusions

In summary, in order to improve Pd-complexes activity in
the Suzuki-Miyaura cross-coupling, the reactivity of two
unexploited [Pd(NHC)(cin)CI] complexes bearing IPr¢ and IPre
ligands have been investigated. These complexes were
prepared in excellent yields (92% and 90%) using conditions
employing a weak base (K:COs3) and acetone in air. After
determining both electronic and steric properties of these ligands,
they were compared with [Pd(IPr)(cin)CI]. The three palladium
complexes were studied using DFT calculations to highlight their
behavior in the activation step, and experimentally by measuring
their catalytic activity with a wide range of coupling partners.
From their properties the IPr®" ligand showed intermediate
features (TEP and %Vs.) compared to IPr and IPr¢. The IPr&
proved more donating than its chlorinated counterpart, while
also being less donating than IPr. Conversion over time plots
showed three different behaviors, with an increase of the
conversion faster from IPrc to the IPr complex. The temperature
was also of importance with degradation of conversion at higher
temperature. From the activation step point of view, based on
DFT calculations, overall activation energies do not permit to
differentiate between catalysts; [Pd(IPrf")(cin)Cl] was found to be
more prone to form the Pd'-dimer than its counterparts and
therefore should be generally the least reactive. Moreover,
calculations were found to correlate with the time (20 min)
needed to generate the active species at room temperature.
Additionally, lower catalytic activity at high temperature could be
explained by more comproportionation towards the dimer, as the
dimer formation barriers could be overcome with heating. We
showed our system was effective with a wide range of coupling
partners. The most versatile complex was found to be
[Pd(IPr)(cin)CI] 9a since best yields were obtained on average.
We observed that [Pd(IPr®")(cin)CI] gave great activity in the
preparation of thiophene or furan derivatives. As for
[PA(IPr®(cin)CI], it gave unpredictable results throughout the
investigation of the scope of the reaction. We have shown that
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for the Suzuki-Miyaura reaction, the use of halogenated NHCs
does not generally lead to significant improvement of the
catalytic activity and that 9a represents a good general pre-
catalyst.

Experimental Section

Preparation of [Pd(NHC)(cin)Cl] complexes:

Suzuki-Miyaura cross-coupling: A catalyst solution in CH2Cl2 was
prepared. The corresponding volume of solution was added to a vial and
the CH2Cl2 was finally removed under vacuum. Under air, in the vial
equipped with a stirring bar and sealed with a screw cap fitted with a
septum, were added the boronic acid (0.5 mmol, 1 equiv.) and the aryl-,
heteroarylchloride (0.5 mmol) when the latter was a solid. In the glovebox,
K2COs3 (76 mg, 0.55 mmol, 1.1 equiv.) was added. Under inert
atmosphere (N2), were added EtOH (1 mL) and the aryl-,
heteroarylchloride (0.5 mmol) when it was a liquid. After reaction at 24 or
40 °C, (except when otherwise mentioned) an equal volume of water and
CH2Cl2 (10 mL) were added and the aqueous phase was extracted with
3x10 mL of CH2Cl2. The combined organic phases were dried over
MgSO4 and the solvent was removed under vacuum. As a function of the
substrate, the desired compound may require further purification by
column chromatography but generally does not. Full details are provided
in ESI.
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