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Despite the widespread use of well-defined Pd" complexes as pre-catalysts for cross-coupling processes,
the role of the throw-away ligand is still underexplored. In this work we focused on the complexes of the
type [Pd(NHC)(q3-R-allyl)Cl] (NHC = N-heterocyclic carbene) and we investigated the influence of the R
substitution on the allyl moiety. Starting from the already described [Pd(IPr)(n*-cinnamyl)Cl] and [Pd(IPr*)
1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene, IPr* = N,N'-1,3-bis[2,6-bis
(diphenylmethyl)-4-methylphenyllimidazol-2-ylidene) we prepared eight new complexes bearing new
substitutions on the cinnamyl motif and we tested them in the C—N bond formation to evaluate the effect
of the throw-away ligand modification in the catalytic activity. In addition, we studied the undesired for-
mation of the less active off-cycle [Pdb(NHC),(n*-R-allyl)(u-Cl)] dimers from the corresponding Pd" com-

(n*-cinnamy\Cll (IPr =
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Introduction

Palladium N-heterocyclic carbenes (NHCs) have been widely
studied in the last decades.'™ They have been ubiquitously
investigated for applications in homogeneous catalysis,
especially in cross-coupling reactions.®** This class of organo-
metallic compounds have the advantage to be air and moisture
stable and permit a strict control on the metal-ligand stoichio-
metry, for which the ideal value has been proven to be 1:1.'*"
This well-defined approach to catalysis allows a deeper knowl-
edge of the catalytic system and has been embraced by other
research groups in recent years."®™® The steric bulk around the
Pd center given by the NHCs plays an important role in the
reductive elimination and the transmetallation process, overall
increasing the catalytic activity of the complex.'>>*?!

One aspect of the well-defined Pd-NHCs systems that
deserves to be studied more thoroughly is the role of the
“throw-away” ligands. These species are responsible for the
stability of the well-defined systems by occupying the coordi-
nation sites ensuring a stable oxidation state. These ligands
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plexes to evaluate the role of the new throw-away ligands on the inhibition of this process.

are reported to disconnect from the complex during the acti-
vation process from the Pd" to the Pd° active species.’**?
Therefore, the nature of the throw-away ligand plays a key role
in the activity of the complex. One of the most widespread Pd-
NHC pre-catalyst structures is the [Pd(NHC)(n>-R-allyl)Cl] type,
developed for the first time by us in 2002, in which the allyl-
based throw-away ligand ensures a fast and easy activation of
the catalyst*>° (Fig. 1).

Palladium(u) complexes of the type of [Pd(NHC)(n*-R-allyl)
Cl] system (R = allyl, crotyl, cinnamyl, indenyl) have shown
great activity for a wide range of C-C and C-heteroatom bond
formation reactions.**** Particularly, the design of the allyl-
modified moiety [Pd(NHC)(n*-cin)Cl] (cin = cinnamyl) complex
class by 2006 was examined in order to achieve a faster acti-
vation to the Pd(0) active species at lower temperatures.>***°
This latter generation of allyl systems was designed with the
help of teaching from Trost and Tsuji on allylic alkylation and
the relative stability/reactivity of substituted allyl fragments
bound to Pd. Later, this was further elaborated by Colacot and
Grasa at Johnson Matthey in their construction of Pd-allyl
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Fig. 1 Examples of well-defined Pd—NHC allyl-based complexes.
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systems where the Buchwald ligands are the ancillary support-
ing ligands.'®

Substitution at the allyl terminus leads to destabilisation of
the allyl fragment bound to palladium and therefore to easier
activation leading to the putative “Pd-NHC” species. This ease
of activation in such systems, a pre-catalytic step whose impor-
tance is too often ignored, leads to Suzuki-Miyaura and the
Buchwald-Hartwig cross-couplings involving unactivated aryl
halides that can be performed at room temperature. The effect
of bulky substituents on the other palladium ligand also pro-
foundly affects catalytic activity. Indeed, systems bearing a
bulky NHC such as in [Pd(IPr*)(n*-R-allyl)Cl] (IPr* = N,N"-1,3-bis
[2,6-bis(diphenylmethyl)-4-methylphenyl Jimidazol-2-ylidene)
and [Pd(anti-(2,7))-(SICyoctNap)(n*-cin)Cl] permit difficult
cross-coupling reactions under very mild conditions. The
typical example is their use in the formation of tetra-ortho-sub-
stituted biaryls.*®*” An interesting observation here is that
crowded environments about the Pd pre-catalysts architecture
allow for highly congested junctions in C-C and C-N bond
making reactions to be formed.

Among the plethora of cross-coupling reactions, the
Buchwald-Hartwig amination of aryl halides is one of the
most widespread examples representing an efficient tool for the
synthesis of several pharmaceutical agents.>®*™** Several salient
examples of the use of palladium N-heterocyclic carbene com-
plexes in this C-N coupling exist in the literature.>*>%29:44-47

Hazari and co-workers proposed the activation mechanism
of the [Pd(NHC)(n*-R-allyl)Cl] species in presence of a weak
base and suggested the presence of an equilibrium between
the Pd°-NHC active species and the less active [Pd}(NHC),(u-
n’-R-allyl)(p-Cl)] species*®*® (Fig. 2). In the report, it was
shown that the presence of a R substituent on the allyl moiety
raises the kinetic barrier of the comproportionating reaction
between the Pd" and the Pd° species, thereby increasing the
concentration of the active monoligated species.*’

Results and discussion

Taking from these teachings, we have now prepared new sub-
stituted [Pd(NHC)(n*-R-allyl)Cl] complexes to explore their
activity in the C-N bond formation. Efforts were also aimed at

| Base

pdl Pd°—IPr
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Monoligated active

R PdP species
IPr R
IIDd" + IPr —_— |V I
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Fig. 2 Scheme of the activation and the dimerization via comproportio-
nation presented by the Hazari group.*°
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minimizing or entirely blocking the decomposition route that
leads to inactive dimer formation. To achieve this, four new
dimeric synthons were designed bearing bulkier allyl substitu-
ents and synthesised (Fig. 3). These were then converted to
well-defined [Pd(NHC)(n’-R-allyl)Cl] complexes to further
explore the role of the allyl throw-away ligand and its role in
the decomposition route and define productive reactivity in a
model palladium-mediated cross-coupling reaction.

Synthesis of [Pd(NHC)(n*-R-cin)C1] complexes

The synthesis of the new complexes involves the cleavage of the
novel [Pd(n*-R-cin)(u-Cl)], dimer (1-4) with the corresponding
imidazolium salt in the presence of an excess of potassium car-
bonate in acetone at 60 °C for 5 h. The [Pd(n*-R-allyl)(u-Cl)],
dimers were prepared starting from the corresponding allyl
chloride following the reported procedure (Fig. 4).°°

The corresponding [Pd(NHC)(n*-R-allyl)Cl] complexes are
obtained with good yields (>80%) using the weak base route.”®
As an alternative synthetic route, the [Pd(NHC)(n*-R-allyl)Cl]
complexes can be obtained through oxidative addition of the
R-allyl chloride with our previously reported [Pd(NHC)
(PhC=CPh)] synthon.”® This route allows rapid functionali-
zation and derivatization from a common synthon, the [Pd
(NHC)(n*-allyl)Cl]. (See the Experimental section and ESI} for
further details) (Fig. 5A and B).

Both palladium dimers and the [Pd(NHC)(n*-R-allyl)CI]
series are air- and moisture-stable and can be stored on a shelf
in air for an indefinite amount of time. Single crystals for X-ray
analysis were obtained for all the [Pd(n*-R-allyl)(u-Cl)], dimers
by slow diffusion of hexane vapour into a saturated solution of
the complex in dichloromethane.

Room temperature Buchwald-Hartwig amination of aryl
chlorides

Reaction optimization. Next, the IPr and IPr* catalysts were
deployed in the Buchwald-Hartwig reaction involving amines

5
5

Pd Pd

/

o
o
o
o

P

2

e
E\,

[Pd(n3-pTol-allyl)Cl], [Pd(-Bu-cinnamyl)Cll,
1

R
Q
O

‘Pd

R
%

3
[Pd(n3-Mes-allyl)Cl], [Pd(n®-2-Naph-allyl)Cl],
4
3

Fig. 3 Novel dimers (1-4) synthesized for this study.

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4dt02533d

Open Access Article. Published on 19 October 2024. Downloaded on 3/6/2026 11:40:22 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Dalton Transactions

ZTH Xh-

\_ Cl \_ Cl
Ar Ar

[Pd(IPr)(77-R-allyl)Cl]

- 40,0 4. 400

p-tol

[PA(IPr*)(77-R-allyl)CI]

p-tBu 2-naph

IPr*-1 [Pd(IPr*)(n-pTol-allyl)CI]

1Pr*-2 [Pd(IPr*)(n’-p-tBu-cin)CI]

IPr*-3 [Pd(IPr*)(n’-Mes-allyl)CI]
IPr*-4 [Pd(IPr*)(n’-2-naph-allyl)Cl]

IPr-1 [Pd(IPr)(n’-pTol-allyl)CI]

IPr-2 [Pd(IPr)(n’-p-tBu-cin)Cl]

IPr-3 [Pd(IPr)(n-Mes-allyl)CI]
IPr-4 [Pd(IPr)(n’-2-naph-allyl)CI]

Fig. 4 Structures of the newly synthesised [(NHC)Pd(n3-R-allyl)Cl] pre-
catalysts.

r—NaN~g

iy Weak Base route (A)
% Sci

NHC-HCI
_—

K,CO; (3 equiv.),
acetone, 60 °C

iPr
PhCCPh 'Pr R+ a\ly\

IPr

R
/Ci\
—Pd\ /Pdf
Cl
R

benzene

0
d - KO'Bu, ProH g
Oxidative-addition route (B) R

Fig. 5 The two possible synthetic routes leading to the novel pre-
catalysts.

and aryl chlorides. The [Pd(NHC)(n*-cin)Cl] complexes have
already been tested in this reaction. A series of allyl and cinna-
myl Pd-NHC complexes have already been tested, showing the
greater activity of the [Pd(SIPr)(n*-cin)Cl] in comparison to the
IPr analogue,”* and in general a significant improvement of
the catalytic activity of the cinnamyl based species compared
to the allyl analogues. After the development of the IPr*
ligand, the [Pd(IPr*)(n*-cin)Cl] complex was tested in
Buchwald-Hartwig amination as well.>® All these examples
showed great catalytic activity at room temperature with
1 mol% Pd loading and with dimethoxyethane (DME) as
solvent in the presence of a strong base.”*>%"*

To compare the activity of the newly designed [Pd(NHC)(n*-
R-allyl)Cl] complexes, these were tested under identical con-
ditions as those already mentioned in the Buchwald-Hartwig
amination, permitting an evaluation of the effect of the substi-
tution on the phenyl ring of the cinnamyl moiety with both IPr
and IPr* ligands. The reaction between morpholine and 2,6-di-
methylchlorobenzene was chosen as a model reaction
(Table 1). Initially, the four new [Pd(IPr)(n>-R-allyl)Cl] species
were tested alongside the [Pd(IPr)(n’-cin)Cl] standard. The
cross-coupling was performed at room temperature with
1 mol% of Pd and KO'Bu as base in anhydrous DME. The reac-
tion with [Pd(IPr)(n*-cin)Cl] is reported to reach completion

This journal is © The Royal Society of Chemistry 2024
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Table 1 Screening of the catalysts in the cross-coupling reaction
between morpholine and 2,6-dimethylchlorobenzene

Y ¢! [Pd] 1 mol% —
[ j ’ N
o KO'Bu (1.1 eq), DME dry, rt.

Catalyst Time [h] Conversion®
[Pd(IPr)(cin)Cl] 0.5/2.5 21/100
IPr-1 0.5/2/2.5 20/81/100
IPr-2 0.5/2/2.5 11/65/84
IPr-3 0.5/2/2.5 38/100/100
IPr-4 0.5/2/2.5 42/85/100
[PA(IPr*)(cin)Cl] 0.5/2 55/92
IPr*-1 0.5/2 21/78
IPr*-2 0.5/2 37175
IPr*-3 0.5/2 87/100
IPr*-4 0.5/2 65/97

Conditions: aryl chloride (0.5 mmol, 1 eq.), morpholine (0.55 mmol,
1.1 eq.), 0.5 mL of DME, reaction under inert atmosphere. “ Average
result of two separate experiments.

after 2 hours.”* Complete conversion was reached by all cata-
lysts after 2.5 h, with the only exception of IPr-2 for which the
conversion stopped at 84%, showing the lowest activity com-
pared to the others. The conversion was also monitored after
30 minutes to evaluate the difference in activity. After this
time, the aryl chloride conversion ratio was 21% when [Pd(IPr)
(n*-cin)Cl] was used. A similar value of 20% was obtained with
IPr-1, while IPr-2 gave only 11% confirming the previous obser-
vation. IPr-3 and IPr-4 showed to be more active, giving
respectively 42% and 38% conversions after 30 minutes. After
2 hours, IPr-3 is the only species that gave 100% conversion of
the starting material, while IPr-4 reached 85%. IPr-1 and IPr-2
showed 81% and 65% conversion of the aryl chloride, follow-
ing the trend previously observed. From these initial results,
the substitution at the C4 of the phenyl ring of the cinnamyl
moiety does not appear to improve catalyst activity, but rather
leads to lower conversions. However, the modification on the
ortho positions of the cinnamyl moiety, oriented towards the
Pd center, leads to improved catalytic activity.

We next move to the more sterically congested IPr* ana-
logues in the same cross-coupling reaction under identical
conditions. The already described [Pd(IPr*)(n*-cin)Cl] structure
bearing the unmodified cinnamyl group was used as standard.
As in the previous case, all species reached full conversion
after 2.5 hours.

After 30 minutes, IPr*-3 showed the highest conversion
value with 87%, followed by IPr*-4 (65%), and by [Pd(IPr*)(cin)
Cl] (55%). On the other hand, IPr*-1 and IPr*-2 gave respect-
ively 21% and 37% conversions. These conversion values
achieved with the bulkier IPr* series are generally higher than
the ones obtained with the IPr series, and concomitantly
follow the same activity trend as a function of the cinnamyl
substitution pattern. The substitution of the phenyl group
with the mesityl showed the greatest increase in catalytic per-
formance. The 2-naphthyl modification also leads to a higher

Dalton Trans., 2024, 53,18013-18020 | 18015
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catalytic activity in comparison with the unsubstituted cinna-
myl analogue. On the other hand, the IPr*-1 and IPr*-2 pre-cat-
alysts that only bear substitution at the C4 of the cinnamyl
moiety, showed a greater decrease in the conversion than the
ones observed for the IPr series. After 2 hours, IPr*-3 converted
100% of the starting material, confirming it is the best pre-
catalyst overall, while IPr*-4 provided almost full conversion at
97%, proving a greater activity than [Pd(IPr¥)(n’-cin)Cl] that
reached a 92% conversion. IPr*-1 and IPr*-2 converted respect-
ively 80% and 75% of the starting material in 2 hours.

So, the steric congestion about the palladium center can be
appreciated, single crystals of IPr*-3 were grown for diffraction
studies. A graphical representation of the structure of IPr*-3 is
presented in Fig. 6. It is clear from the metrical parameters
that there exists a significant elongation of the Pd-C allyl bond
when this carbon is substituted with a mesityl group (C*"*),
going from 2.104(2) A at the unsubstituted allylic terminus to
the central allyl carbon (2.159(4) A) to the mesityl bearing
allylic terminus 2.305(4) A. This compares to values of 2.110(7)
A, 2.270(10) A and 2.155(11) A for these three positions found
for the related [Pd(IPr*)(cin)Cl] complex (Table 2).*” The sub-
stitution on the aryl fragment of the allyl evidently causes a
major distortion of the allyl fragment effectively creating sig-
nificantly more access to the palladium center in IPr*-3.

Scope of the Buchwald-Hartwig amination reaction. A small
array of aryl chlorides and amines was explored in the
Buchwald-Hartwig animation using the most active IPr*-3
(Fig. 7). Morpholine reacted smoothly with chlorobenzene,
4-chlorotoluene and 4-chloroanisole affording 5a, 5b and 5¢ in

Ph__Ph Ph._Ph
NN

Ph(Ph
Pd

v ai

IPr*-3

Fig. 6 X-ray structure of the IPr*-3 pre-catalysts showing the thermal
displacement ellipsoids at 50% probability level. Hydrogen atoms are
omitted for clarity. Selected bond distances (A) and angles (°): Pd—Cl
2.3605(6), Pd—CNHC 2.032(2), Pd—C?"™ 2.104(2), Pd—C?"¥'? 2.159(4), Pd—
C2W8 2 305(4); CNHC—_Pd-Cl1 92.46(6), CNHC—Pd-C2' 100.74(9), C2W1—
Pd-C?Y" 67.14(11), C*"Y*—-Pd-Cl 99.98(9).

Table 2 Selected bond distances of IPr*-3 and [Pd(IPr*)(cin)Cl]

A IPr*-3 [Pd(1Pr*)(cin)Cl]
Pr Pd-C1 2.104(2) 2.110(7)
by Pd-C2 2.159(4) 2.270(10)
\g\ ~cl Pd-C3 2.305(4) 2.155(11)
c2 o
Ar
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O S Sy

5j, 97% 5k, 99%

Fig. 7 Scope of the Buchwald—Hartwig reaction mediated by IPr*-3.
Isolated yields reported as an average of two separate experiments.

excellent yield. A lower yield was obtained when morpholine is
coupled with 3-chloro pyridine, giving 5e in 80% yield. Overall,
the 4-chloroanisole seems interestingly more compatible with
the system, since the reaction with sterically hindered and less
reactive dibutyl amine provided 5f in 92% yield, while the
coupling of the same amine with the 4-chlorotoluene gave 5g
in an 85% yield. The reactions with methyl aniline followed
the same trend as the previous examples, giving better results
when 4-chloroanisole is employed in comparison to 4-chloro-
toluene, giving respectively 95% and 80% yield (5h and 5i).
The system showed to be extremely effective with sterically hin-
dered substrates. The di-ortho substituted 2,6-dimethylphenyl
chloride was the most reactive among all substrates tested with
morpholine and afforded 5d in quantitative yield. The same
aryl chloride reacted smoothly with methyl aniline giving 5j in
97% yield. Furthermore, we noticed that when both the sub-
strates are sterically demanding, the coupling occurs very
smoothly, as in the case of the reaction of 2,6-dimethyl phenyl
chloride with 2,6-diisopropyl aniline that provided the corres-
ponding tetra-ortho diaryl amine 5k in quantitative yield. This
result highlights the high activity of IPr*-3 as these substrates
usually require harsher conditions to proceed.>”

A factor that can be responsible for the increase in the cata-
Iytic activity of our new systems is the diminution of the for-
mation of the off-cycle and catalytically inactive [Pd}(NHC),(n*
R-allyl)(p-Cl)] species. The preparation of these dimers can be
achieved by the reaction of the [Pd(NHC)(n>-R-allyl)Cl]
complex with an excess of potassium carbonate in degassed
EtOH under inert atmosphere.’® Different Pd' dimers bearing
various NHCs are reported within a maximum time of 5 hours.
In this work, we aimed to investigate the ease of formation of
the Pd' dimers starting from the new [Pd(NHC)(n>-R-allyl)Cl]
pre-catalysts.

Initially, the four IPr-bearing palladium complexes were
investigated. The corresponding [Pd(NHC)(n>-R-allyl)Cl]
complex was reacted with 3 eq. of K,CO; in EtOH and the ratio

This journal is © The Royal Society of Chemistry 2024
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Table 3 Decomposition and formation times for the Pd' dimers
preparation

IPr
/
(—Pd s
%oy  Complete Pd’ dimer for-  Acetaldehyde
decomposition mation start- formation starting

Ar time (h) ing time time (h)
IPr-1 1 2 4
IPr-2 1 1 2
IPr-3 1 1 1
IPr-4 2 1 1

between the formed dimer and the remaining Pd" complex
was evaluated every hour for 5 hours.

The central proton peak of the allyl system is reported to be
abnormally shifted upfield, around 1.70 ppm (ref. 49) due to
the high electronic density present on the allyl fragment
caused by the back-bonding from the d orbitals of the Pd-Pd
bonding to the n* orbital of the allyl moiety.**>”*® Therefore,
the signal of this central proton was selected to monitor dimer
formation. For IPr-1, already after 1 h of reaction, a sharp
decrease of the signals of the allyl system of the monomeric
species was observed, along with the appearance of a peak
around 1.85 ppm. The signal of acetaldehyde, formed from the
oxidation of ethanol, is detected starting from 4 h. From the
reaction involving IPr-2, the complete decomposition of the
monomeric complex occurs already after 1 h. Many species
that are difficult to detect are formed during the experiment,
the Pd' dimer appears after 1 h, but decomposes during the
time. The aldehydic proton of the acetaldehyde and the olefin
signal of the species that is formed in the reductive elimin-
ation step that leads to the monoligated Pd° species discon-
nected from the Pd are also noticeable (see the ESIT for further
details). For IPr-3, after 1 h, no Pd" precursor remains. On the
other hand, significant amounts of acetaldehyde were detected
during the 5-hour reaction time starting already after 1 h. This
result suggests that this catalyst is easily activated, forming the
monoligated L-Pd° fragment, but has less of a tendency to
form the Pd" dimer due to the steric hindrance of the mesityl
group on the allyl moiety. The experiment with IPr-4 is the
only one that shows that after 1 h the precursor is still not
completely decomposed, suggesting a slower Pd' dimer for-
mation for this species. A summary of these results is reported
in Table 3. On the other hand, the IPr* complexes did not
show any Pd" dimer formation. This we suspect is due to the
significant steric hindrance of the IPr* ligand.>®

Experimental
Synthetic procedures

General procedure for synthesis of the allyl chlorides. A
modified literature procedure is used for the synthesis of the
allyl chlorides:** R-benzaldehyde was charged to a nitrogen
filled round-bottom flask filled with nitrogen and dissolved in
dry THF. This mixture was cooled to 0 °C and 1.2 equiv. of

This journal is © The Royal Society of Chemistry 2024
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vinylmagnesium bromide (1.0 M in THF) was added. The
mixture was then allowed to warm to room temperature and
was stirred for 2 hours. After completion (determined by TLC),
the reaction is quenched with a saturated solution of NH,Cl in
water and extracted three times with ethyl acetate. The com-
bined organic phases were collected and concentrated using a
rotary evaporator. This crude alcohol is directly used in the
next step. The alcohol of the previous step is dissolved in dry
dichloromethane under a nitrogen atmosphere and cooled to
0 °C. 4 equivalents of SOCI, are added and the mixture is
stirred for 2 hours at 0 °C. Afterwards, the mixture is allowed
to warm to room temperature and stirred for an additional
hour. After completion (determined using TLC), the reaction is
quenched with ice water and extracted three times with di-
chloromethane. The combined organic phases are dried using
Na,S0,, filtered and concentrated in vacuo. The crude is then
further purified using vacuum distillation or recrystallisation.
Identity of the product is confirmed by comparing "H-NMR to
literature values.” ®

General procedure for synthesis of [Pd(n*-R-allyl)(p-Cl)],. In
a round bottom flask, PdCl, (1 equiv.) and NaCl (2 equiv.) are
dissolved in 5 mL of warm water (30 °C) and stirred for
15 min. After this time, R-allyl (1 equiv.) dissolved in 10 mL of
methanol is added to the reaction. Additional methanol is
added to ensure homogeneity. The flask is sealed with a
rubber septum and a balloon filled with CO, fitted onto a
needle, is used to bubble gas through the solution. After two
hours, the solution had turned from red brown to yellow.
Sometimes, Pd-black formed, completely taking over the
colour of the solution, this however can be removed during
work-up. The reaction is stopped, and the solution is poured
into a separation funnel containing 50 mL water. The mixture
is extracted with chloroform (3 x 30 mL). The collected organic
phases are dried using MgSO, and the mixture is filtered
through a frit resulting in a clear yellow solution. The solvent
is evaporated in vacuo to concentrate the solution. Hexane is
added as a co-solvent and after sonication and filtration the
product is collected on a frit, washed with cold hexane, and
dried in vacuo.

General procedure for the synthesis of [Pd(NHC)(n’*-R-allyl)
Cl] via the weak-base route. A 4 mL vial, is charged with
[Pd(n*-R-allyl)(u-Cl)], (1 equiv.), NHC-HCI (2.4 equiv.), K,CO;
(3 equiv.) and 2 mL of acetone are added. This mixture is
heated to 60 °C and stirred vigorously for 5 hours. After this
reaction time, the solvent is evaporated in vacuo and the
remaining solid residue is dissolved in DCM. This solution is
filtered over a Florisil® plug and washed with more DCM. The
filtrate is then concentrated in vacuo to remove volatiles.
Pentane is added to the concentrate solution to assist the pre-
cipitation of the complex with the aid of a sonication bath.
The solution is filtered affording the desired product as a
solid.

General procedure for synthesis of [Pd(NHC)(n*-R-allyl)Cl]
via Pd’-synthon route. In the glovebox: a 4 mL vial is charged
with [Pd(IPr)(PhC=CPh)]”> (1 equiv.) and benzene. This
mixture is stirred at room temperature for 15 minutes after
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which time the vial is removed from the glovebox for the work-
up. The solvent is evaporated in vacuo and the remaining solid
is dissolved in a minimal amount of DCM. The desired
product is then recrystallised by adding pentane and soni-
cation, and isolated by filtration and washed with cold
pentane.

[Pd}(NHC),(n’*-R-allyl)(p-Cl)] dimer formation. [Pd(NHC)(n?-
R-allyl)Cl] (0.08 mmol, 1 eq.), K,CO; (0.24 mmol), and a mag-
netic stirring bar were charged into a Schlenk flask, followed
by 3 vacuum/argon cycles and then the degassed ethanol
(3 mL) was transferred into the flask. The reaction mixture was
stirred at 40 °C for 24 h. A sample of 0.1 mL was taken and
added to an NMR tube. The solvent was evaporated and CDCl;
was added. The samples were analyzed by "H NMR every hour
until 5 h to monitor the reaction progress.

Crystallography. The single crystals of the dimers (1-4) and
of IPr*-3 for XRD analysis were grown by dissolving 0.5 mg of
the complex in 1 mL of DCM and subsequent slow diffusion of
hexane at 4 °C. Deposition number CCDC 2367688-2367692F
(for 1, 2, 3, 4 and IPr*-3) contain the supplementary crystallo-
graphic data for this paper.

Conclusions

We have successfully prepared a new series of [Pd(NHC)(n*-R-
allyl)Cl] complexes bearing a substituted-cinnamyl moiety,
with the metal center decorated with IPr or IPr* ligands. The
influence of the bulkier throw-away ligands was studied by
testing the pre-catalysts in the Buchwald-Hartwig cross-coup-
ling reaction. The results showed that the naphthyl and the
mesityl modifications on the allyl motif led to an increase in
catalytic activity when compared to the unsubstituted cinna-
myl-based complexes. On the other hand, the substitution
with p-tol and especially with the p-‘Bu-phenyl groups resulted
in a decrease in catalytic activity. This reactivity difference is
significantly more pronounced when the NHC is IPr*. The best
catalyst among the series examined is [Pd(IPr*)(n*-mes-allyl)
Cl] (IPr*-3). The results highlight how this composition is par-
ticularly active for the preparation of bulky secondary and ter-
tiary amines with 2,6-di-ortho-substituted starting materials.
The higher reactivity is due to the complex stability, and this
has been probed by attempting to transform the [Pd(NHC)(n?*
R-allyl)Cl] complexes into catalytically inactive Pd(1) dimers.
For the IPr-containing series this transformation clearly occurs
under the specific reaction conditions examined. As for the
IPr* analogue, a complete lack of reactivity in this manner is
observed. In this sterically more demanding series, the Pd(1)
dimer formation is completely inhibited.

The series of experiments performed here on both modify-
ing the allyl and NHC moieties teach us that to target a very
active, yet stable pre-catalyst, one needs steric protection on
the NHC hemisphere of the complex while also having a high
degree of substitution on the allyl which serves two purposes:
(1) it destabilises the Pd-allyl bond as it is highly substituted
and (2) it hinders the role of the liberated allyl to act as a brid-
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ging ligand in comproportionation reactions to stabilise the
Pd(1) dimer structure. More work along these lines is presently
ongoing in our laboratories.
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