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ABSTRACT:

A series of bulky palladium catalysts based on Mioeyclic carbene,
(Pd(NHC)(acac)CI:
NHC = IPrfme = N,N’-bis(2,6-bis(di-p-tolylmethyl)-mnethylphenyl)-imidazol-2
-ylidene, Pd(IPr*me)(acac)Cl,
NHC = IPr*ipr = N,N’-bis(2,6-bis(di-4-isopropylphegt)-4-methylphenyl)-imidazol-2
-ylidene, Pd(IPr*ipr)(acac)Cl,
and NHC = IPr*tBu = N,N’-bis(2,6-bis(di-4-(tert-bdjphenyl)- 4-methylphenyl)-
imidazol-2-ylidene, Pd(IPr*tBu)(acac)Cl;
acac = acetylacetonate), have been designed artiesyged. These three new
catalysts showed much better catalytic activity the Buchwald—Hartwig
arylamination coupling reaction as compare to thadies congener (IPr*)Pd(acac)Cl
(IPr* = N,N’-bis(2,6-diphenylmethyl)-4-methylphengiidazol-2-ylidene). The
highly active Pd precatalyst [Pd(IPr*me)(acac)Cl] has been fullplered by using a
wide range of substrates with different electroaid steric demands of coupling

partners, for which up to 99% isolated yields wedgtained. Remarkably, the



moderate isolated yield was obtained for the chglley coupling of the amine

bearing very bulky groups.

R1®—x N H_N,Rz [PA-NHC]: 0.4 mol% R1@N,R2
= Ry  LiHMDS, 1,4-dioxane, 3 h — ]

3 Rs3

32 examples

(X'=ClorBr) (Up to 99% vyield)

1. Introduction

Palladium-catalyzed cross-coupling reactions haentkextensively studied over
the past 30 years[1]. In particular, palladium-bated arylamination has become an
important and widely employed method for the fororatof C—N bonds[2]. Unlike
phosphine-based ligands[3], palladium N-heterocyctirbene (Pd-NHC) complexes
feature significant air and moisture stability asttbngc-donating properties, which
make them very user friendly and benefit for thédative addition of aryl halides
during the catalytic cycle[4]. However, reports Pd-NHC catalysts used in C-N
coupling reactions are still relatively rare[5]. deat yearsthe improvement in the
design of catalysts, especially the design of lkitFarsterical hindrance, promote the
development of this field. Sterically demanding iy ligands can kinetically
stabilize highly reactive low-valent transition kst and permit high catalytic
activity[6].

Nolan group have done a systematic work in thiedfiiThey developed the
(IPr)Pd(acac)ClI (IPr N,N’ -bis(2,6-diisopropylphenyl)imidazol-2-ylidene) colap
and successfully applied it in Buchwald-Hartwig C-Yoss-coupling reactions,
achieving desired results in 2006 [5a]. Afterwartth®y developed a bulkier catalyst
(IPr*)Pd(acac)Cl featuring better stability and ebent catalytic activity, in which the
carbene center located in center of a bowl-shapeityc[4]. The properties of NHCs
ligands have a great influence on the performaridede NHC catalysts. The steric

hindrance facilitated reductive elimination andbsdtaation of a low-valent active



intermediate [7]. Therefore, the exploration of ebeilkier NHC ligands and study of
their catalytic performance to further develop lygactive Pd-NHC catalyst would
be of great significance. We reasoned that thdytatactivity of Pd-NHC catalyst

based on (IPr*)Pd(acac)Cl can be enhanced by simplyducing a bulky substituent
group, such as methyl, isopropyl or tert-butyl.

To evaluate this concept, we designed and syn#émbsia series of
Pd(NHC)(acac)Cl catalysts incorporating the bullkieethyl, isopropyl or tert-butyl
substituent group in the IPr* units (Figure 1). Sedpently, they were applied in
Buchwald-Hartwig C-N cross-coupling reactions anavey rise to much better
catalytic activity as expected. Furthermore, thealgdc activity was tunable, and
significantly enhance by increasing the steric hande of the ligand. Additionally,
the theoretical calculations further confirmed thiae energy of Pd-C bond in
Pd-NHC was reduced with the increasing of the steindrance of the NHC ligand,

thus resulted in the enhancement of the catalgtivigy.

fé OH Pd(IPr*)(acac)Cl Nolan's work
(\N/*Ar R R

/N/ cl % §4©*CW Pd(IPr*me)(acac)Cl
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Figure 1. The chemical structure of Pd(NHC)(acac)Cl

2. Resultsand discussion

Multigram quantities of NHC ligands (IPr*R-HCIPr*-HCI, IPr*me-HCL
IPr*ipr-HCI and IPr*tBu-HCI) were successfully peepd (SI scheme 1) using the
method reported in the previous literature [8].irdétely, the desired palladium
N-heterocyclic carbene complexes (Pd-NHC) were inbtathrough a facile ligand

exchange between Pd(acaahd the corresponding NHC ligands.



Figure 2. Synthesis of Pd(NHC)(acac)Cl

W _ @N/*Ar
o 0 «N N® 1,4-dioxane N Cl
/Pd\ + Ar NEOAR ———— a Pd
Q O C|® 24 h, reflux O/ \O

IPr*R-HCI
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All the Pd(NHC)(acac)Cl complexes are found toblogéh air and moisture stable.
And the crystal of Pd(IPr*me)(acac)Cl suitable fot-ray diffraction were
successfully grown by slow diffusion of hexane iat@aturated benzene solution of
the complex (Figure 2). The Pd(Il) atom adopted cuase planar geometry,
coordinated to the Cl, two O from acac ligand, #mC from imidazol ring of NHC

ligand.
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Figure 3. Molecular structure of Pd(IPr*me)(acac)Cl .
Selected bond lengths (A) and angles (deg)—Pd3, 1.965(4); Pd1-01, 2.026(7);
Pd1-02, 2.022(7); Pd1-Cl1, 2.284(3); CEPd1-01, 86.5(3); O1-Pd1-02, 93.4(3);
C43- Pd1-Cl1, 87.5(3); 02-Pd1—Cl1, 179.59(2).



Figure4. First Screening of Catalysts Performance.
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®Reagents and conditions: 1-bromo-4-methylbenzemen(bl), morpholine (1.2 mmol), Pd precatalyst
(0.2-0.4 mol %), solvent (1 mL), base (1.2 mmolQ’C, 3 h. Conversion of the coupling product

based on starting aryl halide determined by NMR.

To evaluate the catalytic activities, we examineel performance of these new
catalysts by using the Pd(IPr*)(acac)Cl as the robnih the identical condition
reported by Nolan[4]. The results clearly indicatidwht the catalyst incorporated
bulkier ligand exhibited a relatively higher cat#tyactivity as shown in Figure 3. All
the three new catalysts exhibited higher activitiesn Pd(IPr*)(acac)Cl with over
10% increasing of the conversion yield. Considerthg easier preparation of
IPr*me-HCI, the Pd(IPrrme)(acac)Cl was selectedfuxdher expand the substrate
scope of C-N cross-coupling reaction.

The optimal base/solvent systems for the Buchwald¥ig C-N cross-coupling
reaction were of 4-Bromotoluene with N-morpholimen carefully explored under
various conditions listed in Table 1. The prelinmnadata clearly demonstrated that
the catalytic arylamination displayed the best @anfance in the system of LIHMDS

as base and 1,4-dioxane as solvent.



Table 1. Further Screening of Base/Solvent System for Amination with
[Pd(I Pr*me)(acac)Cl]?

/—\ Pd(IPr'me)(acac)Cl (0.4 mol%) /7 \
\__/ base,solvent \__/

110°C, 3 h
Entry Solvent Base Yield (%)
1 dimethoxyethane LIHMDS 88
2 dimethoxyethane KBu 86
3 toluene LIHMDS 90
4 toluene KCBu 83
5 1,4-dioxane LIHMDS 98
6 1,4-dioxane K@Bu 97

®Reagents and conditions: 1-bromo-4-methylbenzemanbl), morpholine (1.2 mmol), Pd precatalyst
1 (0.40 mol %), solvent (1 mL), base (1.2 mmol)Q°CL 3 h. Conversion to coupling product based on

starting aryl halide determined by NMR.

The optimized condition, 0.4 mol % of catalyst lmad at 110 °C in
1,4-dioxane with LIHMDS for 3h, was established, iesthwas the same as the
condition reported by Nolan[4]. Under the optimizéadse/solvent system, we
screened the coupling of different aryl halideshwii-morpholine. As listed in Table
2, excellent catalytic activities were successfathieved with good isolated yields
up to 99%. The yield of the hindered aryl bromidmt(ies 3, 5 and 10) in the
coupling reaction was also satisfactory. The inactryl chloride also could provide
a good vyield of 91% (entry 1). The aryl bromidesarioey weakly steric groups
(entries 9, 11 and 13) and heterocyclic aryl brasi(entries 6,7 and 8) also proved to
be suitable partners. Aryl bromides bearing electtonating groups (entries 14, 15
and 16) showed high activity in the reaction. Aryromides bearing
electron-withdrawing  substituents, including trdhomethyl group, were

well-tolerated, affording the coupled products ig@od yield (entry 17), but aryl



bromides bearing nitro substituent coupled witHia@iproceeded with only moderate
yields (entry 18). According to the relevant liten@, we speculated that the catalyst

may form a (nitroso)Pd(Il) species and lose itsvdygt[9].
Table 2. Arylamination Screening of Various Aryl halides with N-mor pholine®

@X N HN/_\O Pd(IPr*me)(acac)Cl ( O4mo|% Q
/ _/ LiHMDS,1,4-dioxane \_/

110°C, 3 h

(X =_ClorBr)
OO P -G OO0
1. 98%, 91%®° 2.99% 3. 95% 4.75%
(0] A
W, @ =N |
/\ N -~/ N O Heco N N/\
e ) WO 8
__/ N O
5. 85% 6. 81% 7.89% 8. 96%
OO O O —-OC
__/ _/ __/ __/
9. 99% 10. 95% 11.97% 12. 98%
OCHj4 H3CO
O MeO
13. 98% 14. 85% 15. 99% 16. 99%
O O,N N O
_/
17. 90% 18. 41%

®Reagents and conditions: aryl bromide (1 mmol), pholine (1.2 mmol), Pd precatalyst 1 (0.40
mol %), solvent (1 mL), base (1.2 mmol), 1X0, 3 h. Isolated yield after chromatography on ailic

gel.

®Ar-Cl as material



The selected optimized conditions were also gelyeagblied to a wide number
of amine substrates. The good to excellent isolgteldls were obtained (Table 3).
The p-toluidine and aniline were successfully cedpWith 4-Bromotoluene under
these conditions (entries 1 and 5), affording thepted products in excellent yields.
N-methylaniline also proved to be suitable partnetgcessfully coupled with aryl
chloride (entry 7), aryl bromide (entries 4 and J)d heterocyclic (entry 8),
affording the coupled products in excellent yieldsiline with electron-donating
groups has a higher activity in reaction than tkath electron-withdrawing
substituents (entry 2 vs entry 3). In addition,gpigine and 4-Bromotoluene (entry 6)
were successfully coupled and excellent isolatettigiwere obtained.

The Buchwald—Hartwig arylamination is a very powérsynthetic tool for the
preparation of a wide range of biologically actimelecules[10]. However, there was
few satisfied results obtained in the C-N crossptiog reaction based on the
substrates with very bulky group[6]. Therefore, prveposed examining the reactivity
of several aryl groups bearing hindered substigjegxcellent yields were obtained
(entries 9, 11, 12 and 13). Surprisingly, a moderstlated yield could be obtained
for the challenging coupling of both sterically aalctronically disfavored amine
with 4-Bromotoluene (entry 14). Meanwhile, the Bwelid—Hartwig arylamination is
also beenapplicated in small-molecule organic light emittimjodes (OLEDS)
component synthesis[11]. And this system is mofieiefnt, obtained an good vyield

product of 92% (entry 15).



Table 3. Arylamination Screening of Various Aamineswith Aryl halides®

— R'  Pd(IPr*me)(acac)Cl (0.4 mol%) G R
X + > N
RX_/ HN, LiHMDS, 1,4-dioxane RO Z )

R

110, 3 h (X = Cl or Br)
H H H
_Q.N_Q N OMe N F
1.99% 2. 99% 3.70%
| H

OO O ~
4. 99% 5. 99% 6. 97%

OO OO O

N N N

=N

7°.99% 8. 99% 9. 99%

weo—{ YAy A ~ (D
10. 97% 11. 98% —@—HN Q
&

ptesd {?33 8

12. 98% 13. 98% 14. 52%, 68%°
N/J
H
15. 92%

#Reagents and conditions: aryl halides (1 mmol),n@si(1.2 mmol), Pd precatalyst 1 (0.40 mol %),



solvent (1 mL), base (1.2 mmol), I0Q 3 h. Isolated yield after chromatography on ailjel.
PAr-Cl as material.

€12 h.

Besides the experiment, we also used theoretidaulesions to verify our
assumptions about the subject. All the theoretieddulations were carried out using
Gaussian 09 [12]. The density functional theory TDFL3] at the gradient-corrected
correlation functional PBE1PBE [14] was used toirapte molecular geometries
without symmetry constraint. During the optimizatigprocesses, the convergent
values of maximum force, root-mean-square (RMSgdpmaximum displacement,
and RMS displacement are set by default. The 6-818) [15] basis set was used for
C, H, N, O, and ClI, while the Stuttgart—-Dresden@§[16] basis set and the effective
core potentials (ECP) were employed for Pd. Theinopéd geometries were
confirmed with all real frequencies.

The calculated bond lengths of Pd-Cl and Pd-C diFArtme)(acac)Cl by the
PBE1PBE functional are 2.30 and 1.97 A, which dosecto the corresponding bond
lengths (2.28 and 1.96 A) in its X-ray structuréeTcalculated bond energies of the
Pd-C bonds for Pd(IPr*)(acac)Cl, Pd(IPr*me)(acac)@d(IPr*ipr)(acac)Cl, and
Pd(IPr*tBu)(acac)Cl by the PBE1PBE functional ar®6l 1.88, 1.69, 1.47 eV,
respectively, indicating that the increasing steutk of the NHCs leads to a decrease
of the Pd-C bond energy. The better activity ofIPdfne)(acac)Cl would be related

to its lower Pd-C bond energy.

3. Summary

Three new well-designed bulky catalysts Pd(NKEEAE)CI (Pd(IPr*me)(acac)Cl,
Pd(IPr*ipr)(acac)Cl, and Pd(IPr*tBu)(acac)Cl) weseccessfully synthesized and
applied in the Pd catalyzed C-N cross-coupling treac They show better activities
than its earlier generation [Pd(IPr*)(acac)Cl] cengr, which is attributed to the
improving of the sterical hindrance in NHC ligaj@d(IPr*me)(acac)Cl] showed

excellent performance in C-N bond formation betwdéss aryl-chlorides/bromides



and amines, including sterically hindered and deaield substrate. Our strategy of
simple ligand modification successfully leads te temarkable promotion of catalyst
activity further verify the theory proposed by Noland provide the guideline for
further exploitation and application of palladiumhidterocyclic carbene catalysts.
Further investigations are ongoing in our labomattw extend its use to other

reactions.

4. Experimental section
4.1. Materials and instruments

All aryl halides and amines were used as purchas#éobut further purification.
'H NMR and **C NMR spectra were recorded on Bruker at 300 andViFg,
respectively, in CDGI with tetramethylsilane as internal reference shathdor
DMSO-d°. High resolution mass spectra (HRMS) were recoidembsitive ion mode
by Electrospray lonization (ESI) using time of Aigmass spectrometer. Column
chromatography was performed using 300-400 mestagijel and technical grade

solvents.
4.2 General Procedure for the Synthesis of [Pd(N{d€)c)Cl]
In a Schlenk flask equipped with a magnetic stiyfoar, IPr*R-HCI (1.4 eq) and

Pd(acac) (1 eq) were dissolved in dry 1,4-dioxane (15 mhyjler an atmosphere of
nitrogen. The reaction mixture was then refluxeddC for 12 h. After removal of
the dioxane solvent, the residue was re-dissolwetH,Cl,, filtered on a pad of silica
covered with Celite. The crude product was obtaiagdr evaporating the GBI,
solvent. After chromatography on silica gel, theegpgomplex was obtained as a

yellow powder.

4.3. Buchwald—Hartwig Cross-Coupling of Aryl Halglevith Primary or Secondary
Amines: General Procedure.

A glass vial was charged with [Pd(IPr*me)(a€df)1) , neat amine (1.1 mmol),
and the aryl halide (1 mmol) in dry 1,4-dioxanenfil) under an atmosphere of
argon and sealed with a screw cap fitted with a septutrdMDS (1.1 mmol) was

subsequently injected at room temperature undematige reaction mixture was then



refluxed at 110°C for 3 h, After this time, dioxane was evaporated, crude product
was dissolved in C¥Cl,. The solution was filtered on a pad of silica gedewith
Celite, and the pad was eluted with £LH. After chromatography on silica gel, the

pure complex was obtained.
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Highlights

1) We have design and synthesis a series of bulky palladium catalysts based on
N-heterocyclic carbine for C-N cross-coupling reaction.

2) .They al show better activities than its earlier generation [Pd(IPr*)(acac)Cl]
congener, which is attributed to the improving of the sterical hindrance in NHC
ligand.

3) This strategy of simple ligand modification successfully leads to the remarkable
promotion of catalyst activity further verify the theory proposed by Nolan and
provide the guideline for further exploitation and application of palladium
N-heterocyclic carbine cataysts.



