Sonogashira Cross-Coupling of Aryl Ammonium Salts by Selective C-N
Activation Catalyzed by Air- and Moisture-Stable, Highly Active
[Pd(NHC)(3-CF3-An)Cl:] (An = Aniline) Precatalysts

Peng Lei,* ™4l Yibo Wang,” Caixia Zhang,” Yuge Hu, Juntao Feng,™* Zhiqing Ma,*-"* Xili Liu,*

Roman Szostak,T and Michal Szostak*-$

tCollege of Plant Protection, Northwest A&F University, Yangling, Shaanxi 712100, China
#Shaanxi Research Center of Biopesticide Engineering & Technology, Northwest A&F University, Yangling, Shaanxi

712100, China

lIState Key Laboratory of Crop Stress Biology for Arid Areas, Northwest A&F University, Yangling, Shaanxi 712100,

China

TDepartment of Chemistry, Wroclaw University, F. Joliot-Curie 14, Wroclaw 50-383, Poland
§Department of Chemistry, Rutgers University, 73 Warren Street, Newark, New Jersey 07102, United States

Supporting Information

|-

"’i'l'\

oTr

+ air- & bench-stable
H—

[PA{IPF){3-CF3-An)Cl;]

-

wel-defined Pd{il)-MHC-anfline calalysts

Me Me
Me. | l-Me

N N,_\N g
@ R Me CI\P]d/C\ Me
Me | Me

R 21 examples HaN CF,
up to 98% yfeld Millipere Sigma U
catalytic N C cleavage high catalytic efficiency e B

new class of easily prepared and modular catalysts

[Pd{IPr}{3-CF5-An)Cl,]

ABSTRACT: We report the Sonogashira cross-coupling of aryl ammonium salts catalyzed by air- and moisture-stable
[Pd(NHC)(3-CF3-An)Cl2] (An = aniline). This highly active Pd(II)-NHC complex features broad scope and excellent C-N acti-
vation selectivity in the challenging alkynylative cross-coupling of aryl ammonium salts. Full structural characterization and
computational studies demonstrate the effect of pyridine to aniline replacement as highly effective stabilizing ancillary lig-
and in well-defined Pd(II)-NHCs. Considering the high reactivity and the recent commercialization of [Pd(NHC)(3-CFs-
An)Cl2] (Millipore Sigma, no 915165), this catalyst represents an attractive approach to the activation of C-N bonds of broad

synthetic interest.

Activation of N-C bonds has recently emerged as an at-
tractive approach in transition metal catalysis.! In this con-
text, over the years, a plethora of electrophilic coupling
partners have been developed, predominantly focused on
halides and phenolic electrophiles,23 while more recent
studies have begun to address the cross-coupling of aryl
sulfur and aryl phosphorous bonds.4#5 With respect to aro-
matic carbon-nitrogen bonds, this mode of oxidative addi-
tion is severely underdeveloped despite the prominent
role of aromatic carbon-nitrogen bonds in organic synthe-
sis and drug discovery.6 Out of several classes of C-N elec-
trophiles, including the recent surge of interest in amide
bond C-N activation,” the use of trialkyl ammonium salts
as readily available, safe and benign C-N electrophiles is
highly desirable.8® Following the pioneering studies by
Wenkert and MacMillan on Ni-catalyzed Kumada and Su-
zuki cross-coupling of aryltrimethyl ammonium salts10,

recent advances have been made by using specifically de-
signed ligands and substrate classes for activation of C-N
bonds in aryl ammonium salts.911

The use of well-defined Pd(I1)-NHC complexes has led to
major developments in advancing cross-coupling reactions
in academia and industry owing to high nucleophilicity of
strongly o-donating NHC ligands, superb bench-stability
and facile activation to mono-ligated Pd(0)-NHCs.1213
These collective features of Pd-NHCs enable facile oxida-
tive addition of less reactive bonds, while the mild activa-
tion allows for user-friendly handling and operational-
simplicity in using Pd(II)-NHC complexes.1415 The key as-
pect of developing new Pd(II)-NHCs is the stabilizing ancil-
lary ligand, with several classes reported to date, such as
[Pd(NHC)(allyl)Cl] complexes,16

chloro dimers [Pd(NHC)(x-Cl)Cl]2,7 heterocyclic Pd-
PEPPSI systems!8 or palladacycle-supported SingaCycle



catalysts.19 Recently, we have introduced
[(NHC)PdCI2(An)] complexes, which take advantage of
anilines as an unexplored class of ancillary ligands for Pd-
NHCs.20 These catalysts are based on the mechanistic hy-
pothesis that activation of aniline-ligated Pd(II)-NHCs is
facile compared with related heterocyclic Pd-PEPPSI com-
plexes.1415

The [(NHC)PdClz(aniline)] complexes have been com-
mercialized in collaboration with Millipore Sigma to enable
broad access for researchers for reaction screening and
optimization (no 916161; no 915165). In our initial study
we reported the reactivity of the parent [Pd(IPr)(An)Clz]
(An = Aniline) complex.20 Now, we report that a meta-
substituted analogue, [Pd(NHC)(3-CF3-An)Cl2] (An = ani-
line), is a highly active Pd(II)-NHC complex for the So-
nogashira cross-coupling of aryl ammonium salts by selec-
tive C-N bond activation. This catalyst offers substantial
improvement over other Pd(I[)-NHC complexes in the
challenging alkynylative cross-coupling of aryl ammonium
salts.%2 Considering the high reactivity and commercial
availability of [Pd(NHC)(3-CF3-An)Clz] (An = aniline), the
complex represents an attractive approach to the activa-
tion of C-N bonds of broad synthetic interest.

Based on our previous work on C-N activation,1415 our
study commenced with evaluating the reaction conditions
for the cross-coupling of phenyltrimethylammonium (1a)
with 4-methylphenylacetylene (2a) according to Cao (Ta-
ble 1).92 Under optimized conditions (entry 1), the cross-
coupling proceeded in excellent 92% yield ([Pd(NHC)(3-

Table 1. Optimization of the Reaction Conditionsab
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1a 2a 3a
entry base solvent T (°C) yield (%)

1 t-BuONa THF 45 92
2 NaOH THF 45 <5
3 K2CO0s THF 45 <5
4 K3PO4+ THF 45 7

5 LiHMDS THF 45 6

6 t-BuOK THF 45 15
7¢ t-BuONa THF 45 7

8 t-BuONa THF 30 32
9 t-BuONa THF 60 58
10 t-BuONa 2-MeTHF 45 50
11 t-BuONa CPME 45 25
12 t-BuONa i-PrOAc 45 43
13 t-BuONa p-cymene 45 19
14 t-BuONa DEC 45 5
15 t-BuONa MTBE 45 28
16 t-BuONa EA 45 32
17 t-BuONa anisole 45 16
184 t-BuONa THF 45 25
19e t-BuONa THF 45 <2
20 - THF 45 <2

aConditions: 1 (1.0 equiv), 2 (1.0 equiv), [Pd(IPr)(3-CF3-An)Cl2] (10
mol%), t-BuONa (2.0 equiv), THF (0.20 M), 45 °C, 4 h. vGC/tH NMR
yields. <H20 (3.0 equiv). @¢-BuONa (1.0 equiv).et-BuONa (0.2 equiv).

CF3-An)Clz], 10 mol%; t-BuONa, 2 equiv; THF, 45 °C). As
expected, the choice of base was critical to the reaction
efficiency, with t-BuONa providing the optimal results (en-
tries 1-6). Interestingly, the addition of water proved det-
rimental (entry 7). The reaction temperature was also a

key variable, with the efficient conversion observed at 45
°C, while lower or elevated temperatures resulted in di-
minished yields due to incomplete conversions or alkyne
dimerization (entries 8-9). Finally, out of various solvents
screened, THF was identified as the most suitable solvent
(entries 10-17). Reactions without additional base indicat-
ed that base is required in this coupling (entries 18-20).

Next, we screened Pd(II)-NHC precatalysts with various
ancillary ligands (Table 2). Our catalyst selection involved
variation of the ancillary ligand in the imidazolyl-2-ylidene
[Pr and saturated imidazolinyl-2-ylidene SIPr series. As
shown in Table 2, [Pd(IPr)(3-CF3-An)Cl2] showed the high-
est efficiency (entry 1). Furthermore, the aniline supported
[PA(IPr)(An)Cl2] was less effective, consistent with the
ease of activation of the [Pd(IPr)(3-CFs-An)Clz] catalyst to
monoligated Pd(0) (entry 2). Furthermore, catalysts based
on the SIPr scaffold, [Pd(SIPr)(3-CF3-An)Cl2] and
[PA(SIPr)(An)Clz], were generally less effective (entries 3-
4). Moreover, the heterocyclic PEPPSI-based catalysts,
[PA(IPr)(3-Cl-Py)Cl2] and [Pd(SIPr)(3-Cl-Py)Clz], were less
effective (entries 5-6). Finally, the established allyl-
supported and chloro-dimer complexes, [Pd(IPr)(cin)Cl]
and [Pd(IPr)(«-Cl)Cl]2,1617 showed significantly lower effi-
ciency in the cross-coupling (entries 7-8).

Table 2. Screening of PAd-NHC Precatalystsab

|
N [Pd-NHC]
N _
R S Ny, e S
oTf BuCNa, THF
2a

1a 45°C,4 h 3a
entry catalyst yield (%)
1 [Pd(IPr)(3-CF3-An)Cl2] 92
2 [PA(IPr)(An)Cl2] 64
3 [Pd(SIPr)(3-CF3-An)Clz] 62
4 [Pd(SIPr)(An)Clz] 72
5 [PA(IPr)(3-CIPy)Clz] 77
6 [Pd(SIPr)(3-ClIPy)Clz] 68
7 [PA(IPr)(cin)Cl] 27
8 [PA(IPr)(p-C)Cl]2 29

aConditions: 1 (1.0 equiv), 2 (1.0 equiv), [Pd] (10 mol%), t-BuONa (2.0 equiv),
THF (0.20 M), 45 °C, 4 h. »GC/1H NMR yields.

Kinetic studies were conducted to examine the effect of
aniline-based [Pd(IPr)(3-CF3-An)Cl2] vs. [Pd(IPr)(3-Cl-
py)Clz] on the cross-coupling (Scheme 1). As shown, the
use of [Pd(IPr)(3-CF3-An)Clz] results in faster activation,
which enables for a faster conversion under the reaction
conditions. Overall, [Pd(NHC)(3-CF3-An)Clz] is a highly
active Pd(II)-NHC complex, where the 3-CFs-An ancillary
ligand enables high air- and bench-stability, while permit-
ting fast activation under the reaction conditions.

Having identified optimal conditions for the Sonogashira
cross-coupling using [Pd(IPr)(3-CFs-An)Clz], we next
sought to define the scope of this N-C activation (Scheme
2). For comparison, the scope was examined using a simi-
lar set of substrates cf. Cao.%2 As shown, a series of differ-
ently substituted alkynes and ammonium

Scheme 1. Kinetic Profile in the Sonogashira Cross-
Coupling of Aryl Trimethylammonium Saltsa



Plot of Conversion vs. Time in the Cross-Coupling of 1a with 2a
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aConditions: PhNMe3OTf (1a) (1.0 equiv), 4-methylphenylacetylene (2a) (1.0
equiv), [Pd] (10 mol%), t-BuONa (2.0 equiv), THF (0.20 M), 45 °C, 0-300 min.
[Pd] = [Pd(IPr)(3-CF3-An)Clz], [Pd(IPr)(3-Cl-Py)Cl2].

Scheme 2. Scope of the Sonogashira Cross-Coupling of
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aConditions: 1 (1.0 equiv), 2 (1.0 equiv), [Pd(IPr)(3-CF3-An)Clz] (10 mol%), t-
BuONa (2.0 equiv), THF (0.20 M), 45 °C, 4 h. slsolated yields. <2 (2.0 equiv). 42
(2.0 equiv), 80 °C, 15 h. 2 (2.0 equiv), -BuONa (5.0 equiv), 15 h./2 (2.0 equiv), 80
°C.92 (2.0 equiv), 15h

salts readily underwent cross-coupling using [Pd(IPr)(3-
CF3-An)Clz]. Electron-neutral tolyl-acetylenes with system-
atic variation of the substitution at the para- (3a), meta-
(3b) and ortho- (3c) positions gave high yields of the
cross-coupled products. Furthermore, electronically-
neutral phenylacetylene (3d) as well as both electron-
deficient (3e) and electron-rich (3f) arylacetylenes served
as viable cross-coupling partners. Moreover, aliphatic al-
kynes are also productive cross-coupling partners, includ-
ing simple aliphatic (3g), phenyl substituted (3h) and tert-
butyl-acetylene (3i). Likewise, heterocyclic alkynes are
well-accommodated, as represented by 3-thienyl (3j) and
2-theinyl (3K) substitution, affording the products in good

yields. Furthermore, the present protocol allows to use
electronically-unactivated arylacetylenes, such as 31. This
protocol is also advantageous in providing good reaction
efficiency with electron-rich phenylacetylenes (3m). Pleas-
ingly, halide substitution on the aryl ammonium compo-
nent were also tolerated (3n-30), providing handles for
further functionalization. Several additional substrates
were tested, including meta-tolylammonium (3p),
branched tert-butyl substitution on the arylalkyne compo-
nent (3q) and the challenging cyclopropyl acetylene that is
prone to ring opening/isomerization (3r). A final survey
established that functionalized acetylenes with amide (3s),
aryl halide (3t) and alkyl halide (3u) functional groups
that have propensity to undergo side-reactions serve as
suitable coupling partners. Preliminary studies with 4-
iodo- and 4-bromophenylammonium salts indicated that
these substrates are not compatible with the coupling.
Overall, it is noteworthy that the 3-CF3-An catalyst outper-
forms other catalyst systems as the preferred Pd-catalyst
for this cross-coupling.® A feature of this protocol is high
reaction efficiency using electronically-unbiased sub-
strates in the challenging C-N bond activation of aryl am-
monium salts.

Studies were conducted to gain insight into the reaction
mechanism using [Pd(IPr)(3-CF3z-An)Clz] (Scheme 3). (1)
Intermolecular competitions with differently substituted
aryl ammonium salts showed that electron-deficient
arenes are significantly more reactive (4-Cl:4-Me >98:2);
(2) Further competitions with differently substituted phe-
nylacetylenes showed that electron-donating alkynes are
more reactive (4-MeO:4-F = 58:42). These results are con-
sistent with oxidative addition as the kinetically important
step in the cross-coupling. The same experiments were
conducted using [Pd(IPr)(3-Cl-Py)Cl2], and revealed (4-
Cl:4-Me = 70:30) and (4-Me0:4-F = 82:18), consistent with
the fast activation of [Pd(IPr)(3-CF3-An)Clz].

Scheme 3. Mechanistic Studies
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Moreover, the counterion effect of the aryl ammonium
salt was examined (Table 3). We found that triflate is the
preferred counterion, while I, BFs+, OMs and OTs gave lower
yields. This trend is similar to other cross-couplings of aryl
ammoniums and benefit from the facile methylation of
dialkyl anilines with MeOTf.%



Table 3. Effect of the Counterion of Ammonium Saltsa?

|
‘Lﬂ( — [Pd-NHG]
s - v=Cme O——)we
X BuDNa. THF
1

2a 45°C,4 h 3a
entry X yield (%)
1 OTf 92
2¢ I 30
3d BF4 54
4e OMs 34
5d OTs 50

aConditions: 1 (1.0 equiv), 2 (1.0 equiv), [Pd(IPr)(3-CF3-An)Clz] (10 mol%), t-
BuONa (2.0 equiv), THF (0.20 M), 45 °C, 4 h. \GC/1H NMR yields.<2 (2.0 equiv), 80
°C, 15 h. 42 (2.0 equiv), 80 °C. €2 (2.0 equiv).

Furthermore, one-pot telescoped N-C activation of dial-
kyl anilines by in situ quaternization and cross-coupling is
feasible, showing compatibility of [Pd(IPr)(3-CF3-An)Clz]
with this tandem process (Scheme 4).

Scheme 4. One-Pot Alkylation/C-N Cross-Coupling
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To gain insight into the structure of this new [Pd(IPr)(3-
CF3-An)Clz] catalyst, crystal suitable for X-ray diffraction
was obtained by slow diffusion of hexane into a saturated
dichloromethane solution of the complex (Figure 1A). The
Pd-C(carbene) and Pd-N bond lengths of 1.969 A and 2.123 A
can be compared with the analogous bond lengths of 1.973
A and 2.110 A for the [Pd(IPr)(An)Clz] catalyst. Further-
more, HOMO and LUMO as well as NBO distribution of
[Pd(IPr)(3-CF3-An)Cl2] were determined (Figure 1B).
HOMO (-6.23 eV) and LUMO (-1.95 eV) of [Pd(IPr)(3-CFs-
An)Cl2] can be compared with [Pd(IPr)(An)Clz] (-6.08 eV, -
1.76 eV) and [Pd(IPr)(3-Cl-py)Clz] (-6.07 eV, -1.75 eV). The
Wiberg

o .
-6.23 \."b\{ -1.95

¥y J ™
Figure 1. (A) X-ray crystal structure of [Pd(IPr)(3-CF3-An)Cl:2]. Two
views: front (left); side (right). Hydrogen atoms have been omitted for
clarity. Crystallographic data have been deposited with the CCDC
(2191722). (B) HOMO and LUMO and energies (eV) of [Pd(IPr)(3-
CF3-An)Clz] calculated at B3LYP 6-311++g(d,p). See SI for details.
bond orders for the Pd-C(carbeney and Pd-N bonds in
[Pd(IPr)(3-CF3-An)Clz] are 0.6838 and 0.3031 (Pd-Cls,
0.6341: Pd-Clz, 0.6312); cf. [Pd(IPr)(An)Clz] of 0.6776 and
0.3142 and [Pd(IPr)(3-Cl-py)Clz] of 0.6871 and 0.3267.
Overall, the data show a strong Pd-Ccarbene) and less coor-

dinating Pd-N bond in [Pd(IPr)(3-CF3-An)Clz], with the net
effect of stabilizing the metal center and facilitating activa-
tion to Pd(0).

In conclusion, we have reported the Sonogashira cross-
coupling of aryl ammonium salts catalyzed by air- and
moisture-stable [Pd(NHC)(3-CF3-An)Clz] (An = aniline).
This catalyst shows high activity and broad scope in the
alkynylative cross-coupling by challenging C-N bond acti-
vation. The favorable features of [Pd(NHC)(3-CF3-An)Clz]
combined with its commercial availability (Millipore Sig-
ma, no 915165) offer an attractive approach to activation
of C-N bonds.

ASSOCIATED CONTENT
Supporting Information

Experimental details, characterization data. This material is
available free of charge via the Internet at http://pubs.acs.org.

AUTHOR INFORMATION
Corresponding Author

peng.lei@nwafu.edu.cn
mazhiqing2000@126.com
seedling@nwafu.edu.cn
michal.szostak@rutgers.edu
Notes

The authors declare the following competing financial inter-
est(s): Rutgers University has filed patent(s) on precatalysts
described in this manuscript (US 62/958,583, Jan 8, 2020).

ACKNOWLEDGMENT

This work was financially supported by the National Natural
Science Foundation of China (No. 32001930), the Technology
Innovation Guidance Special Fund of Shaanxi Province (No.
2020QFY07-03), and the Innovation Capability Support Plan
of Shaanxi Province (2020TD-035). M.S. gratefully acknowl-
edges Rutgers University and the NSF (CAREER CHE-
1650766). We thank the Wroclaw Center for Networking and
Supercomputing (grant number WCSS159). We also give spe-
cial thanks to Dr. Xiuhuan Li of State Key Laboratory of Crop
Stress Biology for Arid Areas (NWAFU) for her kind help on
the NMR spectroscopy.

REFERENCES

(1) (@) Garcia-Carceles, ].; Bahou, K. A;; Bower, ]J. F. Recent
Methodologies That Exploit Oxidative Addition of C-N Bonds to
Transition Metals. ACS Catal. 2020, 10, 12738-12759. (b) Ouyang,
K. B; Hao, W.; Zhang, W. X,; Xi, Z. F. Transition-Metal-Catalyzed
Cleavage of C-N Single Bonds. Chem. Rev. 2015, 115, 12045-
12090. (c) Wang, Q. J; Su, Y. ]; Li, L. X.; Huang, H. M. Transition-
metal catalysed C-N bond activation. Chem. Soc. Rev. 2016, 45,
1257-1272.

(2) (@) Luh, T. Y; Leung, M. K;; Wong, K. T. Transition metal-
catalyzed activation of aliphatic C-X bonds in carbon-carbon bond
formation. Chem. Rev. 2000, 100, 3187-3204. (b) Moutayakine, A.;
Burke, A. ]. Accessing Medicinally Relevant O-Benzofused Hetero-
cycles through C-X Activation: Recent Trends. Eur. J. Org. Chem.
2022,2022,e202101465.

(3) (a) Cornella, J.; Zarate, C.; Martin, R. Metal-catalyzed activa-
tion of ethers via C-0 bond cleavage: a new strategy for molecular
diversity. Chem. Soc. Rev. 2014, 43, 8081-8097. (b) Tobisu, M,;
Chatani, N. Cross-Couplings Using Aryl Ethers via C-O Bond Acti-
vation Enabled by Nickel Catalysts. Acc. Chem. Res. 2015, 48,
1717-1726.

(4) (a) Modha, S. G.; Mehta, V. P,; Van der Eycken, E. V. Transi-
tion metal-catalyzed C-C bond formation via C-S bond cleavage:



an overview. Chem. Soc. Rev. 2013, 42, 5042-5055. (b) Otsuka, S.;
Nogi, K.; Yorimitsu, H. C-S Bond Activation. Top. Curr. Chem. 2018,
376, 13. (c) Yorimitsu, H. Catalytic Transformations of Sulfonium
Salts via C-S Bond Activation. Chem. Rec. 2021, 21, 3356-3369.

(5) (@) Ye, Y.; Zhu, ].; Huang, Y. H. Diverse C-P Cross-Couplings
of Arylsulfonium Salts with Diarylphosphines via Selective C-S
Bond Cleavage. Org. Lett. 2021, 23, 2386-2391. (b) Zhang, F. P.;
Luan, Y. X.; Ye, M. C. Transition Metal-Catalyzed C-P Bond Activa-
tion. Chin. J. Org. Chem. 2021, 41, 3880-3891.

(6) (a) Ruiz-Castillo, P.; Buchwald, S. L. Applications of Palladi-
um-Catalyzed C-N Cross-Coupling Reactions. Chem. Rev. 2016,
116,12564-12649. (b) Rayadurgam, |.; Sana, S.; Sasikumar, M.; Gu,
Q. Palladium catalyzed C-C and C-N bond forming reactions: an
update on the synthesis of pharmaceuticals from 2015-2020. Org.
Chem. Front. 2021, 8, 384-414.

(7) () Ni, S,; Li, C. X,; Mao, Y.; Han, J.; Wang, Y.; Yang, H.; Pan, Y.
Ni-catalyzed deaminative cross-electrophile coupling of Katritzky
salts with halides via C-N bond activation. Sci. Adv. 2019, 5, 9516.
(b) Ielo, L.; Tougeer, S.; Roller, A.; Langer, T.; Holzer, W.; Pace, V.
Telescoped, Divergent, Chemoselective C1 and C1-C1 Homologa-
tion of Imine Surrogates: Access to Quaternary Chloro- and Halo-
methyl-Trifluoromethyl Aziridines. Angew. Chem. Int. Ed. 2019, 58,
2479-2484. (c) Chen, C.; Liu, P.; Luo, M.; Zeng, X. Kumada Aryla-
tion of Secondary Amides Enabled by Chromium Catalysis for
Unsymmetric Ketone Synthesis under Mild Conditions. ACS Catal.
2018, 8, 5864-5868. (d) Sun, W.; Wang, L.; Hu, Y.; Wu, X,; Xia, C.;
Liu, C. Chemodivergent Transformations of Amides using gem-
Diborylalkanes as Pro-Nucleophiles. Nat. Commun. 2020, 11,
3113. (e) Lei, P.; Mu, Y.; Wang, Y.; Wang, Y.; Ma, Z,; Feng, ].; Liu, X,;
Szostak, M. Green Solvent Selection for Suzuki-Miyaura Coupling
of Amides. ACS Sustainable Chem. Eng. 2021, 9, 552-559.

(8) (a) Wang, Z. X,; Yang, B. Chemical transformations of qua-
ternary ammonium salts via C-N bond cleavage. Org. Biomol. Chem.
2020, 18,1057-1072. (b) Tu, Y. L; Zhao, J. F. Recent Advances in
the Pd-Catalyzed Coupling of Arylhydrazines and Ammonium
Salts via C-N Bond Cleavage. Chem. Rec. 2021, 21, 3442-3457. (c)
Wang, Y. D; Li, F. H;; Zeng, Q. L. Advances in Formation of C-X
Bonds via Cleavage of C-N Bond of Quaternary Ammonium Salts.
Acta Chim. Sin. 2022, 80, 386-394.

(9) (a) Chen, Q. W.; Gao, F. C.; Tang, H. L.; Yao, M.; Zhao, Q.; Shi,
Y. H,; Dang, Y. F.; Cao, C. S. Sonogashira Cross-Coupling of Aryltri-
methylammonium Salts. ACS Catal. 2019, 9, 3730-3736. (b) Rand,
A. W.; Montgomery, J. Catalytic reduction of aryl trialkylammoni-
um salts to aryl silanes and arenes. Chem. Sci. 2019, 10, 5338-
5344. (c) Xie, L. G.; Wang, Z. X. Nickel-Catalyzed Cross-Coupling of
Aryltrimethylammonium Iodides with Organozinc Reagents. An-
gew. Chem. Int. Ed. 2011, 50, 4901 -4904.

(10) (a) Wenkert, E.; Han, A. L,; Jenny, C. J. Nickel-induced con-
version of carbon nitrogen into carbon carbon bonds - one-step
transformations of aryl, quanternary ammonium-salts into al-
kylarenes and blaryls. /. Chem. Soc, Chem. Commun. 1988,
975-976. (b) Blakey, S. B.; MacMillan, D. W. C. The first Suzuki
cross-couplings of aryltrimethylammonium salts. J. Am. Chem. Soc.
2003, 125,6046-6047.

(11) (a)Scharfbier, J.; Gross, B. M.; Oestreich, M. Stereospecific
and Chemoselective Copper-Catalyzed Deaminative Silylation of
Benzylic Ammonium Triflates. Angew. Chem. Int. Ed. 2020, 59,
1577-1580. (b) Yang, D. T.; Zhu, M.; Schiffer, Z. J.; Williams, K;
Song, X.; Liu, X.; Manthiram, K. Direct Electrochemical Carboxyla-
tion of Benzylic C-N Bonds with Carbon Dioxide . ACS Catal. 2019,
9,4699-4705. (c) Singam, M. K. R; Babu, U. S; Suresh, V.; Nanubolu,
J. B, Reddy, M. S. Rhodium-Catalyzed Annulation of Phenacyl
Ammonium Salts with Propargylic Alcohols via a Sequential Dual
C-H and a C-C Bond Activation: Modular Entry to Diverse Iso-
chromenones. Org. Lett. 2021, 23, 20, 7888-7893.

(12) (a) Froese, R. D. ].; Lombard, C.; Pompeo, M.; Rucker, R. P.;
Organ, M. G. Designing Pd-N-Heterocyclic Carbene Complexes for

High Reactivity and Selectivity for Cross-Coupling Applications.
Acc. Chem. Res. 2017, 50, 2244-2253. (b) Fortman, G. C.; Nolan, S.
P. N-Heterocyclic carbene (NHC) ligands and palladium in homo-
geneous cross-coupling catalysis: a perfect union. Chem. Soc. Rev.
2011, 40, 5151-5169. (c) Navarro, O.; Marion, N.; Scott, N. M,;
Gonzalez, J.; Amoroso, D.; Bell, A,; Nolan, S. P. Synthesis of novel
(NHC)Pd(acac)Cl complexes (acac = acetylacetonate) and their
activity in cross-coupling reactions. Tetrahedron 2005, 61,
9716-9722.

(13) (a) Diez-Gonzalez, S.; Marion, N.; Nolan, S. P. N-
Heterocyclic Carbenes in Late Transition Metal Catalysis. Chem.
Rev. 2009, 109, 3612-3676. (b) Hopkinson, M. N.; Richter, C.;
Schedler, M.; Glorius, F. An overview of N-heterocyclic carbenes.
Nature 2014, 510, 485-496.

(14) (@) Zhou, T. Li, G; Nolan, D. P.; Szostak, M.
[Pd(NHC)(acac)Cl]: Well-Defined, Air-Stable, and Readily Availa-
ble Precatalysts for Suzuki and Buchwald-Hartwig Cross-coupling
(Transamidation) of Amides and Esters by N-C/0-C Activation.
Org. Lett. 2019, 21, 3304-3309. (b) Marion, N.; Navarro, O.; Mei, J.;
Stevens, E. D.; Scott, N. M.; Nolan, S. P. Modified (NHC)Pd(allyl)Cl
(NHC = N-heterocyclic carbene) complexes for room-temperature
Suzuki-Miyaura and Buchwald-Hartwig reactions. J. Am. Chem. Soc.
2006, 128,4101-4111.

(15) (a) Lei, P,; Meng, G.; Szostak, M. General Method for the
Suzuki-Miyaura Cross-Coupling of Amides Using Commercially
Available, Air- and Moisture-Stable Palladium/NHC (NHC = N-
Heterocyclic Carbene) Complexes. ACS Catal. 2017, 7, 1960-1965.
(b) Li, G.; Lei, P.; Szostak, M.; Casals, E.; Poater, A.; Cavallo, L.; No-
lan, S. P. Mechanistic Study of Suzuki-Miyaura Cross-Coupling
Reactions of Amides Mediated by [Pd(NHC)(allyl)Cl] Precatalysts.
ChemCatChem 2018, 10, 3096-3106.

(16) Marion, N.; Nolan, S. P. Well-defined N-heterocyclic car-
benes-palladium(II) precatalysts for cross-coupling reactions. Acc.
Chem. Res. 2008, 41, 1440-1449.

(17) Zhou, T.; Ma, S.; Nahra, F.; Obled, A. M. C,; Poater, A.; Caval-
lo, L.; Cazin, C. S. J; Nolan, S. P.; Szostak, M. [Pd(NHC)(u-Cl)Cl]2:
Versatile and Highly Reactive Complexes for Cross-Coupling Reac-
tions that Avoid Formation of Inactive Pd(I) Off-Cycle Products.
iScience 2020, 23,101377.

(18) O’Brien, C. J.; Kantchev, E. A. B.; Valente, C.; Hadei, N,;
Chass, G. A.; Lough, A; Hopkinson, A. C.; Organ, M. C. Easily Pre-
pared Air- and Moisture-Stable Pd-NHC (NHC=N-Heterocyclic
Carbene) Complexes: A Reliable, User-Friendly, Highly Active
Palladium Precatalyst for the Suzuki-Miyaura Reaction. Chem. Eur.
J. 2006, 12,4743-4748.

(19) Peh, G. R; Kantchev, E. A. B; Er, J. C,; Ying, ]. Y. Rational Ex-
ploration of N-Heterocyclic Carbene (NHC) Palladacycle Diversity:
A Highly Active and Versatile Precatalyst for Suzuki-Miyaura Cou-
pling Reactions of Deactivated Aryl and Alkyl Substrates. Chem.
Eur.]. 2010, 14,4010-4017.

(20) (a) Xia, Q.; Shi, S.; Gao, P.; Lalancette, R.; Szostak, R.; Szos-
tak, M. [(NHC)PdCI2(Aniline)] Complexes: Easily Synthesized,
Highly Active Pd(II)-NHC Precatalysts for Cross-Coupling Reac-
tions. J. Org. Chem. 2021, 86, 15648-15657. (b) Zhao, Q.; Meng, G.;
Li, G.; Flach, C.; Mendelsohn, R.; Lalancette, R.; Szostak, R.; Szostak,
M. IPr# - Highly Hindered, Broadly Applicable N-Heterocyclic
Carbenes. Chem. Sci. 2021, 12,10583-10589.



