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General Background
Palladium has played a central role in the expeditious preparation of complex organic 
molecules, since the discovery and subsequent catalytic use of Pd(PPh3)4 by Malatesta, 
Angoletta and others.1 In the world of catalysis, the ancillary ligands of any Pd complex 
represent the chassis, whereas the Pd center functions as the driver for cross-coupling 
reactions. These metal-catalyzed processes arguably remain the most powerful means 
to generate C–C, C–O, and C–N bonds in the synthetic chemist’s toolbox.2,3 Catalyst 
developments in the cross-coupling field have been concentrated in rapid design and 
deployment of complexes containing tertiary phosphine ligands. The disadvantages of 
utilizing phosphines as ligands for Pd are numerous, including their high expense, sensitivity, 
and lack of commercial sources for late generation compounds. Perhaps most importantly, 
few catalysts exhibit superior activity among broad substrate classes and reaction paradigms. 
It should also be noted that Pd(PPh3)4 is widely applied in catalysis, but this complex suffers 
from poor stability upon storage as well as advised handling under nitrogen.

N-Heterocyclic carbene (NHC) Pd complexes have been designed in order to overcome 
some of these limitations.4 Professor Mike Organ at York University, along with co-
workers Dr. Chris O’Brien and Dr. Eric Kantchev, have developed an elegant Pd–NHC 
catalyst system built around a simple concept.5 They reacted PdCl2 with a bulky NHC 
ligand, 2,6‑diisopropylphenyllimidazolium chloride (IPr), and a s-donating 3-chloropyridine 
ligand for stability. The title complex, PEPPSI™, stands for Pyridine-Enhanced Precatalyst 
Preparation Stabilization and Initiation. The 3-chloropyridyl ligand functions as a ‘throw-
away’ ligand, while the bulky IPr ligand improves reductive elimination of the substrate that 
in turn increases TONs (Figure 1).6 The s-donating power of the NHC ligand also binds the 
metal more tightly than traditional phosphines and thus prevents metal dissociation. The 
character of the NHC ligand (unsaturated vs. saturated) does not affect catalyst activity, but 
does affect catalyst robustness and ease of formation.

Sigma-Aldrich is proud to offer gram-scale quantities of the PEPPSI™–IPr catalyst in our 
collaboration with the Organ research group. The efficient mediation of C–C and C–N 
bond-forming processes, robust stability, and competitive pricing make it attractive for 
widespread application in the research and fine-chemical arena. For a complete listing of 
products related to catalysis, please visit sigma-aldrich.com/catalysis. If you cannot find a 
product related to your specific research efforts, “Please Bother Us” at amaestri@sial.com. 
We welcome your inquiries and look forward to accelerating your research success.
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About Our Cover

The cover illustration shows a rendering of the PEPPSI™–IPr catalyst X-ray structure. The 
3‑chloropyridine ligand bisects the N-heterocyclic carbene (NHC) ligand and lies roughly in 
the same plane as the ancillary chloride ligands, effectively granting the expected square 
planar geometry about the Pd(II) metal center. Please note that the hydrogens on the 
2,6‑isopropylphenyl–NHC and pyridyl ligands have been omitted for clarity.

N N

PdCl Cl

N

Cl

R

R

R

R

IPr ligand enables high
catalyst performance

Pyridyl ligand provides added
stability and creates a well-
defined catalyst structure

R = IPr

Figure 1
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Representative Example with PEPPSI™

Scheme 1 illustrates the strong ability of PEPPSI™ to effect cross-
couplings (sp2–sp2 Negishi) under mild reaction conditions. The aryl 
bromide was completely converted to 4-methyl-4'-methoxy-biphenyl 
in 2 h at room temperature, whereas competitive Pd systems require 
overnight reaction times to reach adequate conversions. Another 
compelling feature of the PEPPSI™ system is the low (1 mol %) 
loadings in Negishi couplings, wherein sp3–sp3 couplings have been 
achieved in short (30 min) reaction times with high conversions. 
Previous NHC protocols involving alkyl–alkyl coupling reactions have 
not been accomplished successively in high yield.

PEPPSI™ Activation and Catalytic Cycle

The challenges associated with improving palladium catalyst systems 
for cross-coupling are often related to the rate of active catalyst 
formation and subsequent stability throughout the catalytic cycle. 
In the case of PEPPSI™–IPr, rapid, quantitative conversion to product 
in Negishi couplings has been documented by the Organ group.6 
In this catalyst system, activation most likely occurs via reduction of 
the Pd(II) center by the organometallic reagent, followed by pyridine 
dissociation from the newly formed Pd(0) species (Scheme 2). 
The yield of n-heptylbenzene under typical Negishi cross-coupling 
conditions is strongly dependent upon the structural environment 
around the Pd center. Isopropyl groups influence the conversion 
of cross-coupling product, which may imply a stabilizing influence 
on the PEPPSI™–IPr Pd(0) center versus NHC analogs 1a and 1b 
(Table 1). Thus, the bulky isopropyl NHC ligand accelerates the 
reductive elimination of n-heptylbenzene, while stabilizing the Pd 
center.

(1,3-Diisopropylimidazol-2-ylidene)(3-chloropyridyl)
palladium(II) dichloride 
C32H41Cl3N3Pd
MW: 679.46
669032-1G	 1 g	 60.00
669032-5G	 5 g	 270.00

Patent Pending

Table 1
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N N

PdCl Cl

N

Cl

R1

R1 R1

R1

R2 R2

1, R1 = IPr, R2 = H;
1a, R1 = Et, R2 = H;
1b, R1,2 = Me

1 mol % cat., rt, 24 h

Br
+ M 5

entry           M                 yield of n-heptylbenzene

   1            ZnBr         100% (1), 34% (1a), 8.0% (1b)

   2            BBu2         100% (1), 31% (1a), 6.5% (1b)

PEPPSI-IPr
1 mol %

Solvent, rt, 2 h

O

89%

ZnBr

Br

O+

Scheme 1
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R1

L

R2

R1

R2

reductive
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PEPPSI-IPr

Scheme 2

http://www.sigma-aldrich.com/ProductLookup.html?ProdNo=669032&Brand=ALDRICH
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Advantages of the PEPPSI™–IPr 
Catalyst
•	 Extremely stable to air and moisture 
•	 Commercialized on kilo scale 
•	 Improved or comparable activity to known Pd catalysts 
•	 High performance in various reaction paradigms 
•	 Many reactions occur at room temperature 
•	 No need for additional ligands ➞ one-component catalyst 
•	 Competitive pricing

Stability and Handling

Unlike traditional palladium phosphine and NHC catalysts, PEPPSI™ 
is robust and can be stored indefinitely outside an inert atmosphere. 
The catalyst may be weighed out on bench utilizing normal methods 
and can even be subjected to a water workup without observable 
decomposition by 1H NMR. Perhaps most impressively, PEPPSI™ 
has been heated in dimethylsulfoxide at 120 °C for hours without 
decomposition and subsequent deactivation of the catalyst. This Pd(II) 
complex becomes active in situ through reduction to the Pd(0)–NHC 
active catalyst—thus it can be considered a ligand stabilized Pd(PPh3)4 
alternative, minus the handling deficiencies. The picture above 
brilliantly illustrates the multi-gram synthesis and impressive stability 
of PEPPSI™–IPr in a coffee mug under atmospheric conditions!

Reaction Types
•	 Negishi Reactions 
•	 Suzuki Reactions 
•	 Buchwald–Hartwig Aminations 
•	 Combined Amination/Heck Reaction  
•	 Kumada Couplings 
•	 Future Cross-Couplings

Negishi Couplings

Negishi reactions are comprised of the coupling between an alkyl halide 
with an alkyl organometallic reagent, which is unexplored territory 
for Pd–NHC complexes. The Organ group has achieved these difficult 
transformations with PEPPSI™–IPr and in the process has developed 
a general, efficient protocol with broad functional group tolerance.6 
This PEPPSI™ catalyst satisfies two main criteria required for successful 
couplings: 1) the reaction should be conveniently run without the 
need for special handling, i.e., use of a glove box; 2) the catalyst 
system must be extended to a diverse spectrum of reaction partners.

The success of this Pd–NHC catalyst system is highly dependent 
upon the activation of the Pd(0) catalyst, in part through the use of 
LiCl/Br as an additive. The Organ group attempted to perform a 
Negishi cross-coupling of n-butylzinc, as prepared by Hou and co-
workers,7 with the requisite bromoalkane and only recovered starting 
material after stirring the reaction for hours at room temperature. 
They applied the same reaction conditions, but used n-butylzinc 
bromide prepared from the method of Hou along with 2 eq. of LiBr 
and found that the reaction produced the sp3–sp3 coupled organic 
in excellent yield in 30 min. Thus, the activation of the alkylzinc 
reagent, via the formation (presumed) of a lithium zincate, is an 
important driving force for the successful utilization of the PEPPSI™ 
catalyst in Negishi couplings.

PEPPSI™–IPr Loading

The Negishi reaction conditions utilizing PEPPSI™ have been 
optimized and are presented in Table 2. Note that catalyst loadings 
as low as 0.5 mol % show complete conversion to n-heptylbenzene 
within 3 h at room temperature.

PEPPSI™–IPr vs. in situ

The Organ group ran a direct comparison of PEPPSI™ versus an in 
situ generated NHC complex and found that the former system gave 
apparent TON h–1 of 300 at 0.1 mol % loading, while the latter 

N N

PdCl Cl

N

Cl

X Mol %

Br
+    n-BuZnBr

THF/NMP (2:1)
5

1

A
d

v
a
n

ta
g

e
s 

o
f 

P
E
P
P
S
I™

/
R

e
a
ct

io
n

 T
y
p

e
s

Entry X mol % Yield (%)

1 4 100

2 2 100

3 1 100

4 0.5 100

5 0.1 63

6 1, 15 min 100

Table 2

Figure 2
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system afforded only 7.5 TON h–1 at 4 mol % loading (Figure 2). 
It should be mentioned that it was not practical to measure the 
reaction rate of the isolated PEPPSI™ catalyst utilized in a coupling 
reaction at a loading of 1 mol %, because the rates were extremely 
fast. This comparison shows that only ca. 0.1 mol % of an active 
catalyst is formed at 1 h reaction time, even though 4 mol % of 
the precursors are used, when considering the apparent TONs and 
assuming that the same active species is generated in both cases. 
This study clearly proves the superiority of the preformed PEPPSI™ 
catalyst over the in situ methodology.

Organohalide Compatibility in the Negishi Reaction

Alkyl chlorides and sulfonates have effectively been coupled by 
adding 2 eq. of LiBr to the reaction mixture. Interestingly, alkyl 
chlorides and mesylates required a THF/NMP or THF/DMI ratio of 
1:3 to achieve high product yields, whereas the corresponding 
alkyl bromides were coupled in high yields utilizing a solvent ratio 
of 2:1 (THF/NMP). These observations present the rare opportunity 
to selectively couple an alkyl bromide in the presence of an alkyl 
chloride, followed by an alkyl chloride coupling in a sequential 
fashion. Table 3 illustrates the effectiveness of the PEPPSI™ catalyst 
system, wherein the cross-coupling of organochlorides and bromides, 
aryl triflates, and alkyl mesylates runs smoothly in all possible 
pairings. Catalyst 1 offers the widest substrate range performed 
successively in the Negishi reaction.

Experimental Conditions

Alkyl halide (1 eq.), alkylzinc bromide/chloride (1.6 eq.), PEPPSI™–IPr 
(1, 1 mol %), THF/NMP or THF/DMI, room temperature to 60 °C.

For all Negishi couplings the following workup procedure was 
used: after reaction completion, the solution was diluted with ether 
(~5 x volume) and washed successively with a 1 M Na3EDTA solution 
(3 eq. of NaOH with EDTA), water, and brine. The combined organic 
solution was dried with MgSO4, filtered through a sintered funnel, 
the solvent removed in vacuo, and the residue purified by flash 
chromatography.

Representative Experimental 
Procedures and Results
Negishi Substrate Scope: sp3–sp3 couplings

sp3–sp3 couplings, Scheme 3: a scintal vial was charged with 1 
(0.034 g, 1 mol %) and a stir bar in air. Under an inert atmosphere 
LiBr (0.139 g, 0.8 mmol) was added followed by a septum. The vial 
was purged with argon after which THF (0.8 mL) and DMI (0.8 mL) 
or NMP (0.8 mL) were added and the mixture stirred until the solids 
dissolved. After this time, the organozinc (0.8 mL, 1.0 M in DMI or 
NMP, 0.8 mmol) and the organohalide or pseudohalide (0.5 mmol) 
were added. The septum was replaced with a Teflon®-lined cap 
under a N2 flow and the reaction stirred for 2h, followed by workup 
(cf. above).

PEPPSI™–IPr (1) is a highly efficient and mild catalyst for forming 
alkyl-alkyl bonds, as illustrated in Figure 3. Sp3(RX)–sp3(RZnX) 
couplings mediated by 1 include a wide spectrum of functionality 
such as esters, nitriles, and amides (2–5). Notably the terminal alkynyl 
TMS group in compound 7 is completely stable to the cross-coupling 
of an alkyl chloride under room temperature reaction conditions.

These results lend credence to the possibility of coupling substrates 
that contain biologically active components and subsequent 
expeditious synthesis of natural product intermediates. The wide 
range of alkyl bromides, chlorides, and tosylates supported by the 
PEPPSI™ system extend the general usefulness (compounds 2–7) 
of this reaction paradigm. Incredibly, the Organ research group 
successfully achieved the coupling of a bromide in the presence of a 
chloride by judicious choice of reaction conditions (compound 2).
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Scheme 3

PEPPSI-IPr (1)
1 mol %

THF/NMP or THF/DMI,
LiBr, rt –60 °C, 2 h

nBuZnBr
(1.6 equiv)

+Br nBu

Scheme 4

PEPPSI-IPr (1)
1 mol %

THF/NMP or THF/DMI,
LiBr (3.2 eq.), rt –60 °C, 2 h

(1.6 equiv)

+
Br

BrZn

Figure 3

N

O

O 3, 80%, rt

Cl
CN

2, 81%, rt

O

O
4, 86%, rt

O

OEt

5, 87%, rt

CN
6, 70%, rt

TMS

CN
7, 74%, rt

sp3–sp3

Table 3

Entry R1 X R2 Yield [%]a

1 Ph(CH2)3 Cl nBub 88

2 Ph(CH2)3 OMs nBuc 100

3 Ph Cl nHeptyld 100

4 Ph Br nHeptylb 100

5 Ph OTf nHeptyld 100

6 nHeptyl Br Phe 100

7 pTolyl Cl pMeOC6H4
e 80

8 pTolyl OTf pMeOC6H4
e 71

a GC yield against calibrated undecane internal standard performed in duplicate. b THF:DMI, 
2:1. c THF:DMI, 1:3. d THF:DMI, 1:2. e THF:NMP, 2:1, no LiCl/Br.

PEPPSI-IPr (1)
1 mol %

THF/NMP or THF/DMI
    3.2 equiv LiBr/Cl
             rt, 24 h

R X
1

R ZnBr/Cl2

(1.6 equiv)

+ R
1

R2
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Negishi Substrate Scope: sp3–sp2 couplings

sp3–sp2 couplings, Scheme 4: A vial was charged with 1 (0.034 g, 
1 mol %) in the air and under an N2 atmosphere ZnCl2 (0.107 g, 
0.8 mmol) and a stirbar were added. The vial was capped with a 
rubber septum and then purged with argon. THF (0.8 mL) was added 
along with the required Grignard-type reagent (0.8 mL, 1.0 M in THF, 
0.8 mmol) and the mixture stirred until a white precipitate formed. 
Under an N2 atmosphere, LiBr (0.139 g, 1.6 mmol), DMI (0.8 mL), 
or NMP (0.8 mL), and the organohalide or pseudohalide (0.5 mmol) 
were added. The septum was replaced with a Teflon®-lined cap 
under a N2 flow and the reaction stirred for 2 h, followed by workup 
conditions (cf. above).

The range of substrates successively applied in the Negishi reaction 
for sp3(RX)–sp2(RZnX) couplings includes both electron-donating and 
electron-withdrawing substituents on the arylzinc reaction partner 
(Figure 4). Note the coupling of chiral (S)-citronellyl bromide, in 
which the final product shows no observable erosion of enantiopurity 
(compound 8). The mild nature of the PEPPSI™ catalyst tolerates 
pendant alkenyl and alkynyl functional groups as well as the often 
sensitive TMS group (8–10). Isolated product yields in this coupling 
class are all greater than 80%.

Negishi Substrate Scope: sp2–sp3 couplings

sp2–sp3 couplings, Scheme 5: A scintal vial was charged with 1 
(0.034 g, 1 mol %) and a stir bar in air. Under an inert atmosphere, 
LiBr (0.139 g, 0.8 mmol) was added followed by a septum. The vial 
was purged with argon after which THF (0.8 mL) and DMI (0.8 mL) 
or NMP (0.8 mL) were added and the mixture stirred until the solids 
dissolved. After this time, the organozinc (0.8 mL, 1.0 M in DMI or 
NMP, 0.8 mmol) and the organohalide or pseudo halide (0.5 mmol) 
were added. The septum was replaced with a Teflon®-lined cap 
under a N2 flow and the reaction stirred for 2 h, followed by workup 
(cf. above).

PEPPSI™–IPr complex 1 is able to catalyze the coupling of 
aryl halides (or triflates) with alkylzinc reagents in high yield 
(Figure 5). Furthermore, all reactions studied displayed no 
obvious transmetallation to form arylzinc reagents. The mildness 
of the PEPPSI™ system extends to the Negishi coupling of a chiral 
zinc reagent with an acyl chloride (14), wherein subsequent 
decarbonylation was not observed under the reaction conditions. 
Also heteroatom-containing substrates were carried forward with 
100% fidelity, further demonstrating the benefits of this catalyst 
system to the synthetic community.

Negishi Substrate Scope: sp2–sp2 couplings

sp2–sp2 couplings, Scheme 6: A vial was charged with 1 (0.034 g, 
1 mol %) in the air and then ZnCl2 (0.107 g, 0.8 mmol) and a stirbar 
were added under an inert atmosphere. The vial was capped with 
a rubber septum and then purged with argon. THF (0.8 mL) was 
added along with the required Grignard-type reagent (0.8 mL, 1.0 M 
in THF, 0.8 mmol) and the mixture stirred until a white precipitate 
formed (ca. 15 min). Under an inert atmosphere, NMP (0.8 mL) 
and the organohalide or pseudohalide (0.5 mmol) were added. The 
septum was replaced with a Teflon®-lined cap under a N2 flow and 
the reaction stirred for 2 h, followed by workup under the conditions 
described above.

The high activity of PEPPSI™ catalyst 1 in Negishi couplings 
offers a distinct advantage for C–C bond-forming reactions in 
homogeneous catalysis. To this end, 1 holds great promise as a 
generally applicable catalyst for a wide variety of cross-coupling 
paradigms. The sp2–sp2 couplings shown represent direct access to 
sterically hindered biaryls and heteroaromatic systems utilized as 
drug platforms in natural product synthesis (Figure 6). A diverse 
spectrum of electron-donating and -withdrawing partners utilized 
in these sp2–sp2 couplings solidifies PEPPSI™’s claim as a more active 
catalyst in Negishi processes than related and well-studied Pd-
phosphine systems.

Figure 5
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1 mol %

THF/NMP or THF/DMI,
       rt –60  °C, 2 h(1.6 equiv)

N Cl

BrZn

+ N

PEPPSI-IPr (1)

Figure 4
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9, 89%, rt
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FTMS

10, 92%, rt 11, 91%, rt

Scheme 5

PEPPSI-IPr (1)
1 mol %

THF/NMP or THF/DMI,
LiBr (3.2 eq.), rt –60 °C, 2h(1.6 equiv)

+
Cl

nBuZnBr
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PEPPSI™–IPr Advantages in the Negishi Coupling

•	 No glove-box handling required 
•	 Prototypical and advanced couplings possible 
•	 Reactions performed at room temperature in a few hours 
•	 Selectively activate a bromide over a chloride 
•	 Diverse range of halides: Cl, Br, I, OTs, OMs, or OTf

Suzuki Couplings

Suzuki reactions involve the coupling of organoboron partners with 
alkyl, aryl, and alkenyl halides or triflates (Scheme 7).8 PEPPSI™ can 
be used effectively with a wide range of electron-rich (deactivated) 
and electron-poor (activated) substrates.9 The high activity of this 
catalyst system in the Suzuki coupling presents a strong case for 
application in industrial and academic research laboratories on a 
global scale.

All Suzuki reactions were accomplished using typical laboratory 
preparations without the need for glove-box handling. The PEPPSI™ 
precatalyst was weighed out in the air and activated in situ under a 
blanket of inert gas. The Organ group performed a full evaluation of 
heteroatom and electronically varied reaction partners. The reactions 
of various boronic acids proceeded smoothly in reagent-grade 
isopropanol and potassium t-butoxide was found to be the optimal 
base to ensure high product conversions. The broad utility of PEPPSI™–
IPr was demonstrated in the production of a complex array of organic 
building blocks in high isolated yields (Figure 7, all via Method A). 

Different procedures were utilized (Methods A–D, cf. below) 
that enabled the Organ group to expand the protocol to include 
potassium trifluoroborates by running the reaction in methanol. The 
flexibility of this catalyst system allows for the facile, rapid production 
of a wide array of drug intermediates, heteroaromatics, and bulky 
organic building blocks of varying electronic character (Figure 8). 
Furthermore, trialkylboranes are coupled with bromoalkanes in 
rapid fashion to yield the sp3–sp3 coupled n-heptylbenzene product 
(Scheme 8).

Representative Experimental Procedures and Results

Procedure for Method A: 
A vial was charged with potassium tert-butoxide (0.154 g, 
1.30 mmol) and complex 1 (0.0068 g, 0.01 mmol) in the air, 
followed by purging with argon in triplicate. Tech. Grade isopropyl 
alcohol, 1.0 mL, was added via syringe and the solution was stirred 
at room temperature until a color change from yellow to red/brown 
was observed (ca. 10 min). The boronic acid (1.20 mmol) was added 
under an argon flow, the vial was then resealed followed by the 
organohalide (1.00 mmol) being added via syringe. The reaction 
was stirred at room temperature for the indicated time period and 
then diluted with diethyl ether (2 mL). After two additional 2-mL 
washings, the organic solution was dried with MgSO4, filtered, 
concentrated, and purified by flash chromatography.

Procedure for Method B: 
A vial was charged with complex 1 (0.0068 g, 0.01 mmol) in the 
air, K2CO3 (0.207 g, 1.50 mmol), the boronic acid (0.6 mmol) and 
the organohalide (0.5 mmol) followed by sealing with a septum 
and purging with argon in triplicate. Two milliliters of dioxane was 
added via syringe. The solution was stirred at 60 ºC for the specified 
time period, and then diluted with diethyl ether (2 mL). After two 
additional 2-mL washings, the organic solution was dried with 
MgSO4, filtered, concentrated, and purified by flash chromatography.

Procedure for Method C: 
A vial was charged with complex 1 (0.0068 g, 0.01 mmol) in the 
air, K2CO3 (0.207 g, 1.50 mmol), the potassium trifluoroborate 
(0.55 mmol), and the organohalide (0.5 mmol), followed by sealing 
with a septum and purging with argon in triplicate. Tech. grade 
methanol, 2.0 mL, was added and the solution stirred at 60 ºC for 
the specified time period, followed by dilution with diethyl ether 
(2 mL). After two additional 2-mL Et2O washings, the organic 
solution was dried with MgSO4, filtered, concentrated, and purified 
by flash chromatography.
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TO ORDER: Contact your local Sigma-Aldrich office (see back cover), 
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Procedure for Method D: 
Solid KOH (0.84 g, 1.50 mmol) was utilized instead of solid K2CO3, 
otherwise Method B was utilized and the reaction carried forward at 
room temperature instead of 60 ºC.

PEPPSI™–IPr Advantages in the Suzuki Coupling

•	 No glove-box handling 
•	 Boronic acids and trifluoroborates well tolerated 
•	 The halide can be Cl or Br 
•	 Strong and mild bases have been applied successively 
•	 Base sensitive substrates are acceptable

Buchwald–Hartwig Aminations

Since the work of Buchwald and others, palladium-catalyzed C–N 
bond-forming methodologies have traditionally focused on the use 
of (mostly) bulky, electron-rich phosphines as the ancillary ligands of 
choice.10 The Organ group was pleased to discover that PEPPSI™–IPr 
is an excellent catalyst for the palladium-catalyzed cross-coupling of 
aryl chlorides and bromides with amines.11 The results in Figure 9 
indicate that use of this catalyst system allows for the successful 
arylation of various amines with superb yields. Morpholine, 
arylamines, and even adamantylamine undergo facile amination 
to afford a variety of aryl- and biarylamines. It is worth noting that 
the mild reaction conditions (temp. and base) tolerate electron-rich, 
electron-poor, and heteroaromatic substrates. This finding also shows 
that Pd–NHC complexes are not only viable as catalysts, but in many 
cases manifest tremendous efficiency and atom-economy in aromatic 
C–N bond-forming processes. 

A new mild protocol expands the scope of homogeneous Pd 
C–N bond-forming catalysis even further. The indole moiety 
is one important element in organic compounds that exhibits 
pharmacological activity.12 The most popular method utilized for 
indole synthesis is the Fischer indole synthesis, wherein an N-acyl 
hydrazone is transformed into the indole architecture through a 
sigmatropic rearrangement.13 As a complement to that well-known 
methodology, the Organ group has reacted a vinyl halide with various 
2-bromoanilines in the presence of PEPPSI™ to afford 2‑substituted 
indoles in good yields (Figure 10). This elegant strategy is being 
applied toward the expeditious preparation of N-alkyl and N‑aryl 
indoles for combinatorial libraries.

Kumada Couplings

Many studies have been performed on the oxidative addition 
of aryl halides with Pd(0) and subsequent coupling of Grignard 
reagents. However, deficiencies in these previous examples include 
high catalyst loadings, high temperatures, and the necessity of 
aryliodide substrates to reach adequate conversions.14 The Organ 
group has reported Kumada couplings of various aryl chlorides with 
Grignard reagents (Figure 11).15 These room-temperature oxidative 
additions of aryl chlorides equal the best results to date. Reactions 
with 1–2 mol % PEPPSI™–IPr in THF/DME (1:1) at room temperature 
produced the respective biaryl organics in excellent yields. 

Note that both electron-rich and electron-poor Grignard reagents 
underwent reaction as well as sterically hindered aryl chlorides. This 
mild Kumada protocol shows superior tolerance of ether, TMS, and 
alkynyl functionalities. Heteroaromatic substrates undergo Kumada 
couplings in good yields at room-temperature and with low catalyst 
loadings (Scheme 10). Furthermore, functionalized 5-aryl-substituted 
indoles are produced in good yields (Scheme 11).The results shown 
in Figure 11 present a strong case for the wide acceptance of the 
PEPPSI™ catalyst for new discoveries in Kumada-type cross-couplings.
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Ready to scale up? For competitive quotes on larger quantities or custom synthesis,  
contact SAFC™ at 1-800-244-1173 (USA), or visit www.safcglobal.com.
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Future Generation PEPPSI™

During the past decade, progress has been achieved in developing 
palladium-catalyzed cross-coupling reactions of arylsilanes with 
organic halides, referred to in the literature as the Hiyama 
coupling.16 Perhaps not surprisingly, organosilicon compounds are 
attractive substrates in synthetic chemistry due to their relative ease 
of handling and (often) low toxicity. Most Pd-catalyzed Hiyama 
couplings have focused on Csp2-X electrophiles, although a report 
from Fu and co-workers describes a highly active Pd catalyst system 
effective at coupling alkyl bromides in good yields (Scheme 12).17 
Interestingly, Fu reports that the combination of PdBr2 and 
2,6‑dimesitylphenylimidazolium chloride (IMes) produces an active 
catalyst utilized in the direct arylation of alkyl bromides. Based 
upon the excellent achievements of the PEPPSI™–IPr catalyst covered 
herein, the Organ research group intends to begin exploring related 
Hiyama cross-coupling reactions of unactivated alkyl halides with 
organosilicon compounds.

Palladium-catalyzed allylic substitution reactions are another 
attractive paradigm for the formation of carbon–carbon bonds in 
synthetic chemistry. The viability of PEPPSI™–IPr to facilitate these 
transformations will be assessed by the York University research group 
in the near future. Allyl alcohols, esters, and carbonates are often the 
reagents of choice and have been successfully coupled with a diverse 
group of substrates such as carboxylic acids and oximes.18,19
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Presently, the PEPPSI™ catalyst system provides effective demonstrations 
of sp3–sp3, sp3–sp2, and sp2–sp2 couplings of various types covering 
Negishi, Suzuki, and Kumada reactions. The impressive reactivity 
and practical nature of PEPPSI™ empowers the research chemist with 
the ability to mediate transformations that are directly applicable to 
natural product synthesis and bulk chemical production on industrial 
scale. The key features of PEPPSI™–IPr include the air-stability of the 
precatalyst and it’s ready activation into the catalytic cycle. Upon 
reduction to Pd(0), the IPr–NHC ligand stabilizes the metal center in 
a unique fashion, while accelerating the rate of reductive elimination 
and overall TONs. The Organ group is prepared to explore new 
reaction paradigms with the PEPPSI™–IPr catalyst in order to maximize 
its potential in industrial applications. Future PEPPSI™ catalysts are 
forthcoming, including complexes that have been modified in the 
metal coordination sphere and/or the NHC architecture.
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Sigma-Aldrich, in collaboration with Rieke®, is proud to offer a variety of organozinc reagents in 
research-scale quantities.

Organozinc reagents have been utilized in numerous cross-coupling paradigms, as illustrated by 
abundant research publications in the catalysis field.1 Heteroaromatics, fluorinated aryls, and electronically 
diverse organozincs have been combined with alkyl- and arylhalides to form cross-coupled adducts in 
excellent yields.

Rieke® Organozincs

•  Available as solutions in THF

•  Diverse array of functional groups tolerated

•  Industrially proven applications
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Custom Metal Reagents 	for Cross-Coupling

5-Chloro-2-thienylzinc bromide
solution
C4H2BrClSZn		

S ZnBrClFW: 262.87
[312624-22-9]
497843-50ML	 50 mL	 $104.50

(Cyclohexylmethyl)zinc bromide
solution
C6H11CH2ZnBr		

ZnBr
FW: 242.47
[135579-86-1]
498025-50ML	 50 mL	 $96.40

3,5-Dimethyl-1-adamantylzinc
bromide solution
C12H19BrZn		  ZnBr

Me
Me

FW: 308.57
[312692-99-2]

498432-50ML	 50 mL	 $155.50

5-Hexenylzinc bromide solution
H2C=CH(CH2)4ZnBr
FW: 228.45	 ZnBr

[226570-65-6]
498734-50ML	 50 mL	 $133.50

Butylzinc bromide solution
CH3(CH2)3ZnBr		

ZnBrFW: 202.41
[92273-73-9]
497746-50ML	 50 mL	 $83.70

Phenylzinc bromide solution
C6H5ZnBr		  ZnBr

FW: 222.4
[38111-44-3]

524719-50ML	 50 mL	 $88.90

2,3,4,5,6-Pentafluorobenzylzinc
chloride solution
C6F5CH2ZnCl		  ZnCl

F F

F
F F

FW: 281.93
[308796-02-3]

499064-50ML	 50 mL	 $153.50

2-Pyridylzinc bromide solution
C5H4BrNZn		

N ZnBr
FW: 222.39
[218777-23-2]
499382-50ML	 50 mL	 $97.50

4-Fluorophenylzinc bromide 
solution
FC6H4ZnBr		

F

ZnBr

FW: 240.39
[181705-93-1]
498645-50ML	 50 mL	 $90.20

To order, contact your 
local Sigma-Aldrich office 
or call (800) 558-9160 
(USA) or visit our Web 
site at sigma-aldrich.com/
chemicalsynthesis.

For bulk inquiries, please 
contact Rieke Metals, Inc. 
at sales@riekemetals.com
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MacMillan Imidazolidinone OrganoCatalysts™

For more information, please visit us at sigma-aldrich.com/catalysis.

sigma-aldrich.com L E A D E R S H I P  I N  L I F E  S C I E N C E ,  H I G H  T E C H N O L O G Y  A N D  S E R V I C E
ALDRICH • BOX 355 • MILWAUKEE • WISCONSIN • USA

OrganoCatalysts is a trademark of Materia, Inc.

MacMillan and co-workers have created chiral imidazolidinone organo-catalysts that function as the linchpin in a variety of directed 
enantioselective organic reactions, including the enamine-catalyzed α-chlorination and 1,3-dipolar cycloaddition of aldehydes. Sigma‑Aldrich 

is pleased to offer six imidazolidinone organocatalysts in our collaboration with Materia, Inc. that mediate rapid and enantiocontrolled C–F and C–H 
bond formation. In the former process, catalyst 1 was utilized in low (5 mol %) loadings in the first example of organocatalytic advanced 
enantioselective α-fluorination of aldehydes to afford a broad spectrum of highly enantioenriched alcohols.
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N O N O
Bn

Ar

CHO

Me Ar

CHO

Me

Bn

Cl

 78%, endo:exo 92:8, 95% ee (endo)

References: (a) MacMillan, D. W. et al. J. Am. Chem. Soc. 2000, 122, 9874. (b) MacMillan, D. W. et al. J. Am. Chem. Soc. 2005, 127, 8826.

(2S,5S)-(−)-2-tert-Butyl-3-methyl-	 8
5-benzyl-4-imidazolidinone, 97%
C15H22N2O		

N
H

NO
Me

Me

Me
Me

FW: 246.35
[346440-54-8]

663107-500MG	 500 mg	 $60.00
663107-1G	 1 g	 95.00

(2R,5R)-(−)-2-tert-Butyl-3-methyl-	 8
5-benzyl-4-imidazolidinone, 97%
C15H22N2O		

N
H

NO
Me

Me

Me
Me

FW: 246.35
[390766-89-9]

663093-500MG	 500 mg	 $60.00
663093-1G	 1 g	 95.00

(5S)-2,2,3-Trimethyl-5-benzyl-4-	 8
imidazolidinone dichloroacetic acid
C15H20Cl2N2O3		

N
H

N MeO
Me

.CCl2HCOOH

Me

FW: 347.24

663085-500MG	 500 mg	 $55.00
663085-2G	 2 g	 150.00

(5R)-2,2,3-Trimethyl-5-benzyl-4-	 8
imidazolidinone dichloroacetic acid
C15H20Cl2N2O3		

N
H

N MeO
Me

.CCl2HCOOH

Me
FW: 347.24	

663077-500MG	 500 mg	 $55.00
663077-2G	 2 g	 150.00

(5S)-2,2,3-trimethyl-5-phenyl-	 8
methyl-4-imidazolidinone mono-
hydrochloride, 97%
C13H18N2O · HCl		

N
H

N MeO
Me

.HCl

Me
FW: 254.76
[278173-23-2]

569763-500MG	 500 mg	 $30.00
569763-2G	 2 g	 80.00

(5R)-2,2,3-trimethyl-5-phenylmethyl-	 8
4-imidazolidinone monohydrochloride, 97%
C13H18N2O · HCl		

N
H

N MeO
Me

.HCl

Me
FW: 254.76
[323196-43-6]

663069-500MG	 500 mg	 $30.00
663069-2G	 2 g	 80.00

Product Highlights

• �Superior enantiocontrol in numerous 
transformations

• High activities at low catalyst loadings

• Extraordinary functional group tolerance

• �Asymmetric α-fluorination employed in natural 
product synthesis

Metal-Free Asymmetric Catalysis
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Free Fax: 800-265-3858
Tel: 905-829-9500
Fax: 905-829-9292

China
SIGMA-ALDRICH CHINA INC.
Tel: 86-21-6386 2766
Fax: 86-21-6386 3966

Czech Republic
SIGMA-ALDRICH s.r.o.
Tel: +420 246 003 200
Fax: +420 246 003 291

Denmark
Sigma-Aldrich Denmark A/S
Tel: 43 56 59 10
Fax: 43 56 59 05

Finland
Sigma-Aldrich Finland
Tel: (09) 350 9250
Fax: (09) 350 92555

France
Sigma-Aldrich Chimie S.à.r.l.
Tel appel gratuit: 0800 211 408
Fax appel gratuit: 0800 031 052

Germany
Sigma-Aldrich Chemie GmbH
Free Tel: 0800-51 55 000
Free Fax: 0800-649 00 00

Greece
SIGMA-ALDRICH (o.m.) Ltd
Tel: 30 210 9948010
Fax: 30 210 9943831

Hungary
SIGMA-ALDRICH Kft
Tel: 06-1-235-9054
Fax: 06-1-269-6470
Ingyenes zöld telefon: 06-80-355-355
Ingyenes zöld fax: 06-80-344-344

India
SIGMA-ALDRICH CHEMICALS 
PRIVATE LIMITED
Telephone
Bangalore: 91-80-4112-7272
New Delhi: 91-11-4165-4255
Mumbai: 91-22-2570-2364
Hyderabad: 91-40-5584-5488
Fax
Bangalore: 91-80-4112-7473
New Delhi: 91-11-4165-4266
Mumbai: 91-22-2579-7589
Hyderabad: 91-40-5584-5466

Ireland
Sigma-Aldrich Ireland Ltd.
Free Tel: 1800 200 888
Free Fax: 1800 600 222
Tel: 353 1 4041900
Fax: 353 1 4041910

Israel
Sigma-Aldrich Israel Ltd.
Free Tel: 1-800-70-2222
Tel: 08-948-4100
Fax: 08-948-4200

Italy
SIGMA-ALDRICH S.r.l.
Telefono: 02 33417310
Fax: 02 38010737
Numero Verde: 800-827018

Japan
SIGMA-ALDRICH JAPAN K.K.
Tokyo Tel: 03 5796 7300
Tokyo Fax: 03 5796 7315

Korea
SIGMA-ALDRICH KOREA
Tel: 031-329-9000
Fax: 031-329-9090

Malaysia
SIGMA-ALDRICH (M) Sdn. Bhd
Tel: 603-56353321
Fax: 603-56354116

Mexico
SIGMA-ALDRICH QUÍMICA, S.A. de C.V.
Free Tel: 01-800-007-5300
Free Fax: 01-800-712-9920

The Netherlands
Sigma-Aldrich Chemie BV
Tel Gratis: 0800-0229088
Fax Gratis: 0800-0229089
Tel: 078-6205411
Fax: 078-6205421

New Zealand
SIGMA-ALDRICH PTY., LIMITED
Free Tel: 0800 936 666
Free Fax: 0800 937 777
Tel:  61 2 9841 0500
Fax:  61 2 9841 0500

Norway
SIGMA-ALDRICH NORWAY AS
Tel: 23 17 60 60
Fax: 23 17 60 50

Poland
SIGMA-ALDRICH Sp. z o.o.
Tel: 061 829 01 00
Fax: 061 829 01 20

Portugal
Sigma-Aldrich QuÍmica, S.A.
Free Tel: 800 202180
Free Fax: 800 202178
Tel: 21 9242555
Fax: 21 9242610

Russia
SIGMA-ALDRICH RUS, LLC
Tel: +7 (095) 621-5828/6037
Fax: +7 (095) 975-4792

Singapore
Sigma-ALDRICH PTE. LTD.
Tel: 65-67791200
Fax: 65-67791822

South Africa
Sigma-Aldrich 
South Africa (Pty) Ltd.
Free Tel: 0800 1100 75
Free Fax: 0800 1100 79
Tel: 27 11 979 1188
Fax: 27 11 979 1119

Spain
SIGMA-ALDRICH QUÍMICA S.A.
Free Tel: 900 101376
Free Fax: 900 102028
Tel: 91 661 99 77
Fax: 91 661 96 42

Sweden
SIGMA-ALDRICH SWEDEN AB
Tel: 020-350510
Fax: 020-352522
Outside Sweden Tel: +46 8 7424200
Outside Sweden Fax: +46 8 7424243

Switzerland
SIGMA-ALDRICH Chemie GmbH
Swiss Free Call: 0800 80 00 80
Tel: +41 81 755 2828
Fax: +41 81 755 2815

United Kingdom
Sigma-Aldrich Company Ltd.
Free Tel: 0800 717181
Free Fax: 0800 378785
Tel: 01747 833000
Fax: 01747 833313
SAFC (UK): 01202 712305

United States
SIGMA-ALDRICH
P.O. Box 14508
St. Louis, Missouri 63178
Toll-free: 800-325-3010
Call Collect: 314-771-5750
Toll-Free Fax: 800-325-5052
Tel: 314-771-5765
Fax: 314-771-5757

Internet
sigma-aldrich.com

P.O. Box 14508
St. Louis, MO 63178
USA

Return Service Requested


