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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(PPh,), by Malatesta,
Angoletta and others." 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-0, and C-N bonds in the synthetic chemist’s toolbox.%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(PPh,), 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.* 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.> They reacted PdCl, with a bulky NHC
ligand, 2,6-diisopropylphenyllimidazolium chloride (IPr), and a o-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).° The c-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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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(ll) metal center. Please note that the hydrogens on the
2,6-isopropylphenyl-NHC and pyridyl ligands have been omitted for clarity.
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Representative Example with PEPPSI™

Scheme 1 illustrates the strong ability of PEPPSI™ to effect cross- o.
couplings (sp>-sp? Negishi) under mild reaction conditions. The aryl Br PEPPSI-IPr O
bromide was completely converted to 4-methyl-4'-methoxy-biphenyl . B,_Zn_©_o _mol%

in 2 h at room temperature, whereas competitive Pd systems require b Soventri2h a9%
overnight reaction times to reach adequate conversions. Another
compelling feature of the PEPPSI™ system is the low (1 mol %)
loadings in Negishi couplings, wherein sp>-sp* couplings have been
achieved in short (30 min) reaction times with high conversions.

Scheme 1

Previous NHC protocols involving alkyl-alkyl coupling reactions have R! reductive
not been accomplished successively in high yield. FLZ elimination (\N/g activation E\‘j\
=
PEPPSI™ Activation and Catalytic Cycle NJ\Pd(O)Ln mrow_awca'y
The challenges associated with improving palladium catalyst systems active catalyst — lgand
for cross-coupling are often related to the rate of active catalyst R
formation and subsequent stability throughout the catalytic cycle. [N>—p(|j”—ﬂ2 oxidative fn)
In the case of PEPPSI™-IPr, rapid, quantitative conversion to product Ny addition %NF‘Ng 0
in Negishi couplings has been documented by the Organ group.® Clj S =]
In this catalyst system, activation most likely occurs via reduction of . i L\P/;f. % Zd ‘-2
the Pd(ll) center by the organometallic reagent, followed by pyridine ransmetaiation R NN EJ\ Q
dissociation from the newly formed Pd(0) species (Scheme 2). M-X N e -]
The yield of n-heptylbenzene under typical Negishi cross-coupling RZM PEPPSHIPr ()
conditions is strongly dependent upon the structural environment M =2ZnX, MgX, BR, %
around the Pd center. Isopropy! groups influence the conversion s (-]
. ) . e cheme 2 —
of cross-coupling product, which may imply a stabilizing influence o
on the PEPPSI™—Pr Pd(0) center versus NHC analogs 1a and 1b c
(Table 1). Thus, the bulky isopropyl NHC ligand accelerates the g-
reductive elimination of n-heptylbenzene, while stabilizing the Pd AL N-R
center. = st v =N
CI‘F{d‘CI
_N
(1,3-Diisopropylimidazol-2-ylidene)(3-chloropyridyl) @LCI
palladium(ll) dichloride LRI P R H
C3,H,CIN5Pd 1a, R = Et RZ= H,
- Br o~ 1b, R"2 = Me
MW: 679.46 Q/V\ M 1 mol % cat,, it, 24 h ©/\H§
669032-1G 19
669032-5G 59 entry M yield of n-heptylbenzene
1 ZnBr  100% (1), 34% (1a), 8.0% (1b)
2 BBu;  100% (1),31% (1a), 6.5% (1b) o)
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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 'H 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(ll)
complex becomes active in situ through reduction to the Pd(0)-NHC
active catalyst—thus it can be considered a ligand stabilized Pd(PPh,),
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.®
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,” 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 sp-sp® 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™" of 300 at 0.1 mol % loading, while the latter

cl
Q/V\ Br + n-BuzZnBr -
THF/NMP (2:1)

'

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

‘ Isolated Complex |

‘ in situ mixture l

Yield %

FO
X
CI—Id—CI " ©/V\B' + nBuzngr 2 s

Pdy(dba)s
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350
B Apparent TONh" 300
o 300 \m  Yield%
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. 1 200
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Figure 2

TO ORDER: Contact your local Sigma-Aldrich office (see back cover),
call 1-800-325-3010 (USA), or visit sigma-aldrich.com/chemicalsynthesis.
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