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Introduction

N-Heterocyclic carbenes (NHCs) were discovered indepen-ACHTUNGTRENNUNGdently by �fele[1] and Wanzlick,[2] and later investigations by
Arduengo et al.[3] and Denk et al.[4] probed their stability
and physical properties. Subsequent studies by Herrmann
and co-workers revealed that NHCs are suitable ligands for
metals and that the resultant complexes are catalytically
active.[5–7] Owing to their very strong s-donating properties,
the replacement of phosphine- and arsine-based ligands by
NHCs in Pd-catalysed cross-coupling reactions has led to a

number of exciting discoveries, although their adoption by
the broader synthetic community has so far been limited.[8]

The highly reactive nature of free carbenes necessitates
their use under strictly anhydrous conditions, which lessens
their attractiveness when compared to their aryl phosphine
counterparts that generally have better air and moisture sta-
bility. Consequently, much Pd–NHC chemistry has been
conducted with in situ-derived catalysts in which a precursor
azolium salt is stirred with a suitable base to generate the
free carbene in the presence of a Pd source; cross-coupling
substrates are either present during catalyst formation, or
they are added after catalyst formation is believed to have
taken place.[9,10] Although the in situ generation of Pd cata-
lysts with phosphines is quite routine, this is not the case for
NHC-based ligands. The high reactivity of carbenes limits
compatible solvents owing to deleterious insertion reactions,
and leads to uncertainty about both the rate of catalyst for-
mation and the amount of final active catalyst that is
formed; this leads to large variations in performance and
wastes precious precursor ligand and palladium salts.[11,12]

Even the structure of the catalyst formed during in situ stud-
ies is uncertain. There was a general assumption made in
early Pd–NHC literature that the active species had two
NHCs per Pd atom,[5] which would seem reasonable com-
pared to the related, well-characterised phosphine ana-
logues. In fact, studies with isolated [Pd ACHTUNGTRENNUNG(NHC)2] complexes
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have revealed that these species are completely inactive in
Negishi reactions and that the active catalyst must therefore
be a palladium complex with only one NHC ligand.[9,13, 14]

With the uncertainty of the in situ protocol in mind, our
group[12,15] and others[7,16] embarked on the development of
well-defined NHC–Pd precatalysts (1–14).

Our initial studies involved
the preparation and evaluation
of precatalysts 1, 7, 10 and
11,[12] which belong to a grow-
ing series of easily-prepared,
air- and moisture-stable Pd–
PEPPSI precatalysts. The com-
plexes were prepared in air by
heating their precursor azolium
salts with either PdCl2 or PdBr2

and K2CO3 in neat pyridine to
provide good to excellent yields
of the corresponding PEPPSI
(pyridine, enhanced, precata-
lyst, preparation, stabilisation
and initiation) complex
(Scheme 1). Of these four com-
plexes (1, 7, 10, 11), two have
sterically encumbered isopropyl
groups at the ortho positions of
the N-phenyl substituent (i.e., 1
and 7) and these have proven
to be highly reactive in Suzuki–
Miyaura,[12,17] Negishi,[15] and
Kumada–Tamao–Corriu

(KTC)[18] cross-couplings, and Buchwald–Hartwig–Yagu-ACHTUNGTRENNUNGpol�skii amination.[19] We have been studying the origin of
the reactivity of these NHC-based catalysts by using a varie-
ty of techniques, including computation[14] and NMR spec-
troscopy,[20] and all analyses indicate that increasing bulk at
the ortho position of N-phenyl NHCs should lead to an in-

Scheme 1. Synthesis of NHC–PdY2–pyridine PEPPSI complexes 1–14.
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crease in reactivity. Of course, catalyst activation is another
very important aspect of overall catalyst reactivity; similarly
to the in situ-derived catalysts, if the active reduced catalyst
does not form, turnover is not possible. A general mecha-
nism for the catalytic cycle of the cross-coupling of alkyl or
aryl halides with alkyl or aryl organometallic reagents by
using NHC–PdII complexes is shown in Scheme 2. We have

evidence to suggest that reduction of Pd occurs first, quickly
followed by halide dissociation during reductive dimerisa-
tion of the organometallic reaction partner, which is then
followed by dissociation of the pyridine. When precatalyst 1
was treated with two equivalents of heptylzinc bromide, one
equivalent of tetradecane was produced followed by libera-
tion of 3-chloropyridine. Secondly, the heterolytic dissocia-
tion energies of 3-chloropyridine from NHC complexes of
Pd0 and PdII were calculated, and dissociation from the elec-
tron-poor PdII complex was found to be 5 kcal mol�1

higher.[12] Therefore, assuming this model for catalyst activa-
tion is correct, the rate-limiting step would be reduction of
Pd and liberation of the halides. To examine this, we created
an array of PEPPSI complexes in which the halide and pyri-
dine ligands were varied (compounds 1–8) to see if their dis-
sociation affects catalyst reactivity and overall conversion.
We also varied the NHC ligand itself (compounds 9–14) to
see if any enhancement in performance over existing NHCs
could be realised in the Negishi, KTC and Suzuki–Miyaura
reactions.

Results and Discussion

KTC sp2–sp2 study : We began our structure–activity rela-
tionship (SAR) analysis of the different complexes in the
KTC cross-coupling reaction (Figure 1).[18] As expected,

complexes with IPr groups (IPr= 1,3-bis(2,6-diisopropyl-ACHTUNGTRENNUNGphen ACHTUNGTRENNUNGyl)imidazol-2-ylidene) showed excellent conversion to
product 15 ; with the exception of 9, 10 and 11, all other
NHCs failed completely. The carbenes in IXy (9), IMes (10)
and IEt (11) are presumed to have at least the same s-do-
nating ability as the IPr ligand, which would allow the oxi-
dative addition step to be equally facile. However, the dif-
ferent steric topography that they impart around the palladi-
um centre would have a greater impact on the rate of trans-
metalation and/or reductive elimination.[14] We have been
studying the relationship between sterics and electronics
brought about by the N substituents on the NHC by exam-
ining the 109Ag NMR carbene chemical shifts of analogous
NHC–Ag complexes. With increasing steric bulk on the
NHC, the carbene chemical shifts were observed to be more
downfield, which suggests a more electron-deficient metal
centre.[20,21] The yields dramatically decrease on going from
IPr (1–8) to IEt (11) to IXy (9) or IMes (10). These results
support the idea that more s-donating ligands on palladium
facilitate oxidative addition,[22] and promote complex stabili-
ty (no blacking-out of Pd0 was observed), whereas the more
sterically bulky ligands facilitate reductive elimination (or
transmetalation).[12,14,23] However, there appears to be a
limit to the amount of bulk tolerated because the bulkier
adamantyl groups (14) form an altogether different topogra-
phy around the metal that may cause them to be virtually
ineffective as cross-coupling catalysts (see Figure 3).

Although some conversion was observed, at this point it is
difficult to conclude with these particular sp2 cross-coupling

Scheme 2. The proposed mechanism for Pd-catalysed cross-coupling reac-
tions.

Figure 1. Results of KTC cross-coupling to form 15. Conversion was de-
termined by using GC/MS/MS against a calibrated internal standard (un-
decane). All experiments were performed in triplicate; control experi-
ments with no catalyst showed no conversion.
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substrates whether oxidative addition did in fact occur to a
reasonable degree with complexes 12, 13 and 14 ; a more de-
tailed investigation on this aspect is given in the sp2–sp2 and
sp3–sp3 Negishi cross-coupling section (vide infra). The
anionic ligands on palladium (Cl� vs. Br�) showed no nota-
ble effects on catalytic activity (1–3, 6), whereas the elec-
tronics of pyridine throw-away ligands revealed some de-
pendence. Complex 4 consistently provided a slightly lower
yield, which is probably the result of the bulky methyl
groups slowing down the halide–aryl exchange during cata-
lyst generation/reduction. To explain the lower reactivity of
lutidine derivative 4, we decided to conduct a rate study on
the formation of 15 in the hope of gaining some insight into
the details of this reaction (Figure 2).

At a 4 % loading, our results indicate that complex 5
forms the same active catalyst as 1 in solution, albeit at
about one quarter of the rate, which indicates that there is
some difference between the dissociation of pyridine and 3-
chloropyridine. Alternatively, complex 4 displayed a more
obvious reduction in activity that led ultimately to a lower
conversion percentage after 24 h. Because 4 did successfully
form product 15, lutidine dissociation undoubtedly did take
place. To test whether catalyst death was occurring at any
time during the 24 h study, we next addressed the lifetime of
the three catalysts (Table 1). After an initial period of 24 h,
which gave quantitative conversion to 15 for 1 and 5, we in-
jected a second aliquot of the coupling partners into the
same reaction vial, allowed the contents to stir for a further
24 h with the remaining catalyst of the previous reaction.
After the initial complete conversion to the product, cata-
lysts 1, 4 and 5 remained highly active and suffer only a

modest loss of activity after one reaction cycle. Note that, as
observed in the previous study, complex 4 was comparative-
ly less active despite the theoretical generation of an identi-
cal NHC–Pd0 species in each reaction vial. This lagging ac-
tivity could suggest that it is not just activation that is prob-
lematic with the hindered pyridine derivative, but that per-
haps the pyridine ligands attach to and detach from the
NHC–Pd0 complex in solution. Although lutidine is more
bulky, it is also more electron rich, which means that it
could be a stronger s-donating ligand than simple pyridine,
and most certainly a better coordinator than electron-poor
3-chloropyridine. The crystal structures of complexes 1 and
4 (Figure 3) provide further evidence to support both the
steric congestion argument during reduction and the better
coordination of lutidine; the Pd�N bond of complex 4
(2.086 �) is comparatively shorter than that of 1 (2.137 �),
despite unfavourable sterics that direct the methyl groups in
toward the metal centre. Additionally, the fact that no
blacking-out of Pd occurs supports the notion that the pyri-
dines reattach to the Pd centre, which stabilises it and
lengthens the catalyst lifetime.

In the next KTC study, we subjected the more active IPr-
NHC catalysts (1–8) to a more challenging KTC cross-cou-
pling reaction to see if any further differences in perfor-
mance could be detected with different substrates
(Figure 4). Complex 5 showed a 20 % yield enhancement
over 1 for the formation of 16, and although the previous
two studies suggested that the same active species forms in
solution with similar ease, this may not be the case with this
particular group of substrates. One of our initial theories
was that pyridine, being less electron-withdrawing than 3-
chloropyridine, would have a higher dissociation energy
from PdII/Pd0 and thus allow more precatalyst to be con-
served in 5 than in 1. Assuming that conversion in this reac-
tion is slower than in Figure 1, catalyst lifetime would
become an important issue. The dissociated pyridine ligand
could now re-coordinate with the NHC–Pd0 complex after a

Figure 2. Rate of formation of 15 by using catalysts 1 (*), 4 (&), 5 (~)
and PdCl2 (!; control). The relative rates (initial) are as follows: 1: 2.11 �
10�4 mol L�1 s�1; 4 : 5.15 � 10�5 mol L�1 s�1; 5 : 7.89 � 10�4 mol L�1 s�1. Con-
version was determined by using GC/MS against a calibrated internal
standard (undecane). All experiments were performed in triplicate. Con-
trol experiments with no catalyst showed no conversion.

Table 1. Evaluation of catalyst turnover for consecutive KTC cross-cou-
pling reactions to form 15.[a,b]

Catalyst Conversion after 24 h [%]
(Yield [%])

Conversion after 48 h [%]
(Yield [%])

1 100 (93) 90 (87)
4 85 (81) 78 (75)
5 100 (91) 91 (87)

[a] Conditions: PEPPSI complex 1, 4 or 5 (2 mol %), p-chloroanisole
(0.5 mmol), p-tolylmagnesium bromide (0.65 mmol), total solvent
volume=2.1 mL. After 24 h and complete conversion to 15, additional p-
chloroanisole (0.5 mmol) and p-tolylmagnesium bromide (0.65 mmol)
were added and the reaction continued for an additional 24 h. Control
experiments with no catalyst showed no conversion in all cases. [b] The
procedure was repeated three times and the isolated yields were obtained
with <5 % variation.
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significant amount of 16 had formed, slowing down catalyst
decomposition significantly and allowing for continued con-
version to product with this difficult coupling. Whether cata-
lyst death is a lot slower with 5, or whether simply more cat-

alyst is made available to the substrates under these particu-
lar conditions is still not fully understood.

Negishi sp3–sp3 study : Continuing the SAR analysis for com-
plexes 1–14, we investigated the Negishi sp3–sp3 reaction,
once again using conditions we had previously used with 1
(Figure 5).[15] Due to competing b-hydride elimination fol-
lowing oxidative addition (Scheme 3), we know that oxida-
tive addition is not problematic. Indeed, complexes 9–14 all
appear to smoothly undergo oxidative addition as shown by
the formation of alkene byproduct 18 concurrent with the
consumption of all starting materials. When a control ex-
periment was performed without catalyst, only the starting
alkyl halide was recovered, which confirmed that elimina-
tion of the alkyl halide does not occur as a consequence of
the basic reaction conditions and reduction to 20 is a Pd0-
mediated process. Interestingly, complexes 4 and 8 did not
perform as well in the room-temperature Negishi reaction
as they did in the sp2–sp2 study (vide infra). The major prod-
uct observed in the reactions with both 4 and 8 was reduced
phenylpropane 20. In the case of 8, it is possible that only a
portion of the catalyst was activated because more than
60 % of the alkyl halide starting material was recovered.
This is somewhat surprising because only one equivalent of

Figure 3. ORTEP representations of the crystal structures of 1, 4, 8, 10, 11 and 14. Ellipsoids were drawn at the 30% level and hydrogen atoms have
been omitted for clarity.

Figure 4. Isolated yields for KTC cross-coupling to form 16. Reactions
were performed in duplicate with <5% error. Control experiments with
no catalyst resulted in no product formation. Reactions performed with 1
at RT gave a yield of 35%.
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organometallic reagent is required to activate the palladacy-
cle to Pd0, and we had achieved quantitative conversion to
product 15 with 8 in our sp2–sp2 KTC (vide supra) and sp2–
sp2 Negishi studies (vide infra). At the same time, this result
also indicates the greater difficulty of cross-coupling alkyl
reagents as compared with organic electrophiles that contain
p electrons, such as allyl, alkenyl, alkynyl, benzyl or acyl
groups, that coordinate to the metal centre with less difficul-
ty prior to the catalytic steps. Despite complex 4 showing

evidence of activation to Pd0 at room temperature, it gave
only 6 % of cross-coupled product. Additionally, a slower re-
duction of the halides on the precatalyst by the alkylzinc re-
agent as compared with the unsaturated zinc reagents may
also be responsible. Because no alkyl halide starting materi-
al was recovered, a plausible explanation for the presence of
20 is the alkyl halide undergoing metal–halogen exchange
with the organozinc reagent followed by subsequent pro-ACHTUNGTRENNUNGtonolysis upon workup. Similar to the KTC study, IPr-NHC
catalysts (1–8) were subjected to a more challenging alkyl–
alkyl Negishi cross-coupling reaction (Figure 6). A similar
trend was discovered with complex 5 because it was again
found to be the most active catalyst, outperforming 1 to a
noticeable extent. It is worth noting that saturated analogue
7 performed poorly despite possessing greater flexibility,
which has previously been linked to high reactivity during
reductive elimination.[24] We noted in our earlier studies that
7 was the more active catalyst when forming aryl–aryl bonds
at ambient temperatures. This led us to reason that the en-
hanced flexibility imparted by the saturated NHC bound to
Pd was beneficial when placed against the demanding steps
of the catalytic cycle.[24] The aromatic groups attached to the
nitrogen atoms rock back and forth to accept the incoming
substrates and expel the cross-coupled products.[18] In our

earlier studies, this beneficial
flexible steric bulk was noted
with more rigid aryl substrates,
but results from this work sug-
gest that long and flexible alkyl
chains are not compatible with
more flexible NHCs.

Negishi sp2–sp2 study : By using
similar substrates as in the KTC
study, we compared the trans-
metalation step by employing
p-tolylzinc bromide as the or-
ganometallic reagent (Figure 7).
Unexpectedly, complexes that
had previously proven inactive
(9–14) were able to generate
significant cross-coupled prod-
uct, which perhaps indicates
that something unique occurs
with aryl organozinc reagents.

To rule out the possibility of
reaction conditions (e.g., sol-
vent) playing a role in the

transformation, we reacted identical Grignard reagents
under optimised Negishi conditions with less sterically hin-
dered 11 and more hindered 14 to form product 15
(Table 2). Only upon heating did conversion improve for the
Grignard, but the analogous Negishi couplings were still
higher.

To evaluate this theory, we reacted sterically congested
coupling partners with PEPPSI precatalysts that had previ-
ously been shown to be inactive (against 1 as a control)

Figure 5. Results for Negishi cross-coupling to form 17. Conversion was
determined by using GC/MS against a calibrated internal standard (unde-
cane). All experiments were performed in triplicate and the average
value is reported. Control experiments with no catalyst resulted in no
product formation.

Scheme 3. The b-hydride elimination pathway known to occur in sp3 substrates.
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under optimised Negishi conditions at elevated tempera-
tures (Table 3). The similar yields obtained with 9, 10 and 11
suggested nearly equal activity. However, when the cross-
coupling partners were switched, which should presumably
lead to the same reductive elimination intermediate, the re-
duced conversion with 10 suggested that either oxidative ad-
dition or transmetalation is rate-limiting (Table 4). The en-
hanced yield of 22 at both 60 8C and room temperature with
catalyst 1 and the less bulky organozinc (Table 4, entry 1)
suggested that transmetalation was the critical step in this
process. To further probe the reactivity of 1 and 10 and to

Figure 6. Isolated yields for Negishi cross-coupling to form 21. Reactions
were performed in duplicate and the average value is reported with
<5 % error. Control experiments with no catalyst showed no conversion.

Figure 7. Results of Negishi cross-coupling to form 15. Conversion was
determined by using GC/MS against a calibrated internal standard (unde-
cane). All experiments were performed in triplicate and control experi-
ments with no catalyst showed no conversion.

Table 2. Comparison of transmetalating agents in the formation of 15.[a]

Entry Catalyst M Conditions Conversion [%]

1 11 Mg DMI, RT 4
2 11 Mg DME, 50 8C 31
3 11 Zn DMI, RT 79
4 11 Zn DME, 50 8C 43
5 14 Mg DMI, RT 0
6 14 Mg DME, 50 8C 2
7 14 Zn DMI, RT 54
8 14 Zn DME, 50 8C 29

[a] Reactions were performed in duplicate and the average value is re-
ported. Control experiments with no catalyst showed no conversion.

Table 3. Isolated yields for Negishi cross-coupling reactions to form 22.[a]

Catalyst Yield [%]

1 81 (76)[b]

9 73
10 77
11 80
14 0

[a] Reactions were performed in duplicate and the average value is re-
ported. Control experiments with no catalyst showed no conversion.
[b] Yield achieved when the reaction was performed at RT appears in pa-
rentheses.

Table 4. Isolated yields for Negishi cross-coupling reactions to form 22.[a]

Entry Ar–Br Organometallic reagent Catalyst Yield [%]

1
1

10
97[b]

14[c]

2
1

10
87

0[d]

3
1

10
88
50[e]

[a] Reactions were performed in duplicate and the average value is re-
ported. Control reactions with no catalyst showed no conversion. [b] The
product was obtained in 94% yield when the reaction was carried out at
RT. [c] No product was obtained when the reaction was carried out at
RT. Byproducts included 23 and 12 % unreacted Ar–Br. [d] Recovered
reaction components: 86% Ar–Br and Grignard di ACHTUNGTRENNUNGmer ACHTUNGTRENNUNGisation product 23.
[e] Recovered reaction components: 13 % Ar–Br and protonated
Grignard (xylene).

www.chemeurj.org � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2010, 16, 10844 – 1085310850

M. G. Organ et al.

www.chemeurj.org


look for more clues into the mechanism, the corresponding
Grignard reagents were used (Table 4, entries 2, 3). The ef-
fects were pronounced with complex 10, which was less re-
active towards the bulkier aryl bromides and allowed for
less ambiguity in the determination of the rate-limiting step.
The complete absence of the cross-coupled product, along
with significant amounts of 23, suggests that a second trans-
metalation step that competes with reductive elimination
may be in effect, leading to the homocoupled products as
suggested recently by Lei et al.[25] Taken together, the
abovementioned coupling results are consistent with trans-
metalation being the rate-limiting step, with the organozincs
being more active. This higher activity observed with orga-
nozinc reagents may be attributed to better solubility than
the Grignard reagents and/or the principle of hard and soft
Lewis acids and bases.[26] The zinc metal, which has d orbi-
tals and thus a larger size, presumably makes the carbanion
more active and nucleophilic if it is mismatched with a
softer Zn cation, which is supported by higher yields even
with less active catalysts. In regards to the construction of
more difficult tetra-ortho-substituted biaryls, complexes 9–
11 were less tolerable (Table 5).

Suzuki–Miyaura sp2–sp2 study : We have also analysed the
Suzuki–Miyaura reaction by using our catalyst library
(Figure 8) and found no notable differences between any of
our IPr-based catalysts with the exception of 8. Palladacycle
8 was presumably not activated to Pd0 because only aryl
halide starting material was recovered. Conceptually, palla-
dacycles can be viewed as the oxidative addition products of
an aryl halide to palladium, however, the mechanism of
their activation and the exact nature of the catalytic species
in solution continue to be questioned by many researchers.
Most literature examples describing palladacycle use for un-
activated aryl chlorides in the Suzuki–Miyaura reaction are
either at high reaction temperatures or use phosphine-based

derivatives.[29] Nolan and co-workers suggested isopropoxide
coordination followed by an ensuing b-hydride elimination
to liberate acetone as key steps in the activation of an NHC
palladacycle similar in structure to 8 ;[29] such a mechanistic
feature would limit the use of palladacycle-based catalysts.

To better draw comparisons with other coupling types, we
conducted a rate study under these conditions with analo-
gous substrates used in the KTC rate study (Figure 9).
Again, lutidine complex 4 performed noticeably poorly,
whereas complexes 1 and 5 showed similar rates. However,
as shown in Figure 8, after 24 h only moderate conversion to
the product was observed. When the same reaction was per-
formed at room temperature under more strongly basic con-
ditions (i.e., tBuOK, Figure 10), a much higher conversion
to 15 occurred quite rapidly; interestingly, no turnover with
4 was observed at all.

Conclusion

In summary, we have demonstrated the high activity of IPr-
based NHC ligands of the PEPPSI catalyst precursors in a
variety of useful cross-coupling reactions. In the KTC and
Negishi reactions, precatalyst activation most likely involves
slow reduction of the halides by the organometallic reagent
followed by fast pyridine dissociation. During the catalytic
cycle, the transmetalation step appears to be rate-limiting,
with the unsaturated organozinc reagents being the more
active nucleophiles. High catalyst turnover numbers and
higher turnover frequencies are possible with non-coordinat-
ing and non-bulky throw-away ligands, as demonstrated
with complexes 1, 4 and 5 in forming cross-coupled product
in excellent yields after catalyst activation had taken place.
The lowered rates and yields with complex 4 demonstrates

Table 5. Isolated yields for Negishi cross-coupling reaction to form 25.[a]

Entry Catalyst Yield
of 25
[%]

Starting
material
24 [%]

Byproduct
27 [%]

Byproduct
28 [%]

Byproduct
29 [%]

1 1 65[b] 0 0 13 21
2 9 0[c] 99 0 0 0
3 10 0 79 9 12 0
4 11 0 98 2 0 0
5 14 0 64 18 18 0

[a] Reactions were performed in duplicate and the average value is re-
ported. Control reaction with no catalyst showed no conversion. [b] Re-
maining reaction component includes organozinc dimerisation product
26. [c] Remaining reaction component is the zinc dimerisation product
26.

Figure 8. Isolated yields for Suzuki–Miyaura cross-coupling with K2CO3

to form 32. Reactions were performed in duplicate and the average value
is reported. The reaction carried out by using 1 also gave a yield of 46%
when stopped after 15 h. Control experiments with no catalyst resulted in
no product formation.
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that the pyridines attach to and detach from the NHC–Pd0

complex in solution. This dissociation–association mecha-
nism may also be responsible for slowing down the rate of
palladium black formation, extending catalyst lifetime and
in some cases producing higher reaction yields.

Experimental Section

See the Supporting Information for details of syntheses and characterisa-
tions.

CCDC-761243 (1), -761244 (4), -761245 (8), -761246 (10), -761247 (11)
and -761248 (12) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Acknowledgements

This work was funded by the Natural Sciences and Engineering Research
Council of Canada (NSERC) and the Ontario Research and Develop-
ment Challenge Fund (ORDCF). The authors graciously acknowledge
the donation (in part) from Varian of a GCMS to evaluate the products
of the transformations.

[1] K. �fele, J. Organomet. Chem. 1968, 12, P42.
[2] H.-W. Wanzlick, H.-J. Schçnherr, Angew. Chem. 1968, 80, 154 –154;

Angew. Chem. Int. Ed. Engl. 1968, 7, 141 – 142.
[3] A. J. Arduengo III, R. L. Harlow, M. Kline, J. Am. Chem. Soc. 1991,

113, 361 –363; A. J. Arduengo III, R. Krafczyk, R. Schmutzler, Tet-
rahedron 1999, 55, 14523 – 14534.

[4] K. Denk, J. Fridgen, W. A. Herrmann, Adv. Synth. Catal. 2002, 344,
666 – 670; K. Denk, P. Sirsch, W. A. Herrmann, J. Organomet. Chem.
2002, 649, 219 –224; F. Simal, S. Delfosse, A. Demonceau, A. F.
Noels, K. Denk, F. J. Kohl, T. Weskamp, W. A. Herrmann, Chem.
Eur. J. 2002, 8, 3047 –3052; H. Herrmann, K. Denk, C. W. K. Gstçtt-
mayr, Applied Homogeneous Catalysts with Organometallic Com-
pounds, 2nd ed., Wiley-VCH, Weinheim, 2002.

[5] W. A. Herrmann, E. J. Fischer, C. Kçchter, G. R. J. Arthus, Angew.
Chem. 1995, 107, 2602 –2605; Angew. Chem. Int. Ed. Engl. 1995, 34,
2371 – 2374.

[6] W. A. Herrmann, L. J. Gooßen, M. Spiegler, J. Organomet. Chem.
1997, 547, 357 –366; W. A. Herrmann, L. J. Gooßen, M. Spiegler, Or-
ganometallics 1998, 17, 2162 – 2168.

[7] W. A. Herrmann, C.-P. Reisinger, M. Spiegler, J. Organomet. Chem.
1998, 557, 93–96.

[8] W. A. Herrmann, Angew. Chem. 2002, 114, 1342 –1363; Angew.
Chem. Int. Ed. 2002, 41, 1290 – 1309; S. P. Nolan, N-Heterocyclic Car-
benes in Synthesis, Wiley-VCH, Weinheim, 2006 ; F. Glorius, N-Het-
erocyclic Carbenes in Transition Metal Catalysis, Springer, Berlin,
2007; E. Peris, R. H. Crabtree, Coord. Chem. Rev. 2004, 248, 2239 –
2246; C. M. Crudden, D. P. Allen, Coord. Chem. Rev. 2004, 248,
2247 – 2273; W. A. Herrmann, K. �fele, D. v. Preysing, K. S.
Schneider, J. Organomet. Chem. 2003, 687, 229 – 248.

[9] K. Arentsen, S. Caddick, F. G. N. Cloke, A. P. Herring, P. B. Hitch-
cock, Tetrahedron Lett. 2004, 45, 3511 –3515; K. Arensten, S. Cad-
dick, F. G. N. Cloke, Tetrahedron 2005, 61, 9710 – 9715.

[10] D. A. Culkin, J. F. Hartwig, Acc. Chem. Res. 2003, 36, 234 – 245;
G. A. Grasa, M. S. Viciu, J. Huang, C. Zhang, M. L. Trudell, S. P.
Nolan, Organometallics 2002, 21, 2866 –2873; G. A. Grasa, M. S.
Viciu, J. Huang, S. P. Nolan, J. Org. Chem. 2001, 66, 7729 –7737;
S. R. Stauffer, S. Lee, J. P. Stambuli, S. I. Hauck, J. F. Hartwig, Org.
Lett. 2000, 2, 1423 –1426.

Figure 9. Rate of formation of 15 by using the Suzuki–Miyaura reaction
with K2CO3 in 1,4-dioxane with catalysts 1 (*), 4 (&), 5 (~) and PdCl2 (!;
control). The relative rates (initial) are as follows: 1: 5.0� 10�6 mol L�1 s�1;
4 : 1.7� 10�6 mol L�1 s�1; 5 : 3.2� 10�6 mol L�1 s�1. Conversion was deter-
mined by using GC/MS against a calibrated internal standard (undecane).
All experiments were performed in triplicate. Control experiments with
no catalyst showed no conversion.

Figure 10. Rate of formation of 15 by using the Suzuki–Miyaura reaction
with tBuOK in isopropanol with catalysts 1 (*), 4 (&), 5 (~) and PdCl2

(!; control; hidden under &). The relative rates (initial) are as follows: 1:
2.8� 10�5 mol L�1 s�1; 4 : 0.0 mol L�1 s�1; 5 : 2.9� 10�5 mol L�1 s�1. Conver-
sion was determined by using GC/MS against a calibrated internal stan-
dard (undecane). All experiments were performed in triplicate. Control
experiments with no catalyst showed no conversion.

www.chemeurj.org � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2010, 16, 10844 – 1085310852

M. G. Organ et al.

http://dx.doi.org/10.1016/S0022-328X(00)88691-X
http://dx.doi.org/10.1002/ange.19680800411
http://dx.doi.org/10.1002/ange.19680800411
http://dx.doi.org/10.1002/ange.19680800411
http://dx.doi.org/10.1002/anie.196801412
http://dx.doi.org/10.1002/anie.196801412
http://dx.doi.org/10.1002/anie.196801412
http://dx.doi.org/10.1021/ja00001a054
http://dx.doi.org/10.1021/ja00001a054
http://dx.doi.org/10.1021/ja00001a054
http://dx.doi.org/10.1021/ja00001a054
http://dx.doi.org/10.1016/S0040-4020(99)00927-8
http://dx.doi.org/10.1016/S0040-4020(99)00927-8
http://dx.doi.org/10.1016/S0040-4020(99)00927-8
http://dx.doi.org/10.1016/S0040-4020(99)00927-8
http://dx.doi.org/10.1002/1615-4169(200208)344:6/7%3C666::AID-ADSC666%3E3.0.CO;2-0
http://dx.doi.org/10.1002/1615-4169(200208)344:6/7%3C666::AID-ADSC666%3E3.0.CO;2-0
http://dx.doi.org/10.1002/1615-4169(200208)344:6/7%3C666::AID-ADSC666%3E3.0.CO;2-0
http://dx.doi.org/10.1002/1615-4169(200208)344:6/7%3C666::AID-ADSC666%3E3.0.CO;2-0
http://dx.doi.org/10.1016/S0022-328X(02)01133-6
http://dx.doi.org/10.1016/S0022-328X(02)01133-6
http://dx.doi.org/10.1016/S0022-328X(02)01133-6
http://dx.doi.org/10.1016/S0022-328X(02)01133-6
http://dx.doi.org/10.1002/1521-3765(20020703)8:13%3C3047::AID-CHEM3047%3E3.0.CO;2-V
http://dx.doi.org/10.1002/1521-3765(20020703)8:13%3C3047::AID-CHEM3047%3E3.0.CO;2-V
http://dx.doi.org/10.1002/1521-3765(20020703)8:13%3C3047::AID-CHEM3047%3E3.0.CO;2-V
http://dx.doi.org/10.1002/1521-3765(20020703)8:13%3C3047::AID-CHEM3047%3E3.0.CO;2-V
http://dx.doi.org/10.1002/ange.19951072124
http://dx.doi.org/10.1002/ange.19951072124
http://dx.doi.org/10.1002/ange.19951072124
http://dx.doi.org/10.1002/ange.19951072124
http://dx.doi.org/10.1002/anie.199523711
http://dx.doi.org/10.1002/anie.199523711
http://dx.doi.org/10.1002/anie.199523711
http://dx.doi.org/10.1002/anie.199523711
http://dx.doi.org/10.1016/S0022-328X(97)00434-8
http://dx.doi.org/10.1016/S0022-328X(97)00434-8
http://dx.doi.org/10.1016/S0022-328X(97)00434-8
http://dx.doi.org/10.1016/S0022-328X(97)00434-8
http://dx.doi.org/10.1021/om970826i
http://dx.doi.org/10.1021/om970826i
http://dx.doi.org/10.1021/om970826i
http://dx.doi.org/10.1021/om970826i
http://dx.doi.org/10.1002/1521-3757(20020415)114:8%3C1342::AID-ANGE1342%3E3.0.CO;2-A
http://dx.doi.org/10.1002/1521-3757(20020415)114:8%3C1342::AID-ANGE1342%3E3.0.CO;2-A
http://dx.doi.org/10.1002/1521-3757(20020415)114:8%3C1342::AID-ANGE1342%3E3.0.CO;2-A
http://dx.doi.org/10.1002/1521-3773(20020415)41:8%3C1290::AID-ANIE1290%3E3.0.CO;2-Y
http://dx.doi.org/10.1002/1521-3773(20020415)41:8%3C1290::AID-ANIE1290%3E3.0.CO;2-Y
http://dx.doi.org/10.1002/1521-3773(20020415)41:8%3C1290::AID-ANIE1290%3E3.0.CO;2-Y
http://dx.doi.org/10.1002/1521-3773(20020415)41:8%3C1290::AID-ANIE1290%3E3.0.CO;2-Y
http://dx.doi.org/10.1016/j.ccr.2004.04.014
http://dx.doi.org/10.1016/j.ccr.2004.04.014
http://dx.doi.org/10.1016/j.ccr.2004.04.014
http://dx.doi.org/10.1016/j.ccr.2004.05.013
http://dx.doi.org/10.1016/j.ccr.2004.05.013
http://dx.doi.org/10.1016/j.ccr.2004.05.013
http://dx.doi.org/10.1016/j.ccr.2004.05.013
http://dx.doi.org/10.1016/j.jorganchem.2003.07.028
http://dx.doi.org/10.1016/j.jorganchem.2003.07.028
http://dx.doi.org/10.1016/j.jorganchem.2003.07.028
http://dx.doi.org/10.1016/j.tetlet.2004.02.134
http://dx.doi.org/10.1016/j.tetlet.2004.02.134
http://dx.doi.org/10.1016/j.tetlet.2004.02.134
http://dx.doi.org/10.1021/ar0201106
http://dx.doi.org/10.1021/ar0201106
http://dx.doi.org/10.1021/ar0201106
http://dx.doi.org/10.1021/om020178p
http://dx.doi.org/10.1021/om020178p
http://dx.doi.org/10.1021/om020178p
http://dx.doi.org/10.1021/jo010613+
http://dx.doi.org/10.1021/jo010613+
http://dx.doi.org/10.1021/jo010613+
http://dx.doi.org/10.1021/ol005751k
http://dx.doi.org/10.1021/ol005751k
http://dx.doi.org/10.1021/ol005751k
http://dx.doi.org/10.1021/ol005751k
www.chemeurj.org


[11] N. Hadei, E. A. B. Kantchev, C. J. O�Brien, M. G. Organ, J. Org.
Chem. 2005, 70, 8503 –8507; E. A. B. Kantchev, C. J. O�Brien, M. G.
Organ, Angew. Chem. 2007, 119, 2824 – 2870; Angew. Chem. Int. Ed.
2007, 46, 2768 –2813.

[12] C. J. O’Brien, E. A. B. Kantchev, C. Valente, N. Hadei, G. A. Chass,
A. Lough, A. C. Hopkinson, M. G. Organ, Chem. Eur. J. 2006, 12,
4743 – 4748.

[13] H. Lebel, M. K. Janes, A. B. Charette, S. P. Nolan, J. Am. Chem.
Soc. 2004, 126, 5046 –5047; L.-C. Campeau, P. Thansandote, K.
Fagnou, Org. Lett. 2005, 7, 1857 –1860.

[14] G. A. Chass, C. J. O�Brien, N. Hadei, N. E. A. B. Kantchev, W.-H.
Mu, D.-C. Fang, A. C. Hopkinson, I. G. Csizmadia, M. G. Organ,
Chem. Eur. J. 2009, 15, 4281 – 4288; M. G. Organ, G. A. Chass, D.-C.
Fang, A. C. Hopkinson, C. Valente, Synthesis 2008, 2776 –2797; C. J.
O�Brien, E. A. B. Kantchev, G. A. Chass, N. Hadei, A. C. Hopkin-
son, M. G. Organ, D. H. Setiadi, T.-H. Tang, D.-C. Fang, Tetrahedron
2005, 61, 9723 –9735.

[15] M. G. Organ, S. Avola, I. Dubovyk, N. Hadei, E. A. B. Kantchev,
C. J. O�Brien, C. Valente, Chem. Eur. J. 2006, 12, 4749 –4755.

[16] G. D. Frey, J. Sch�tz, E. Herdtweck, W. A. Herrmann, Organometal-
lics 2005, 24, 4416 – 4426; L. J. Gooßen, J. Paetzold, O. Briel, A.
Rivas-Nass, R. Karch, B. Kayser, Synlett 2005, 275 –278; R. Singh,
M. S. Viciu, N. Kramareva, O. Navarro, S. P. Nolan, Org. Lett. 2005,
7, 1829 –1832; O. Navarro, N. Marion, N. M. Scott, J. Gonzalez, D.
Amoroso, A. Bell, S. P. Nolan, Tetrahedron 2005, 61, 9716 – 9722;
M. S. Viciu, O. Navarro, R. F. Germaneau, R. A. Kelly III, W.
Sommer, N. Marion, E. D. Stevens, C. Luigi, S. P. Nolan, Organome-
tallics 2004, 23, 1629 – 1635; D. R. Jensen, M. J. Schultz, J. A. Muel-
ler, M. S. Sigman, Angew. Chem. 2003, 115, 3940 – 3943; Angew.
Chem. Int. Ed. 2003, 42, 3810 –3813; C. W. K. Gstçttmayr, V. P. W.
Bçhm, E. Herdtweck, M. Grosche, W. A. Herrmann, Angew. Chem.
2002, 114, 1421 – 1423; Angew. Chem. Int. Ed. 2002, 41, 1363 –1365;
R. Jackstell, M. G. Andreu, A. C. Frisch, K. Selvakumar, A. Zapf,
H. Klein, A. Spannenberg, D. Rçttger, O. Briel, R. Karch, M.
Beller, Angew. Chem. 2002, 114, 1028 – 1031; Angew. Chem. Int. Ed.
2002, 41, 986 –989.

[17] C. Valente, S. Baglione, D. Candito, C. J. O�Brien, M. G. Organ,
Chem. Commun. 2008, 735 – 737.

[18] M. G. Organ, M. Abdel-Hadi, S. Avola, N. Hadei, J. Nasielski, C. J.
O�Brien, C. Valente, Chem. Eur. J. 2006, 12, 150 – 157.

[19] M. G. Organ, M. Abdel-Hadi, S. Avola, I. Dubovyk, N. Hadei,
E. A. B. Kantchev, C. J. O�Brien, M. Sayah, C. Valente, Chem. Eur.
J. 2008, 14, 2443 –2452.

[20] S. Calimsiz, K. H. Hoi, H. N. Hunter, M. Sayah, M. G. Organ, un-
published results, 2007.

[21] The NHC–Ag complexes were chosen instead of Pd to facilitate
NMR experimentation.

[22] I. D. Hills, M. R. Netherton, G. C. Fu, Angew. Chem. 2003, 115,
5927 – 5930; Angew. Chem. Int. Ed. 2003, 42, 5749 – 5752; E. Negishi,
Handbook of Organopalladium Chemistry for Organic Synthesis,
Wiley, New York, 2002 ; A. de Meijere, F. Diederich, Metal-Cata-
lyzed Cross-coupling Reactions, 2nd ed., Wiley, New York, 2004 ;
A. R. Muci, S. L. Buchwald, Top. Curr. Chem. 2002, 219, 131 –209;
S. Shekhar, P. Ryberg, J. F. Hartwig, J. S. Matthew, D. G. Blackmond,
E. R. Streiter, S. L. Buchwald, J. Am. Chem. Soc. 2006, 128, 3584 –
3591.

[23] N. Hadei, E. A. B. Kantchev, C. J. O�Brien, M. G. Organ, Org. Lett.
2005, 7, 1991 –1994; N. Hadei, E. A. B. Kantchev, C. J. O�Brien,
M. G. Organ, Org. Lett. 2005, 7, 3805 – 3807; D. A. Culkin, J. F. Hart-
wig, Organometallics 2004, 23, 3398 –3416; G. Mann, Q. Shelby,
A. H. Roy, J. F. Hartwig, Organometallics 2003, 22, 2775 – 2789.

[24] G. Altenhoff, R. Goddard, C. W. Lehmann, F. Glorius, Angew.
Chem. 2003, 115, 3818 –3821; Angew. Chem. Int. Ed. 2003, 42, 3690 –
3693; G. Altenhoff, R. Goddard, C. Lehmann, F. Glorius, J. Am.
Chem. Soc. 2004, 126, 15195 –15201; R. Dorta, E. D. Stevens, N. M.
Scott, C. Costabile, L. Cavallo, C. D. Hoff, S. P. Nolan, J. Am. Chem.
Soc. 2005, 127, 2485 –2495.

[25] Q. Liu, Y. Lan, J. Liu, G. Li, Y. D. Wu, A. Lei, J. Am. Chem. Soc.
2009, 131, 10201 –10210.

[26] R. G. Pearson, J. Songstad, J. Am. Chem. Soc. 1967, 89, 1827 – 1836.
[27] S. Shekhar, J. F. Hartwig, Organometallics 2007, 26, 340 –351; J.

McNulty, S. Cheekoori, T. P. Bender, J. A. Coggan, Eur. J. Org.
Chem. 2007, 1423 –1428.

[28] J. Dupont, C. S. Consorti, J. Spencer, Chem. Rev. 2005, 105, 2527 –
2571.

[29] O. Navarro, R. A. Kelly III, S. P. Nolan, J. Am. Chem. Soc. 2003,
125, 16194 – 16195.

Received: January 19, 2010
Revised: April 22, 2010

Published online: July 21, 2010

Chem. Eur. J. 2010, 16, 10844 – 10853 � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 10853

FULL PAPERPd–PEPPSI Complexes

http://dx.doi.org/10.1021/jo051304c
http://dx.doi.org/10.1021/jo051304c
http://dx.doi.org/10.1021/jo051304c
http://dx.doi.org/10.1021/jo051304c
http://dx.doi.org/10.1002/ange.200601663
http://dx.doi.org/10.1002/ange.200601663
http://dx.doi.org/10.1002/ange.200601663
http://dx.doi.org/10.1002/anie.200601663
http://dx.doi.org/10.1002/anie.200601663
http://dx.doi.org/10.1002/anie.200601663
http://dx.doi.org/10.1002/anie.200601663
http://dx.doi.org/10.1021/ja049759r
http://dx.doi.org/10.1021/ja049759r
http://dx.doi.org/10.1021/ja049759r
http://dx.doi.org/10.1021/ja049759r
http://dx.doi.org/10.1021/ol050501v
http://dx.doi.org/10.1021/ol050501v
http://dx.doi.org/10.1021/ol050501v
http://dx.doi.org/10.1002/chem.200900042
http://dx.doi.org/10.1002/chem.200900042
http://dx.doi.org/10.1002/chem.200900042
http://dx.doi.org/10.1055/s-2008-1067225
http://dx.doi.org/10.1055/s-2008-1067225
http://dx.doi.org/10.1055/s-2008-1067225
http://dx.doi.org/10.1002/chem.200600206
http://dx.doi.org/10.1002/chem.200600206
http://dx.doi.org/10.1002/chem.200600206
http://dx.doi.org/10.1021/om049001g
http://dx.doi.org/10.1021/om049001g
http://dx.doi.org/10.1021/om049001g
http://dx.doi.org/10.1021/om049001g
http://dx.doi.org/10.1055/s-2004-837205
http://dx.doi.org/10.1055/s-2004-837205
http://dx.doi.org/10.1055/s-2004-837205
http://dx.doi.org/10.1021/ol050472o
http://dx.doi.org/10.1021/ol050472o
http://dx.doi.org/10.1021/ol050472o
http://dx.doi.org/10.1021/ol050472o
http://dx.doi.org/10.1016/j.tet.2005.06.081
http://dx.doi.org/10.1016/j.tet.2005.06.081
http://dx.doi.org/10.1016/j.tet.2005.06.081
http://dx.doi.org/10.1021/om034319e
http://dx.doi.org/10.1021/om034319e
http://dx.doi.org/10.1021/om034319e
http://dx.doi.org/10.1021/om034319e
http://dx.doi.org/10.1002/ange.200351997
http://dx.doi.org/10.1002/ange.200351997
http://dx.doi.org/10.1002/ange.200351997
http://dx.doi.org/10.1002/anie.200351997
http://dx.doi.org/10.1002/anie.200351997
http://dx.doi.org/10.1002/anie.200351997
http://dx.doi.org/10.1002/anie.200351997
http://dx.doi.org/10.1002/1521-3757(20020415)114:8%3C1421::AID-ANGE1421%3E3.0.CO;2-E
http://dx.doi.org/10.1002/1521-3757(20020415)114:8%3C1421::AID-ANGE1421%3E3.0.CO;2-E
http://dx.doi.org/10.1002/1521-3757(20020415)114:8%3C1421::AID-ANGE1421%3E3.0.CO;2-E
http://dx.doi.org/10.1002/1521-3757(20020415)114:8%3C1421::AID-ANGE1421%3E3.0.CO;2-E
http://dx.doi.org/10.1002/1521-3773(20020415)41:8%3C1363::AID-ANIE1363%3E3.0.CO;2-G
http://dx.doi.org/10.1002/1521-3773(20020415)41:8%3C1363::AID-ANIE1363%3E3.0.CO;2-G
http://dx.doi.org/10.1002/1521-3773(20020415)41:8%3C1363::AID-ANIE1363%3E3.0.CO;2-G
http://dx.doi.org/10.1002/1521-3757(20020315)114:6%3C1028::AID-ANGE1028%3E3.0.CO;2-%23
http://dx.doi.org/10.1002/1521-3757(20020315)114:6%3C1028::AID-ANGE1028%3E3.0.CO;2-%23
http://dx.doi.org/10.1002/1521-3757(20020315)114:6%3C1028::AID-ANGE1028%3E3.0.CO;2-%23
http://dx.doi.org/10.1002/1521-3773(20020315)41:6%3C986::AID-ANIE986%3E3.0.CO;2-M
http://dx.doi.org/10.1002/1521-3773(20020315)41:6%3C986::AID-ANIE986%3E3.0.CO;2-M
http://dx.doi.org/10.1002/1521-3773(20020315)41:6%3C986::AID-ANIE986%3E3.0.CO;2-M
http://dx.doi.org/10.1002/1521-3773(20020315)41:6%3C986::AID-ANIE986%3E3.0.CO;2-M
http://dx.doi.org/10.1039/b715081d
http://dx.doi.org/10.1039/b715081d
http://dx.doi.org/10.1039/b715081d
http://dx.doi.org/10.1002/chem.200701621
http://dx.doi.org/10.1002/chem.200701621
http://dx.doi.org/10.1002/chem.200701621
http://dx.doi.org/10.1002/chem.200701621
http://dx.doi.org/10.1002/ange.200352858
http://dx.doi.org/10.1002/ange.200352858
http://dx.doi.org/10.1002/ange.200352858
http://dx.doi.org/10.1002/ange.200352858
http://dx.doi.org/10.1002/anie.200352858
http://dx.doi.org/10.1002/anie.200352858
http://dx.doi.org/10.1002/anie.200352858
http://dx.doi.org/10.1007/3-540-45313-X_5
http://dx.doi.org/10.1007/3-540-45313-X_5
http://dx.doi.org/10.1007/3-540-45313-X_5
http://dx.doi.org/10.1021/ja045533c
http://dx.doi.org/10.1021/ja045533c
http://dx.doi.org/10.1021/ja045533c
http://dx.doi.org/10.1021/ol050471w
http://dx.doi.org/10.1021/ol050471w
http://dx.doi.org/10.1021/ol050471w
http://dx.doi.org/10.1021/ol050471w
http://dx.doi.org/10.1021/ol0514909
http://dx.doi.org/10.1021/ol0514909
http://dx.doi.org/10.1021/ol0514909
http://dx.doi.org/10.1021/om049726k
http://dx.doi.org/10.1021/om049726k
http://dx.doi.org/10.1021/om049726k
http://dx.doi.org/10.1021/om030230x
http://dx.doi.org/10.1021/om030230x
http://dx.doi.org/10.1021/om030230x
http://dx.doi.org/10.1002/ange.200351325
http://dx.doi.org/10.1002/ange.200351325
http://dx.doi.org/10.1002/ange.200351325
http://dx.doi.org/10.1002/ange.200351325
http://dx.doi.org/10.1002/anie.200351325
http://dx.doi.org/10.1002/anie.200351325
http://dx.doi.org/10.1002/anie.200351325
http://dx.doi.org/10.1021/ja045349r
http://dx.doi.org/10.1021/ja045349r
http://dx.doi.org/10.1021/ja045349r
http://dx.doi.org/10.1021/ja045349r
http://dx.doi.org/10.1021/ja0438821
http://dx.doi.org/10.1021/ja0438821
http://dx.doi.org/10.1021/ja0438821
http://dx.doi.org/10.1021/ja0438821
http://dx.doi.org/10.1021/ja903277d
http://dx.doi.org/10.1021/ja903277d
http://dx.doi.org/10.1021/ja903277d
http://dx.doi.org/10.1021/ja903277d
http://dx.doi.org/10.1021/ja00984a014
http://dx.doi.org/10.1021/ja00984a014
http://dx.doi.org/10.1021/ja00984a014
http://dx.doi.org/10.1021/om0607548
http://dx.doi.org/10.1021/om0607548
http://dx.doi.org/10.1021/om0607548
http://dx.doi.org/10.1002/ejoc.200700005
http://dx.doi.org/10.1002/ejoc.200700005
http://dx.doi.org/10.1002/ejoc.200700005
http://dx.doi.org/10.1002/ejoc.200700005
http://dx.doi.org/10.1021/cr030681r
http://dx.doi.org/10.1021/cr030681r
http://dx.doi.org/10.1021/cr030681r
http://dx.doi.org/10.1021/ja038631r
http://dx.doi.org/10.1021/ja038631r
http://dx.doi.org/10.1021/ja038631r
http://dx.doi.org/10.1021/ja038631r
www.chemeurj.org

