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Reactive palladium carbenes: Migratory insertion and other

carbene-hydrocarbyl coupling reactions on well-d d systems.

Ana C. Albéniz*®

Abstract: Palladium complexes with carbene ligands are among the
best known and more extensively used catalysts. Those carbenes
are usually NHC or N, N disubstituted derivatives and their use rely
on the robust nature of the carbene ligands and their role as auxiliary
ligands that modify the metal electronic and steric features. In
contrast, there are other types of carbenes that, when coordinated to
palladium, lead to transformations where the carbene fragment is
involved. In the last decade, palladium-catalyzed reactions have
been extended to the use of carbene precursors that can be
functionalized with the formation of several C-C bonds in one
reaction step. Plausible mechanisms have been proposed where a
carbene-hydrocarbyl coupling occurs in the palladium coordination
sphere. This microreview is intented to collect and discuss the
examples of organometallic reactions in well-characterized palladium
complexes where the carbene is one of the fragments involved in C-
C bond formation. These examples are key in understanding and
supporting the mechanisms proposed for the Pd-catalyzed of C-C
coupling reactions of carbenes.
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Scheme 2. Some examples of Pd-catalyzed transformations via carbene
transfer and carbene migratory insertion.

Many carbene-precursor reagents (E=CR'R? in Schemes 1
and 2) can be used to form the palladium carbene complex,”
including group 6 metal carbenes."® Initially, diazoderivatives
were the most commonly used carbene precursors and although
they are still employed, these derivatives are sometimes difficult
to synthesize and to handle. In 2007 Barluenga and Valdés
reported the use of sulfonylhydrazones as carbene precursors in
palladium catalyzed coupling reactions.”? The in situ
transformation of sulfonylhydrazones to diazoalkanes under
basic conditions, the Bamford-Stevens reaction,”®! avoids the
handling of the latter derivatives, making the reactions more
attractive and extending the range of available carbene
fragments for these reactions.” As a consequence, the work on
this area has experience a surge in the last decade and




This is the submitted version, later published in the European Journal of Inorganic Chemistry. The reference of the final edited and published work is Eur J. Inorg. Chem. 2018, 3603-3705 and can be found at https://onlinelibrary.wiley.com/doi/10.1002/ejic.201800597 


nowadays these reactions have become part of the toolbox of
palladium-catalyzed carbon-forming reactions for the synthetic
chemist. The topic has been reviewed and profuse and detailed
information can be found in the literature,!*"! including quite
recent accounts.”?!

The development of synthetic applications of catalytic
reactions involving a carbene migratory insertion step in a
palladium complex has been fast and successful. The extension
of the catalytic scope has been achieved much faster than the
detailed knowledge of the steps proposed in the mechanism of
these reactions. New synthetic methodologies have been
produced in this way in the past, and this is a valid approach.
However, a careful look into the fundamental steps involved in
the catalysis has also proved to be necessary to bring a new
reaction to its full potential. The experimental study of the
migratory insertion reaction, represented in Scheme 1 and
invoked as a fundamental step in the catalytic transformations in
Scheme 2, is not an easy task. This step is difficult to separate
from the steps preceding and following it: A fast migratory
insertion reaction occurs on very reactive palladium carbenes,
which are difficult to detect or isolate, and leads to a palladium
alkyl which can easily decompose, most commonly by f-H
elimination. Nonetheless, there are enough precedents and
experimental evidence in the literature that show that the
carbene migratory insertion reaction occurs in palladium
complexes. This microreview intends to collect those examplgs
and what can be learnt form them about the factors that f;
this reaction.
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of one group to the other, rather that a more symmetrical
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in section 4.
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ladium(ll) carbene

jgratory irjon reactions in [PdR(carbene)L;] species require
electrogMic palladium carbene that interacts with the R
acting as a nucleophile. Electrophilicity is not a strange
nic feature for carbene complexes of Pd(ll), where the
s a very limited 1 back-donation ability, as expected for
ion metal in OX|dat|on state +2. The carbene

neutral don®r ligand (o-interaction, Figure 1). In the absence of
electron donor substituents, given the low extent of back-
donation from the metal (m-interaction, Figure 1), the © empty

eactive complexes which cannot generally be detected,
isolated. Of course, the electrophilicity of the carbene
gment can be modulated by the substituents of the carbene
arbon leading to a wide variation of properties and reactivity.
Nonetheless, using the classical classification based on
reactivity, Pd(ll) carbenes can be considered electrophillic
carbenes, i.e. Fisher type carbenes.
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Figure 1. Schematic metal-carbene bonding interactions and the electronic
features of a carbene complex depending on the type of transition metal
center.



Figure 2 shows some examples of characterized Pd(ll)
carbenes, most of them in analogous metal coordination
environments, and the >C NMR resonances for their Cearpene.
The chemical shift for this nucleus is sensitive to a variety of
factors, including the other ligands coordinated to the metal, but
large differences are observed between different types of
carbene fragments, that can be clearly related to the electron
density on the carbene carbon. Complex 1 shows a very
electrophilic C(p-Tol), fragment since the tolyl groups can be
considered just as spectator substituents as far as their electron
influence on the carbene is concerned, and according to the
classification used by Bertrand and Bourissou.?®! Indeed, the
value of the *C NMR resonance for this complex (313.4 ppm)
shows a very deshielded carbene carbon and its low reactivity
may be a result of its being encumbered by the bulky pincer
ligand.”%!
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Figure 2. Palladium(ll) carbene complexes with aryl or he
substituents.
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diaminocarbenes 6,°" and 7 (Figure 2).5% This is the general
trend for the two other palladium X0 carbenes synthesized,
®31 and for the more common mono rbenes.®"* % |n fact,
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i wectrophilicity and high stability that make them

talytic applications.®”! A few examples of these
of complexes are collected in Figure 4.
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Figure 4. Some structurally characterized palladium(ll) monoamino or NHC
derivatives.

The molecular structures of some of these complexes
have been determined and Table 1 (entries 1-8) collects some
relevant parameters that give information about the electronic
description that is most contributing in 1 and in other
heteroatom-substituted carbenes (6-12).?"! The structural data
support that n-back donation from the metal to the carbene is
not significant. Pd-Ccamene distances are very similar among
complexes regardless the different nature of the substitutents,
and have values that conform to a single bond in the range
found, for example, for Pd-C.y complexes (1.915-2.084 A,
median 1.998 A).*¥ Even for complex 1, the Pd-Ccamene bond is
a single one, and, since electron back donation to the carbene
carbon occurs neither from the metal nor from the substituents,
this carbene is highly electrophilic as indicated by the
spectroscopic data. For the heteroatom-substituted carbenes,
short distances between the heteroatom and the Ccarpene Show
an effective electron donation of the X lone pair leading to the
formation of a C=X double bond in most cases (see d(C-X) for
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Table 1. Structural parameters for some palladium carbene complexes [Pd(CRX)YLs.]™" (n =1, 2; m = 1, 0) depicted in Figuri 2,4,5 and 7.

Entry Complex X, R d(Pd-C), A d(C-X), A d(C-R), A X-C-R () Dihedral anglemeR(Cwb) Ref.

plane/ carbene plane,
N

1 1 Tolyl, Tolyl 1.978(7) - 1.445(10) 7 l 313.4 [29]

2 6 NMe,, NMe, 1.9825(13)  1.3375(17) 1.3386(17)  119.20(12) 80.85‘ 201.3 [31]
3 7 (EtNCH,-), 1.995(2) 1.319(3) 1.317(3) 109.53(18) ’ "1.4 [32]

4 8 ArNR, CRs 2.0246(9 1.3133(11) 1.5298(12)  108.51(8) ‘ 267.4 [35]
5 9 NiPr,, Anisyl 1.9937(12)  1.3026(16) 1.4811(17) 122.44(11‘ 74.93 . 232.4 [31]
6 10 NEt,, Ph 2.030(5)" 1.291(6) 1.498(7) 117.‘ U 244.3 [39,40]
7 1 NEt,, vinyl 2.025(6)" 1.300(8) 1.467(9) 118.51 ~~—90v 227.9 [41]
8 12 (MesNCH=),""  2.019(13) 1.355(13) 1.385(14) ‘i02.40(11)\8 175.9 [42]
NMesR, 2.021(11) 1.398(13) 1.312(13) ‘N 150.7
CHNMes™ ———
9 13 C, C (C7Hs) 1.968(2) 1.3920.02! 1.3950.02[91 » =90 _ [43]
10 14 —CPh=CPh- 1.945(2) 1.377(4)1 1.3& 54) 88.4 196.1 [44]
11 15 —C(NPr,) 2.0242(13)  1.3903(19)¢ 1.3923\ 63 165.5 [45]
=C(NPry)- 2.0306(12) ) L\
12 16 —C(NEty) 1.961(3) 1.385(5)" ‘_L' 80.3 - [46]
=C(NEt,)— —_— ~ay
13 17 C(Ar), C(vinyl)  1.986(3) 1 .430(* 1.374(4)" 1!.2(3) 90.1 207.8 [47]
14 18 C(R), C(R) 1.998(4) 1.418(5) 119.2(3) 90 180.7 [48]
15 19 C,C (pyrazole)  1.996(7) 104.3(6) 85.98 113.8" [49]
16 20 C(Ar), C(Ar) 1.968(3) 120.9(2) =30 284.47 [50]
17 21 OFEt, C(Ar) 1.994(4) 122.4(4) =0 210 [51]
1.985(4) 123.6(4)
18 22 C(pyr), C(pyr)  1.999(4) . : 123.2(3) 0 189.6 [52]
19 23 c,.C 1&) . ' 1.425(7) =0 164.5 [53]
20 24 c,.C 1.405(4) 119.1(3) =0 <140 [54]

Fs): 2.031(8). [c] n-
h] C2-C3 1.384(5).

[a] Pd-C (C¢Fs): 2.016(5) A. [b] Pd-C (
C2-C3: 1.363(3) A. [g] C2-C3 1.3708(
soluble bis(TFA) derivative (instead

A

a-NHC (MIC). [e] All C-C bond lengths in the cycloheptatrienyl ring are equal (1.39+0.02). [f]
her bond lenghts (A): C-C, 1.400(5); C-O, 1.322(4); N-C: 1.349(5). [j] Determined on the more

complexes 6-11, Tab Thus, the res s depicted in Complex 12 shows two different types of NHC coordinated
Figures 2 and 4 are the contributing on&in complexes 2-  to the same metal center. Interestingly, the structural parameters
11. This is also supported e imentally since complex 3 reacts  are very similar for the normal NHC and the mesoinic one (cf.
with chloride and this nucleop abstracts the methyl group of  Pd-C bond lengths in entry 8, Table 1). However, the *C NMR
the methoxy su action of oxonium salts, to  shows a higher field carbene resonance for the mesoionic NHC,
give a Pd-acyl (EQ? and this is an indication that this is more electron-rich than the
normal NHC.

The inclusion of the carbene carbon in an aromatic ring
+MeCl (1) reduces the availability of the empty orbital centered on the
Cearbene @and therefore its electrophilicity. This is the case of the



very stable carbocyclic complexes 13-16 (Figure 5 and Table 1)
where the Pd-C bond is a single one and the carbene *C NMR
resonances (196-165 ppm) are very low compared to complex 1
(313 ppm, Figure 2).°! The stability of complexes 17-19 (Figure
5) results from a delocalization over the heterocyclic backbone
that allows several resonant forms, resulting in a carbene
complex of low electrophilicity as shown in Figure 6 for complex
17; structural data (entry 13, Table 1) indicate that resonant form
A is the least contributing one. These derivatives are generally
called remote N-heterocyclic carbenes.?’?
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Figure 5. Examples of carbocyclic and remotely stabilized palladium(ll)
carbenes.
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The stability of palladium(ll) carbenes can be in
inclusion of the carbene fragment in a polydentate ligand.
7 collects some examples where the electrophilicity of th
carbene carbon vary from complex 20, which reacts
nucleophiles at the carbene carbon, "o 24, strongly stabi
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electron density at the carbene center. The carbene in complex
21 is less electrophilic than its mopgmdentate analogues 2 and 3,
due to the presence of the imido a ubstituent that allows
an effective electron donation over the e

It is interesting to compare the be

reacts with a variety of
e carbene fragment in
sides undergoing
gen chloride, the
uch as alkynes, ketones,
every case the carbene
rbyl group binds to the
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3. Divergent reactivity of complexes 20 and 25.

ust looking at the formulation, 25 could be considered the result
of the coordination of a singlet carbene to a Pd(0) complex. The
n-back donation expected from a Pd(0) center is larger than that
from Pd(ll) and this could increase the electron density of the
carbene in such an extent that would make it nucleophilic.
However, the molecular structure of 25 does not show a multiple
character for the Pd-C bond and the bond length (2.086(4) A for
R = Me or 2.0755(11) A for R = Ph) is even longer than that of
the cationic 20 (entry 16, Table 1).°% Thus, 25 is better
described as being a Pd(ll) complex containing a bis-anionic
methine ligand, an ylide-type ligand with the charge distribution
shown in Scheme 3.°%

Complexes 26,1 and 27,/°1 are other examples of
palladium complexes that, having a coordinated disubstituted
carbon (formally a carbene), are actually better described as
methanediide or bis-ilyde complexes (Scheme 4). They are
synthesized from organolithium precursors and the extremely
shielded carbon (*C NMR Pd-C, -18.3 ppm for complex 27)
shows a dramatically different nature than the Pd(ll) carbenes
discussed before. The nucleophilic carbon center undergoes
reaction with electrophiles as shown in Scheme 4.°% The
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Scheme 4. Some examples of methanediide palladium(ll) complexes.

3. Carbene migratory insertion reactions.

The study of the carbene migratory insertion reaction in
palladium complexes (i.e. B to C, Scheme 5) is often
complicated because the relative rates of this reaction and the
preceding carbene transfer to palladium (A to B, Scheme 5) or
the subsequent decomposition of the resulting alkyl complex (C)
do not allow the isolation of both relevant intermediate
complexes B and C. However, in some cases, these relative
rates show a better match, enough for the detection of several of
the intermediates depicted in Scheme 5 and to strongly support
the migratory insertion pathway.

E
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R"" "R2? I insertion R PdX -
[PARXL,] ————> (;(‘; L R L Decomposition
L-E  RiITR2 R g2
A W B
[Pd(CR'R2)XLy] - MX
D

Scheme 5. General scheme of the complexes involve
formation by migratory insertion in Pd-carbenes.

isolate the final palladium alkyl C. Al
Van Leeuwen et al. showed that the

hat rearranges to a
aeertion into the

Scheme 6. Ins ne into a Pd-Me bond.
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A related example is the halomethyl Pd(IV) complex 29
characterized by Campora et al. wlaich transforms into 30 by a
formal methylene insertion into the bond.’®? This process
could be interpreted as the formation o
complex followed by the migratory i
bond (Scheme 7). Howeve
29 a Pd(lV) complex a

ors pointed out, being
e aryl-CH.X reductive
ition of the halobenzyl

Diazoderivatives are one of the most common carbene
sors, also used in catalysis. The reaction of the strained
embered palladacycle in Eq. 2 with the common
etate (EDA) or trimethylsilyldiazomethane brings
ansion of the metalacycle with insertion of the
CHR carbe¥® fragment into the Pd-aryl bond to give 31.%*! Again,
the intermediate palladium carbene was not detected.

R2
Q ,PPhs  R2CHN, _PPhg
Pd — 5 Pd_ @)
N

N - N2
R ! R"‘/N !
1
Me Me 31 ol coLet, SiMes
R' = Me, Pr

In the course of their catalytic studies W. Y. Yu et al.
carried out the reaction of a benzyl palladium complex or a
phenyl palladium derivative with diazoalkanes. In contrast with
the palladacycles described above, no intermediate carbene or
alkyl complexes were detected (B or C in Scheme 5) and only
the organic compounds after decomposition could be
characterized (Scheme 8).%*! Presumably, the putative palladium
alkyl formed after migratory insertion undergoes fast f-H
elimination, which is not possible in 31.

PhgP. CH,Ph Ph Ph. Ph
Pd + =N ——= =/ +Pd()

| -N
Cl” PPh;  MeO,C 2 MeO,C +HCI + 2 PPhy

Bu Bu

COMe CO Me

N Ph X 2

Pd_ + w PN +Pd(0)
AcO”  Ph 2 N2 Ph +AcOH + L

Scheme 8. Reaction of diazoalkanes with Pd-hydrocarbyl complexes.



A bis-ylide derivative was used by Urriolabeitia et al. as a
precursor of a palladium carbene that undergoes a migratory
insertion into a Pd-C¢Fs bond (Scheme 9, a). The putative
pentafluorophenyl palladium carbene-ylide was not detected and
only complex 32, the result of the carbene-aryl coupling, was
isolated. However, the intermediacy of the palladium carbene-
ylide is strongly supported by the isolation of this type of
complex from a close related palladium precursor (33, Scheme 9,
b).[6®]
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Pd(l) dimeric vinylcarbene (34) which forms, upon reactio
tetraphenyltin, a Pd(Il) allylic complex 35 (Scheme 10). In this

Pd-R fragment but a carbene fragment instead (D,
The plausible pathway for the formation of 35 j
transmetalation of a Ph group from tin to palladi
migratory insertion reaction and disproportionafj
complex (Scheme 10).%
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insertion (see below). No rmediate palladium carbene
complexes [Pd
in any of those
insertion reaction ene fragments with at
taining substituent in order to decrease

synth by transmetalation of
monoamino or gments from a group 6 metal to
palladium. [PdRXL;] (R = CsFs, Me, acyl) complexes (A, Scheme
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Thus, the putative pa methoxycarbenes in Scheme 11
must undergo a fast migratory insertion reaction even when the

p on palladium is pentafluorophenyl, a fragment
rong Pd-C bond and it is known to undergo slower
ion reactions that a phenyl group.™ With a right choice of
ituent R" on the carbene fragment, the resulting palladium
, Scheme 5) can be trapped by formation of a palladium

25! or a palladium benzylic complex (37).5%*% For R'
-H elimination leads to the arylated vinyl ether
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Scheme 11. Products of the migratory insertion of a methoxycarbene into the
Pd-CeFs bond.

The reaction of the monoamino carbene tungsten complex
with the pentafluorophenyl palladium precursor led to the
formation of a dimeric palladium carbene (38) that can be
isolated and used as starting material for the synthesis of other
[Pd(CsFs)(carbene)LX] derivatives (Scheme 12).5%*" In contrast
to the methoxy carbene, the better electron-donor amino group
reduces the electrophilicity of the palladium carbene fragment
and increases the stability of the complexes. A slow migratory
insertion reaction follows to give a palladium alkyl complex that
could not be detected in this case (see below for other detected
examples). When R' = Me, the evolution of this alkyl by -H
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elimination leads to the substituted vinyl amine (analogous to the Both complexes involved in the migratory insertion
vinylic ether in Scheme 11). In these reactions the aryl-carbene  sequence (B to C, Scheme 5) wer aracterized in the reaction
coupling also leads to the formation of iminium salts, the product  shown in Scheme 14. Comple volves by migratory
of a formal reductive elimination, that could be generated from insertion of the monoaminocarbene int

the putative aminoalkyl palladium complex after migratory  alkyl derivative 41 was detected and ch solution.!®”
insertion or even directly form 38.140 Besides a facile protonatio is complex
also undergoes a decompos n to the iminium salt
_NEt,
OC)sW=C PdBrPf(NCMe
(00)s wr [ ( )2l PPhao \
i et cl- Pd—C : S Coo M
Pt 2 M \ ~
RI_BrpPd- c BN Brl | g1 _me Pf EtoN=C” e HCl, DeNet,
12 No_pyZ Bl — |R™- C Pd — CH, +"PdHBr" Ph 40 PPh,
Et,N Pf/ Pf |:| EtoN [PdCI,(PPhj),]
w l hydrolysis
R =Me, Ph
1 /
N _Br Et + F{—|E’rhydroly315 ? Q

C Pd— PR3 C. g 7?: _CiA-Ph
Et,N F’f/ R1 Pf Ph Et HiO Me g

(HoNEt,)CI
Scheme 12. Carbene-pentafuorophenyl coupling in a monoaminocarbene

palladium complex. Scheme
acyl bond.

action of a monoaminocarbene into a Pd-

Scheme 13 shows a comparison of the reactivity of the
monoamino and alkoxo carbene fragments where R' = 2-phenyl
ethenyl. As mentioned before, the more stable palladium
monoamino carbenes (38, 11) can be isolated and undergo a
slow carbene-C¢Fs coupling whereas a fast migratory insertion
reaction occurs for the analogous alkoxo carbenes leading
palladium alkyl stabilized in the n?*-allylic form, 36. A free imj reaction is intramolecular and does not need of
salt results from the decomposition of the dimeric complex 38. previous [I§#nd dissociation to occur. The highest influence in
However, the evolution of 11 leads to a coupled the migratory insertion rate is exerted by the carbene fragment:
fragment that remains coordinated to palladium (39). large differences are observed in the reactivity of diamino and
mownoamino or alkoxo carbenes, as it is shown in Scheme 15.1"
series of complexes [PdBr(CsFs){C(NEt;)Ph}L] the better
ating the ligand L, the slower the reaction, although the
erences are far smaller than those observed for the carbene
agments. The following trend in rate was found: p-Br (dimer 38)
=~ PPh; > PCy;, PMe; > NHEt,. The cationic
[Pd(CsFs)}{C(NEt;)Ph}(NCMe);]* showed the higher rate,
indicating that a more electrophilic metal center is favoring the
insertion reaction.”

The itorization of the decomposition of complexes
{C(NEt2)Ph}X(PPh3)] (R = C(O)Me, Ce¢Fs; X = CI, Br;
es 12 and 14) showed that the migratory insertion is first
in palladium and independent of the concentration of
9 This indicates that in these cis-carbene-R

Carbene electrophilicity

Pf = CeFs
BzHN, Br EtoN Br MeQ Br
Jc—Pd<PPh, C/Pd “PPh, C/Pd L
MeHN"Pf R1Pf R'Pf
Migratory
insertion: Not observed Slow Fast

in heteroatom-

Scheme 15. Relative reactivity of heteroatom-substituted palladium carbenes.

Interestingly, ¢ id state can be described as a
zwitterionic Pd(
However, the sp

predominant Pd(ll)

oordlnated iminium  ligand. The migratory insertion reaction is not restricted to a
solution pO'”Eﬂ to a  gpecific Pd-R group in [PdR(carbene}XL] complexes. As it has
liylic form analogous to 36.*" The peen discussed above, aryl and acyl groups experience the

diate situation supports a common  process, but the reaction also takes place for R = Me.*®
carbe i rough migratory insertion for both



Scheme 16 summarizes the reaction pathways followed by a

mixture of [W(CO)s{C(OMe)Ph}] and a methyl palladium
precursor.
o)
(0] Me D
e L C-Me
¢ ome e oo 9
OMe L-Pd-C CI-Pd™X~0ome _CoH
_ Ph L —  Ph Me CcZ
(CO)sW=C_ a) o 2 I “OMe
L, m [PACI,L,]
MeoS, CI.

b)
/Pd/\ Me  ome L Me OMe
Me” 72 L-Pd-C —>¢-Pd=C~ome — H2C=C
Lo T k

Ph h \h{dralysi)s/ Ph
Ph

Cl 2
Me—GC,

™

L = SMe,

Scheme 16. Migratory insertion reaction of an alkoxocarbene into a Pd-Me
bond (b).

Pathway a (Scheme 16) shows the migratory insertion reaction
of a Pd-acyl group formed in the reaction mixture, a route which
is analogous to that shown in Scheme 14 for a monoamino
carbene. When group 6-metal pentacarbonyl carbene
complexes are used as carbene sources, both the carbene and
a carbonyl ligand are actually transferred to palladium. This may
be irrelevant provided the carbonyl acts just as a ligand since,
being weakly coordinated to Pd(ll), it is easily displaced an
fact, its coordination has never been observed in these sys, ?
However, in the presence of a Pd-R bond, CO migratory
insertion occurs to give the Pd-C(O)R acyl comple i
process takes place for R = Me, Ph but not for R = Cg
that disfavors the formation of the acyl group. T,
transfer is faster than the carbene
monoaminocarbenes, and for R = Me, Ph
palladium carbene is observed (Eq. 4).7" Ho
carbene transfer vs acyl formation is closer for the
carbene and the product of migratory insertion of the car
into the Pd-Me bond (42, path b, Scheme 16) could be observe:
and characterized. *°

NEt;  Me,S, Cl
2(CO)W=C__ + Pd_
Ph

barrier for this process
cal mol™). This is an unusual outcome
es where, if the hydrocarbyl-carbene
erally leads to the corresponding
azolium salt'a tion 4). The presence of a rigid
chelating carbene in this example may force the reaction to
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occur in the high energy pentacoordinated intermediate as well
as favor the stabilization of complge 43. In any case, it clearly
shows that a migratory insertion is also possible for
NHC-palladium carbenes.

Ar\
N
it
W
— [PdMe,(tmeda
NN

HC into a Pd-Me bond.

collected here show that migratory
eing observed for a variety of Pd-
hydrocarbyl groups as as carbene fragments with different
electronic features. A wide range of reaction rates are observed,
ich show correlation with the electrophilic nature of the
bene, thigbeing the main factor in determining the ease of
reaction. As a consequence, the isolation of relevant
ediates for the most electrophilic carbene fragments, often
catalysis, is difficult and DFT calculations have been
on some of these systems in order to find out the

5) are generally low for electrophilic carbene fragments such as
Pd-CRR’, or Pd-C(OR)R’ with values in the range 3.6-7.6 kcal
! '8 731 Therefore, when precursors of these carbene
nts are used in catalytic reactions of the type shown in
me 2, the migratory insertion reaction is not expected to be

4. Carbene-Hydrocarbyl coupling reactions of
NHCs.

N-heterocyclic carbenes (NHCs) are extremely useful as
auxiliary ligands in a wide variety of palladium catalyzed
reactions. As mentioned above, their coordination chemistry and
applications have been periodically and thoroughly reviewed. %
These ligands are very attractive for the stability they impart to
the metal complexes and because of the possibility to modulate
both their electronic and steric features. However the Pd-NHC
linkage is not utterly inert. In 1998 Cavell et al. reported the
decomposition of a palladium complex by the coupling of an
imidazolium-based NHC and a methyl group (Eq. 5).'¥

N e

Z N

L\Pd\ N\ — [@%Me + Pd(0) + COD (5)
=2 "Me N\



This is a process where the NHC ceases to play a spectator
ligand role and, since complexes of a general formulation
[PAR(NHC)LX] are ubiquitous in Pd-catalysis, this is a potential
catalyst decomposition pathway. The reaction produces an
imidazolium salt and Pd(0) and it is formally a reductive
elimination process. Subsequent studies by the same group and
DFT calculations support that this is indeed the reaction pathway.
The calculated transition state for the coupling is a three-center
R-Pd-C(NHC) TS that leads to an encounter complex with little
interaction between the metal and the imidazolium C-2
carbon.™ The NHC-R reductive elimination is not rare and has
been reported for imidazolium salts and a variety of R groups
including methyl,”*7"? acyl,™® allyl, ™! and aryl (Eq. 6).5°-%"]
Several reviews on the subject are available.®?%]

R'<
X R,
« .
Pd g —> @>—H + Pd(0) + L (6)
U 'R N
R

R = Me, acyl, allyl, aryl

Eq. 7 shows an example of the reductive elimination of a phenyl-
substituted imidazolium salt from a well-defined aryl palladium
NHC complex reported by Marshall and Grushin.®® A kinetic
study of the decomposition of 44 shows that the reaction occurs
by initial phosphine dissociation. However, this is not a genegal
case since no effect of the phosphine concentration in
reaction rate was observed for other close related systems

R ek
o &
) — @)—Ph + "Pd(PPhg)"

PhP” N
44 R

R = 2,6-Pr,CeHg

The decomposition of NHC-palladium hydrocarbyl comp
reductive elimination is more difficult if the attainment of
required three-center transition state is disfavored by
constraints. This is observed in the gase of complexes

way as a Pd-o-bonded hy
of the example shown in
ation of the free azolium salt,
is the observed | coupling mechanism. The
reverse reaction,
Pd(0) has been

bisimidazolium salt to

ing the reaction of a
PPhs)4] which involves the cleavage of
ation of a bis-NHC-Pd(ll) carbene

WILEY-VCH

Conclusions.

The role played by reactive palla
gaining importance. The carbene fragm
the final products through the formatio

benes in catalysis is

insertion reaction is the
-C(carbene) bond and

tions) to the final
proposals of catalytic
ory insertion step are
cess in stoichiometric
recursors as described

polyfunctionalized
cycles that inclu
supported by ex
reactions of

(R, R* = hydrocarbyls not
, Where reaction intermediates are
elusive, and the electrofm™Mcher diamino-substituted, or the N-
heterocyclic carbenes, with very low reactivity. Using heteroatom
palladium  carbenes of intermediate
trophilicy, and therefore intermediate migratory insertion
, all the intermediates involved in a C-C formation through
e migratory insertion can be characterized, providing a
ound for the whole description of this process. When
he Pd-catalyzed couplings involving carbene
ifferent types of carbene fragments, it should be
that the nature of the palladium carbene may
render the migratory insertion step either unimportant to
determine the turnover rate in the fastest cases, or strongly

arbene chemistry shows a completely different face in
alysis when carbenes are used as auxiliary ligands, taking
dvantage of the robustness of the N-heterocyclic carbenes or
related electron rich carbenes. However, a carbene-hydrocarbyl
reductive elimination on the metal appears in this context as one
of the few catalyst decomposition pathways described for these
complexes. Rarely used as a product-forming step in catalytic
reactions, that would produce substituted azolium salts, this
reaction is of great importance in evaluating the stability of the
palladium complexes with these ligands in the course of the
catalytic reaction.
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MICROREVIEW

In contrast to the robust carbenes
used as auxiliary ligands in palladium
catalysis, other more electrophilic
carbene fragments undergo carbene-
hydrocarbyl coupling in the metal
coordination sphere and this has been
used in Pd-catalyzed transformations
that incorporate a carbene in the final
product. A migratory insertion reaction
is key, and the observation and study
of this step in stoichiometric reactions
provides useful information and strong
support for mechanistic proposals.
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