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Computational studies have proven to be a useful tool for the study of mechanistic aspects of reactions
involving allylpalladium complexes as intermediates. Previous work on the mechanisms of reactions involving
such intermediates is discussed, as well as our contributions in this field. Thus, we report on the study of

the mechanism of the insertion of alkenes into allylpalladium intermediates involved in the Oppolzer
carbocyclization, the possible reaction pathways for the allylstannylation of alkynes, and the carbon-carbon
reductive elimination from bis(allyl)palladium complexes. Structures for elusive intermediates, transition states,
and even a novel mechanism for the reductive elimination in allyl-allyl cross-coupling reactions have been

proposed.

Introduction

Palladium is probably the most useful metal in organic synth-
esis. Many different complexes and salts may act as catalysts or
pre-catalysts for a wide variety of transformations.! Reac-
tions involving the formation of C-C bonds are, of course,
of main interest. Allyl complexes are key intermediates in
many of these reactions and have a major role in processes
catalyzed by palladium. Advances in the understanding of
the reaction mechanisms have been made by both experimental
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and computational means. Theoretical calculations allow the
observed regio- and stereoselectivities to be rationalized and
the structure of reaction intermediates and transition states
to be determined. In the reactions that involve allylic
electrophiles, mn’-allylpalladium complexes are the actual
intermediates involved in catalytic cycles, although, depending
on the ligands, they may be in equilibrium with n'-allyl spe-
cies.* These intermediates are usually formed by oxidative
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addition of allyl halides, esters or carbonates to Pd(0) precur-
sors. They may also be generated by transmetallation from
Grignard reagents, allylic deprotonation of coordinated olefins
or by reaction of nucleophiles on Pd-coordinated dienes.>?
Allylsilanes have been recently used in palladium-catalyzed
cyclizations in which the formation of the allylpalladium com-
plex takes place by electrophilic displacement of the silyl
group.’ Allyl ligands usually show electrophilic character when
being bound to Pd and may react in different ways to give C-C
bonds. Thus, they may be intermolecularly attacked by
external nucleophiles; undergo 1,2-insertion of alkenes or
alkynes, and 1,1-insertion of CO.? Transmetallation of the allyl
ligands from Pd to Zn gives nucleophilic allylzinc species,
which results in the umpolung of the reactivity of the starting
allyl electrophiles.® When a second carbon ligand is present
in the coordination sphere, a C—C reductive elimination may
take place, thus affording reduced species that can enter the
catalytic cycle.'

On the other hand, bis(allyl)palladium complexes show
nucleophilic behaviour, and are able to react first with electro-
philes. The resulting monoallyl derivatives can further react
with nucleophiles, which make bis(allyl) complexes highly val-
uable for synthetic purposes. Reductive elimination from these
intermediates to give C—C bonds is also possible. 4b initio and
density functional theory (DFT) computational studies on
reactions involving allylpalladium derivatives have provided
useful information about the reaction mechanisms, especially
in cases for which other types of studies are difficult. For exam-
ple, the intramolecular character of many of these reactions
preclude the acquisition of information by kinetic measure-
ments. On the other hand, the actual structure of the elusive
intermediates involved can be determined by calculations.
Here we wish to review the role of theoretical calculations in
the study of reactions involving the formation of carbon-
carbon bonds with the intermediacy of allylpalladium
complexes.

C-C bond forming reactions involving allylpalladium
complexes as intermediates

External attack by carbon nucleophiles

Nucleophilic addition on (r-allyl)palladium complexes is a key
process in several synthetically useful palladium-catalyzed
reactions, such as allylic nucleophilic substitution, allylic acet-
oxylation and 1,4-oxidation of conjugated dienes. The most
extensively used is the Tsuji-Trost reaction, which consists in
the Pd catalyzed allylation of nucleophiles. In this case the
allyl-Pd(11) intermediate is formed by oxidative addition of
an allyl electrophile to a Pd(0) complex. Subsequent reaction
of the electrophilic (m-allyl)palladium intermediate with soft
carbon nucleophiles affords the allylation product and regener-
ates a Pd(0) species, thus allowing a catalytic process (Scheme
1).”° Nitrogen, oxygen and sulfur nucleophiles also react with
(n-allyl)palladium intermediates.'”

The regiochemical outcome of the reaction for non-sym-
metric allyl moieties is governed by both steric and electronic
factors, depending on the ancillary ligands on Pd. The reaction
usually proceeds with retention of the configuration of the car-
bon atom bearing the leaving group, since both the oxidative

|
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Scheme 1 Mechanism of the Tsuji-Trost reaction
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addition and the nucleophilic attack take place with stereoche-
mical inversion.!! Hard carbon nucleophiles or organometallic
compounds transmetallate with Pd and give C—C reductive
elimination with retention, thus resulting in global inversion.'?
Nucleophiles prefer to react with the terminal carbons of the
allyl moiety, although attack on the central carbon has also
been reported (Scheme 2).'*!*

Central attack takes place when strong o-donor ligands are
present in the coordination sphere. Theoretical studies provide
an explanation for this behaviour. In complexes containing
strong o-donor ligands, the allyl carbons participate in the
LUMO through a symmetric combination in which the highest
participation corresponds to the central atom. Thus, the func-
tionalization is frontier orbital controlled. When m-acceptor
ligands are present, an inversion of the energies of the lowest
empty orbitals takes place and the LUMO now shows a higher
participation of the terminal carbons. Besides, back-bonding
from the metal to the m-acid ligands decreases the electron
density on the allyl moiety, especially on the terminal carbons.
Therefore, a charge control reinforces the orbital control in
this case, both factors favouring the usually observed terminal
attack.!>13

Regioselectivity has also been studied computationally for
the non-equivalent reactions of carbons o and 7y in the case
of asymmetrical allyl derivatives.'®'® In the case of allyl
ligands substituted by alkyl or aryl groups, nucleophiles
usually attack the less hindered carbon. Nevertheless, the
situation is more complicated and electronic factors, depend-
ing on the ligands and the nucleophile, also play an important
role. In general, acceptor ligands and non-stabilized nucleo-
philes favour attack at the most substituted carbon. When
the substituents on the allyl show strong electron donor or
acceptor properties, - and y-attack, respectively, are preferen-
tially observed. Recent calculations on model systems using
NH; as a nucleophile are in agreement with the experimental
results. Silanes directly attached to terminal allyl carbons
direct the attack to the y-position (Scheme 3).!7:!8

The inclusion of solvent effects in the calculations leads to
better agreement with the experimental evidence.'® Moreover,
introduction of solvent is necessary in order to locate transi-
tion states in the additions of cyanide and fluoride to (n3-
allyl)Pd(NH3),.!” On the other hand, the regioselectivity of
the intramolecular allylation of ketone and amide stabilized
carbanions depends on the atoms of the tether, which influence
the flexibility of the chain. DFT calculations are in agreement
with the experimentally observed mixture of five- and seven-
membered ring products.®

Simple models such as those shown above do not account
for the influence of steric effects in these reactions. Since it
may happen that steric and electronic effects favour the reac-
tion at different allylic carbon atoms, the situation becomes
more complicated and difficult to study. More realistic models
that include larger ligands and different geometric isomers of

a: preferred pathway, (n-acceptor ligands, stabilized carbanions)

b: occurs when L is a strong o-donor (TMEDA bipy) and with
less stabilized carbon nucleophiles

Scheme 2 Terminal versus central nucleophilic attack on m-allyl-
palladium complexes
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the a regioselectivity increases in the order

R od R=0CH; R'=H>R=R'=CH;>R=CH,, R'=H
HaP”"  “PHj3
NHE,j
R R R = SiHj, R = Me
o |y R=TMS, R = t-Bu
_Pd_ R=TMS, R = Ph
HsP” PH,

Scheme 3 Regioselectivity of the nucleophilic attack on model
systems

the allyl fragment must also be considered. Norrby ef al. have
developed a force field for (n*-allyl)palladium complexes con-
taining phosphorous and/or nitrogen ligands that may help to
simplify problems regarding the stereochemistry of the reac-
tion.”! Recent DFT and HF calculations satisfactorily explain
the stereoisomer distribution of allylpalladium complexes con-
taining large bidentate P,N ligands.”? On the other hand, the
asymmetric induction observed in the alkylation of allylpalla-
dium complexes containing such ligands has been modelled by
a combination of DFT and molecular mechanics. The results
show that the stereochemical outcome is not determined by
electronic effects, but mainly by a delicate balance of steric
repulsions.*

It has been shown that the presence of a substituent at the
homoallylic position (B-position) has an important effect on
both the reactivity and the stability of the allylpalladium
intermediates.>* These are important intermediates that can
be generated by nucleophilic attack on coordinated dienes (in
the first step of their oxidative functionalization) or by oxidative
addition of diene epoxides to Pd(0) complexes (Scheme 4).

The presence of a substituent Y = OR, OCOR, NR,, NO,
in the homoallylic position has been calculated to stabilize the
(n-allyl)palladium complexes by up to 8-10 kcal mol~'. It also
makes the complex more reactive towards nucleophiles and
enhances the reactivity of the less substituted allyl terminus.
The effect is stronger when the C-Y and Pd—-C3 bonds are anti-
periplanar and when at least one c-donor or two moderately
n-acceptor ligands are coordinated to Pd.?*

Insertion of alkenes into allylpalladium

The insertion of alkenes into m-allylpalladium is the key step in
the carbocyclization of allyl electrophiles with alkenes (Oppol-
zer reaction), a powerful method for the construction of
five- and six-membered carbo- and heterocycles.>® This reac-
tion was originally suggested to take place by a pericyclic-type
pathway by analogy with the lithium and magnesium-ene reac-
tions (Scheme 5, path a). Thus, the allyl electrophile I was pro-
posed to react with a Pd(0) complex to form a c-allylpalladium
intermediate, which undergoes a palladium-ene reaction to
give IV. A B-hydride elimination would afford either V or

‘Nu
N NUS
ST e M
ANV Pd
PdX, L
Nu'
Nu’ o

' OH
o P, = /!/\\)\R N M
Pdla y
N\R Pd* X R

oL
Scheme 4 Allylpalladium intermediates containing a B-substituent
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Scheme 5 Proposed pathways for the Oppolzer reaction

VI, depending on the group involved in the elimination of
the hydrogen atom. Another possibility for the step involving
the C-C bond formation is outlined in path » (Scheme 5), and
involves the n3-ally1palladium complex III. This might take
place directly from the electrophile I or by associative displace-
ment of two carbons of the allyl moiety by an external ligand.
As a result of mechanistic work directed at the determination
of the key intermediates of the Oppolzer reaction, we found
experimental evidence suggesting that the cyclization proceeds
through cationic (n’-allyl)(n*-alkene)palladium(i) complexes.*®
Thus, complexes 2b or 2¢, formed by oxidative addition of
allylic trifluoroacetate 1 to a palladium(0) reactive intermedi-
ate, undergo the cyclization reaction to give dienes 3a or 3b
(Scheme 6). Neutral complexes such as 2d or 2e fail to react.
PCy; is also an adequate ligand for this transformation,
whereas P(o-tol);, AsPh; or phosphites led to slower and/
or less efficient cyclizations. Bidentate phosphines or phenan-
throline give intermediates that are unproductive.

Cationic (n’-allyl)palladium complexes have been shown to
be the actual intermediates in some other insertions of alkenes
into (n’-allyl)palladium species.>” On the other hand, (n'-
allyl)palladium complexes have been proposed to be involved
in the insertion of norbornene into (n*-allyl)(hexafluoroacetyl-
acetonate)palladium derivatives.”® We studied computation-
ally the key step of the Oppolzer reaction to determine if the
insertion proceeds through n'- or n*-allylpalladium complexes
and to get insight into the influence of the ligands on the inser-
tion process.? Simplified systems were used and two possible

. -
A
E = [Pdy(dba)s]-dba E\@\d\_]
v _—_— E-“\ ~
E X PPhs, MeCN X/ PPhg
1R =0COCF3 2a A = OCOCF,
2b A = BF,

o

c /ﬁj oA i
Pd

/.~ “OH, E X
RS N
2¢ A =BF, E X
3a
E ) )
= Pd
E X E AN
e
2d X = OCOCF
2eX=06"° 3b
Scheme 6

This journal is © The Royal Society of Chemistry and the
Centre National de la Recherche Scientifique 2004


http://dx.doi.org/10.1039/B315015A

Downloaded on 24 November 2010
Published on 12 February 2004 on http://pubs.rsc.org | doi:10.1039/B315015A

reaction mechanisms were modelled (Scheme 7, pathways «
and b). Calculations were performed at the DFT level using
the B3LYP hybrid functional.*

Complexes 5 result from reaction of the n*-allyl species with
an additional ligand. All possible combinations of PH3 and
H,O ligands were considered in 5a-d, keeping the reacting car-
bon ligands in a cis arrangement. All complexes show the usual
square planar coordination. The main structural difference
occurs between 4a and 4b. In the former, the ethylene ligand
lies perpendicular to the coordination plane, whereas in the lat-
ter, this ligand is coplanar, which makes this complex more
similar to the transition state (8b) involved in this transforma-
tion. The reaction and activation energies for the processes
starting from 4a and 4b are summarized in Schemes § and 9,
respectively. In all cases, the direct insertion of ethylene into
the (n’-allylpalladium bond through the transition state 8
shows a lower activation energy compared with the insertion
in n'-allyl intermediates and is approximately thermoneutral.
Subsequent coordination of an additional ligand to the coordi-
natively unsaturated complexes 6 makes the global process
significantly exothermic.

The slowest insertion in m'-allyl intermediates is also
exothermic. Interestingly, the transition states involved in
these transformations (complexes 9a-d) do not correspond to
those expected for the previously proposed palladium-ene
reaction.?> In contrast, in the actual transition states the Pd
atom approaches one of the ethylene carbons to give a Pd-C
single bond, creating an electron deficiency on the other
carbon that is stabilized by the allyl n-cloud (Fig. 1).

The influence of the ligand on the activation barrier of the
insertion was also studied and the energies of the reactions

4a:L=H,0 6a: L= H,0
4b’ [ = PH, 6b: [ = PH,
4c L=Cl 6c L=Cl
4d: L = GH,p=CH, 6d: L = CHy=CH,
b
L2 L2

—‘ +

> Pd
\

L2 1.2

20

|| —Pd—L!

5a, L' =12 =H,0
5b, L' = H,0, L? = PH,
5c, L' = PHy, L?=H,0
5d,L'=12=PH;,

7a, L' =12 = H,0
7b, L' =H,0, L?=PH,
7¢, L' =PHz L2=H,0
7d, L' =12 = PH,4

]+
+ Q
7| 7
! >pd Y. .Pd
\/// N \/’ \
L 2
8a: L = H,0 9a,L'=1%2=H,0
8b: L = PHy 9b, L' = H,0, L?=PH;4

8c:L=Cl
8d: L = CH,=CH,

9c, L' = PH;, L?=H,0
o9d, L' = 1% = PH,

Scheme 7
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Scheme 8 Calculated ZPE corrected activation energies (in parenth-
eses) and reaction energies (in kcal mol ™) at the B3LYP/6-31G(d)-
LANL2DZ level

from n’-allyl derivatives containing additional ethylene or
chloride as ligands were also considered. Complexes 4a—d fol-
low the reactivity PH; > ethylene > Cl > H,O (Scheme 10).
Analysis of the electron density in complexes 4a—d and transi-
tion states 8a—d led us to conclude that the reactivity is related
to the differences in the electron richness of the metal in the
starting complex. Thus, donor PHj increases back-bonding
of Pd to the reacting ethylene, thus favouring a coplanar
arrangement of this ligand with respect to the coordination
plane and lowering the energy necessary to reach the transition
state. In the case of the less donating water and chloride, back-
bonding from the metal is not so important, which makes the
ethylene ligand lie perpendicular to the coordination plane,
further from the transition state geometry. The calculated
energy for the formation of 10 (Scheme 9), which is exothermic
and must proceed with a low barrier, also explains the lack of
reactivity when bidentate phosphines are used. In that case, the
bidentate ligands prevent coordination of the alkene moiety
and the insertion reaction cannot take place. Interestingly,
when the reaction was performed with 1,2-bis(diphenylpho-
sphino)ethane under high dilution conditions, the insertion
took place due to partial de-coordination of the phosphine.?®

With regards to the stereoselectivity of C-C bond forma-
tion, the Oppolzer reaction is known to favour the formation
of the more stable frans-dialkenyl five-membered cycles of type
VI in most cases; this was proposed that be due to a cis-to-
trans isomerization of derivatives of VI by a Pd(0) catalyzed
Cope rearrangement (Scheme 11).3! We prepared the cis com-
pound 11, which was recovered unchanged after having been
exposed to typical conditions for the Oppolzer reaction. This
result suggests that the configuration is settled in an irreversi-
ble insertion process. The previously observed apparent iso-
merization is probably a result of the selective decomposition
of the cis product at long reaction times.

In conclusion, all the results exposed above led to a reformu-
lation of the catalytic cycle for the Oppolzer reaction (Scheme
12), consisting in a reversible oxidative addition of the allyl
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Scheme 9 Calculated ZPE corrected activation energies (in parenth-
eses) and reaction energies (in kcal mol™') at the B3LYP/6-31G(d)-
LANL2DZ level

electrophile to a Pd(0) active complex to give intermediate VII,
followed by coordination of the olefin and subsequent forma-
tion of a more reactive cationic complex IX, in which the inser-
tion reaction takes place. After B-elimination of hydrogen and
de-coordination, the final products V and VI are obtained.

Reactions involving (alkyne)(allyl)palladium complexes

Few examples of reactions involving insertion of alkynes into
n-allylpalladium bonds have been reported. The first known
example was the intermolecular cloroallylation of alkynes cat-
alyzed by Pd(MeCN),Cl, .*> A dimerization-allylation reaction
of terminal alkynes>> and several intramolecular reactions with
concomitant carbonylation were also reported.** More recently,
the insertion of alkynes into (n’-allyl)palladium species has

8b 9d

Fig. 1 Calculated structures of 8b and 9d (DFT, B3LYP/6-31G(d)-
LANL2DZ).

342 New. J. Chem., 2004, 28, 338-347

View Online

H,0

Ci
CHZ:CHz

PH3

Scheme 10 Energy profiles for the insertion reaction of (n>-allyl)-
palladium complexes (E 4+ ZPE in kcal mol™")

)

Pd(PPhs),s, HOAC or

PhO,S X
& no trans isomer
PhO,S" =

"

Pda(dba)s-dba, PPhg, LiCl

Scheme 11 The Pd catalyzed Cope rearrangement does not take
place, since 11 does not isomerize to the trans derivative

o

V(R=H)

or OX
X =

=
PdL,
vuR=Ma;y//’* 43::<§

\—\+ X0

xR
1

/-\~\
\ Pd
Pd—L L TOX
R
R Vil >
X — +L -L
+
o)
Pd
ot %
R Pd__
% OX
X R
Vil

Scheme 12 Complete catalytic cycle for the Oppolzer reaction

This journal is © The Royal Society of Chemistry and the
Centre National de la Recherche Scientifique 2004


http://dx.doi.org/10.1039/B315015A

Downloaded on 24 November 2010
Published on 12 February 2004 on http://pubs.rsc.org | doi:10.1039/B315015A

been proposed in the mechanism of a novel benzannulation
from allyl tosylates and alkynes.*® On the other hand,
Shirakawa et al. have found that the Pd(0) catalyzed reaction
of allylstannanes (12) with alkynes (13) affords allylstannylation
products (14; Scheme 13).° This transformation is also
catalyzed by Ni(COD),.*” It was proposed that the palladium-
catalyzed allylstannylation of alkynes could proceed by oxida-
tive cyclometallation on an alkene-alkyne palladium complex
to form a palladacyclopentene 15, which would undergo B-tin
elimination, followed by reductive elimination. An alternative
mechanism would involve oxidative addition of the allyltin
reagent to a Pd(0) complex to give a (n’-allyl)palladium
intermediate (16). The alkyne could also be bound to the Pd(0)
complex or become ligated after the oxidative addition.

In order to get insight into the mechanism of this process, we
studied the intramolecular reaction of several allylstannanes
containing an alkyne catalyzed by Pd(i1) and Pd(0) (Scheme
14).%8 Pd(11) pre-catalysts are reduced to Pd(0) by the stannane.
Since the final stannanes suffered partial protodestannylation
under chromatographic purification conditions, usually the
products were treated with iodine and the corresponding alke-
nyl iodides were isolated with retention of the configuration at
the exocyclic double bond. The reactions are stereoselective
and afford carbocycles XII, which show an E configuration
at the alkene. These results are consistent with a Pd(0) cata-
lyzed reaction following the possible pathways proposed by
Shirakawa et al. (Scheme 15). In the upper cycle, oxidative
cyclometallation leads to 19. Then, B-tin elimination and C—
Sn reductive elimination from 20 would give product 21. Alter-
natively, oxidative addition of 17 would afford complex 22.

Besides the proposed insertion of the alkyne into the Pd-Sn
bond to give 23, we also considered the possibility of evolution
of 22 by insertion of the alkyne into the allyl-Pd bonds to form
20. C-C or C-Sn reductive elimination in each case, respec-
tively, would lead to 21. Interestingly, substrate 24 gave exclu-
sively the six-membered carbocycle 25 with the opposite alkene
configuration (Scheme 16). The possible intermediates that
could be formed by reaction of 24 with a Pd(0) active catalyst
(26 or 27) cannot evolve by the pathways outlined in Scheme
15, since neither B-tin elimination nor insertion of the alkyne
(due to geometrical constraints) can occur. For this reaction
we propose the Pd(i) catalyzed process outlined in Scheme
16, in which the formation of the C-C bond occurs by

Pdydba)y 7 SnBuy
. _

/\/SnBu3 + R

12 13 R R
14
R
/1/\\
\ R Pd_
Pd L~ “SnBuz
BusSn | L
15 16
Scheme 13
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—
///
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R
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nucleophilic anti attack of the stannane on the (n*
alkyne)palladium(ir) complex, as shown in 28, to give inter-
mediate 29. Cleavage of the Pd-C bond by electrophilic
Bu;SnCl affords the final product.

SnBu,
; MeO,C _
MeO,C ) PIMeCNLCI o o
P(CeFs)a
MeO,C SnBus
24 25

PdL,Cl,

Pd(ll) Moo Pd(Il)

= . MeO 02 -

Me
MeO,C g B ?
7 ,—Cl
MeO,C < snBu,
28 29
MeO,C = ==
PdL
MeO,C 2 MeO,C
MeO,C —PdL,
SnBu,
26 27
Scheme 16

New. J. Chem., 2004, 28, 338-347



http://dx.doi.org/10.1039/B315015A

Downloaded on 24 November 2010
Published on 12 February 2004 on http://pubs.rsc.org | doi:10.1039/B315015A

We determined the actual reaction pathway of those reac-
tions shown in Scheme 15 by performing calculations at the
DFT level on model substrates to compare the activation
and reaction energies of the possible routes. Maleic anhydride
and PH; were used as models of the ancillary ligands. We
found that activation energies are significantly lower for the
oxidative addition of the allyl-Sn bond compared with the
alternative oxidative cyclometallation (Scheme 17). The fastest
reaction corresponds to the oxidative addition from 33a to 35a
(E, = 6.1 kcal mol™"), which is even lower than that corres-
ponding to the PH; and acetylene derivatives (E, ca. 10 kcal
mol ). These processes are slightly endothermic or practically
thermoneutral. The oxidative cyclometallation would proceed
with a much higher barrier (3641 kcal mol™").

The structures of the transition states corresponding to the
C-Sn oxidative addition from 34 (TS34 36) and one for the oxi-
dative cyclometallation (TS31,-322) are shown in Fig. 2. Con-
cerning the subsequent insertion reactions, the energies of
these processes were also calculated (Scheme 18). Insertion of
the alkyne into the Pd-Sn bond is much more kinetically

e @~ A =
1 a 47 'ID" a: 0.6 (36.1) Pd\L
i Q\\ b: -4.8 (41.1)
SnMe; SnMe, SnMeg
30a 31ab 32a,b
J a: 15.8 ‘ a: 125
i N
Pd a14 Pd
[ —
i =L
SnMe3 SnMe3
333, 34 — /Sn Me3
Pd
A
a:2.1(6.1) 3.8
b: -0.6 (10.2) (10.0) -17.5 38
(21.6)
SnMe;
L\Pd/SnMe3 . //\ _SnMeg </
| a: 3. Fl’d 4.1 (105) Pd
s -
35a,b 36 37
Scheme 17 Calculated ZPE corrected activation energies (in parenth-

eses) and reaction energies (in kcal mol™") at the B3LYP/6-31G(d)-
LANL2DZ level

TS34.36

Fig. 2 Calculated structures for the transition states at the B3LYP/
6-31G(d)-LANL2DZ level
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Scheme 18 Possible insertion pathways from intermediate 36. Calcu-
lated ZPE corrected activation energies and reaction energies are given
in kcal mol™" at the B3LYP/6-31G(d)-LANL2DZ level

favoured compared with the insertion into the allyl-Pd bonds.
Albeit its endothermic character, it would be the preferred
pathway since the subsequent step (C—C reductive elimination)
is strongly favoured. These results support a mechanism for
the allylstannylation of alkynes consisting in Sn—C oxidative
addition of the allylstannane to a Pd(0) precursor affording a
(n*-allyl)palladium complex. In the lowest energy pathway,
the alkyne ligand would coordinate after the oxidative addi-
tion, then inserting into the Pd-Sn bond. Reductive elimina-
tion of the final product would re-generate the Pd(0) active
catalyst. In conclusion, the reactivity of allylstannanes can be
inverted by changing the oxidation state of the catalyst from
Pd(m) to Pd(0), which has significant synthetic potential.

Reactions involving bis(allyl)palladium complexes

Bis(allyl)palladium complexes are intermediates in some
synthetically useful transformations. For example, the Stille
coupling of allylstannanes with allyl carboxylates®>** or bro-
mides*'*? is used to synthesize 1,5-dienes. The clean allylic
inversion observed in the allylstannane led to the proposal that
this reaction might proceed by an external attack of the tin
reagent on the intermediate (n°-allyl)palladium complex, such
as occurs for the reactions of this type of complex with soft
nucleophiles.? Allylic inversion has also been demonstrated
in the coupling with allylsilanes.** A different reaction pathway
involving bis(n>-allyl)palladium complexes has been proposed
in the coupling reactions of allylic species in the absence of
phosphine ligands.** Bis(n*-allyl)palladium species have been
shown to be intermediates in the allylation of aldehydes*>*®
and in the bis(allylation) of Michael acceptors*’**® and isocya-
nates.*” These reactants display amphiphilic allylating charac-
ter, since they can also act as nucleophiles in the reaction with
aldehydes and some other electrophiles to give mono allyl
species capable of reacting with nucleophiles, as it has been
shown above. Both coordination modes for the allyl ligand
are possible in bis(allyl)palladium complexes, which results in
the formation of several species in equilibrium (Scheme 19).
Theoretical studies at the DFT level have shown that the
lowest energy pathways for the reactions involving bis(allyl)-
palladium intermediates with aldehydes and isocyanates
involve (n',n%) species. The formation of these complexes is
favoured by hyperconjugative d,-n* type interactions of the
free C—C double bond of the m'-allyl ligand with the metal
atom, which is also responsible for the high regioselectivity
observed in the reactions with electrophiles.***® We studied

This journal is © The Royal Society of Chemistry and the
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the Pd catalyzed intramolecular reaction of allylstannanes with
allyl acetates, as well as the analogous process of substrates
containing both an allylsilane and an allyl trifluoroacetate
within the same molecule. Substituted substrates can also be
employed.>® This intramolecular Stille coupling is stereoselec-
tive, regardless of the configuration of the double bonds in
the starting compounds. Depending on the chain length, five-
or six-membered carbocycles can be formed. The reaction
leading to five-membered ring products (XIV) is trans stereose-
lective and, except for the simplest substrate’! (Scheme 20), the
trans-fused compound is the exclusive product. On the other
hand, six-membered rings show cis configuration, except when
using 1,1’-bis(diphenylphosphino)ferrocene or 1,1’-bis(diphe-
nylphosphino)ruthenocene as the ligands for palladium. In
these cases, the trans stereoisomer is also formed.>> The reac-
tion can be extended to allylsilanes, but in this case only tri-
fluoroacetates are reactive and a bicyclic phosphite was the
only suitable ligand (Scheme 21). Intramolecular transmetalla-
tion of the (n’-allyl)palladium complexes formed by oxidative
addition of the allyl electrophiles to a Pd(0) precursor
would afford bis(allyl)palladium species like those shown in
Scheme 19.

We studied the possible pathways leading to the formation
of C-C bonds by reductive elimination for the three types of
bis(allyl)palladium complexes that may be involved in these
reactions. Some years ago it was reported that the reductive
elimination from bis(n’-allyl)palladium complexes was trig-
gered by the addition of diphosphines through bis(n'-allyl)pal-
ladium species.’® We determined the reaction and activation
energies for the reductive elimination from complexes 39-41
at the DFT level. These complexes are suitable models for
the several possible intermediate complexes. The reductive
elimination from the bis(n*-allyl)palladium complex 39 to give
42 has a high activation energy (E, = 36.6 kcal mol™!) and a
relatively low exothermic character (Scheme 22). All six car-
bons remain coordinated in the transition state. On the other
hand, a faster elimination would take place from the mono-
phosphine (n'-allyl)(n’-allyl)palladium complex 40 (E, =
23.4 kcal mol™!, Scheme 23).>* The resulting compound 43
contains only one double bond coordinated to Pd. The lowest
activation barriers correspond to elimination reactions from
bis(n'-allyl)palladium complex 41 (Scheme 24). In this case,

OAc [Pd], L, LiCI

DMF-H,0 or THF

SnBujg

Xl XV
Z =S0,Ph; R, R'= H, Me; L = PPhg, dppf, dppr

SnBU3
[Pd], L, LiC
Ohc DMF-H,0, A
XV XVi
Scheme 20
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o
Scheme 21

Scheme 22 Calculated ZPE corrected activation and reaction ener-
gies for the reductive elimination from 39 (in kcal mol™!) at the
B3LYP/6-31G(d)-LANL2DZ level

several pathways can be envisaged, depending on which car-
bon atoms are involved in the C-C bond formation. Due to
the nature of the allyl ligand, the reductive elimination could
involve CI-C1’, C1-C3, and C3-C3'. Additionally, two

Scheme 23 Calculated ZPE corrected activation and reaction ener-
gies for the reductive elimination from 40 (in kcal mol™!) at the
B3LYP/6-31G(d)-LANL2DZ level
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N+ PA(PHy), _'_>
M

Pd—PH;
44 HyP

Scheme 24 Calculated ZPE corrected activation and reaction ener-
gies for the reductive elimination from bis(n'-allyl)palladium complex
41 (in kcal mol™") at the B3LYP/6-31G(d)-LANL2DZ level

possible conformations (anti or syn) are possible for the C3—
C3’ coupling. The resulting 1,5-hexadiene can be obtained
mono-coordinated to Pd (44), bis-coordinated (45) or free,
depending on the particular case. Since these species would
be in rapid equilibria, the most stable complex 44 would be
the thermodynamic product, regardless of the actual mechan-
ism involved.

The four possible transition states have the ligands in an
arrangement lying between the square-planar geometry of
the starting Pd(ir) species and the usual tetrahedral geometry
of the final Pd(0) complexes. The formation of the C3-C3'
bond is strongly preferred, with slightly lower activation
energy for the anti isomer compared to the syn one
(E, = 8.5 and 11.1 kcal mol™!, respectively). Transition states
involving C1-C1’ (TS,)*® and C1-C3' (TS;) lie 20.9 and 22.8
keal mol ™", respectively, above the starting complex 41. Nat-
ural bond orbital (NBO) analysis of transition states TS;(anti)
and TS;(syn) shows that the preference for their formation is
related to the interaction of the emerging double bonds
between C1-C2, and C1’'-C2’, with palladium. Interaction of
the incipient n-clouds with one of the Pd lone pairs stabilizes
these species. The relatively high activation energy for the
reductive elimination from complex 40 explains why this type
of derivative prefers to react with electrophiles in reactions
having lower computed activation energies.***® Our calcula-
tions show that the formation of 41 by coordination of PHj;
to 40, and the formation of 40 from 39, are slightly endother-
mic processes (+2.4 and +0.4 kcal mol™", respectively). Con-
sidering the reaction energies for these equilibria and the
differences between the computed activation energies for the
possible mechanisms, we propose an unprecedented pathway
for the reductive elimination from bis(n'-allyl)palladium deri-
vatives involving the carbon atoms furthest from the metal.
However, in the absence of phosphines or other donor ligands,
different mechanisms could be operative.
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Conclusions and outlook

Computational studies are a valuable tool for the study of
metal-catalyzed reactions. The structure and reactivity of allyl-
palladium complexes has been extensively studied. The influ-
ence of steric and electronic factors due to both the allyl
substituents, and the ancillary ligands on palladium have been
evaluated. Calculations are especially useful for the determina-
tion of the structure of elusive intermediates and transition
states. In this sense, they can provide evidence to propose
unprecedented mechanisms or to discern among several
reaction pathways, provided that the energy differences are
high enough to shed no doubt on the validity of the conclu-
sions. For the cases in which kinetic studies are difficult to
perform (heterogeneous reactions, for instance), or give limited
information (as occurs for intramolecular reactions), theoreti-
cal studies may be indispensable. The currently available
methods, especially DFT calculations, allow relatively large
molecules to be studied with high accuracy. For these reasons,
computational studies are an increasingly important tool for
the study of organometallic reaction mechanisms.
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