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A computational study on the structure and reactivity:gfdllyl)-Pd complexes has been performed
on model systems containing different neutral and cyclometalating ligands. A comparison of the reactivity
of these compounds with the usually proposedd]lyl)-Pd derivatives has been performed to investigate
the feasibility of the participation of the former as intermediates in Pd-catalyzed reactions. These complexes
are more stable thamy$-allyl)-Pd derivatives with a cyclometalated PCP tridentate ligand. Intermediates,
transition states, and activation and reaction energies have been calculated for several reactions of cationic
and neutral complexes: (a) nucleophilic attack of3d\id the allyl system, (b) nucleophilic attack of the
y-allyl carbon on formaldehyde, (c) pallada-ene reactions-aflyl complexes with ethylene, and (d)
pallada-ene type reactions ofallyl complexes with acetylene. Our results show thgtdllyl)-Pd
complexes are probably not involved as intermediates in the F$ujist reactions with Nk that even
cationic complexes would be able to react as nucleophiles with aldehydes in two different ways, and that
pallada-ene type reactions of these complexes with alkenes and alkynes show more stable transition
states than those corresponding to the usual mechanisms involving prior coordination of the unsaturated
species followed by 1,2 migratory insertion in eitleror s-allyl bonds.

Introduction

Allylpalladium complexes have attracted much attention due
to their importance as reactive intermediates in synthetically
useful catalyzed reactiods? These derivatives may undergo
different reactions in the catalytic cycles, leading to the final

products and regenerating the catalytically active Pd species.

Computational studies have become an important tool for the
study of this type of complexé&sAllyl ligands can react in
different ways to give €C bonds. Thus, nucleophilic attack
on the terminal carbons of g-allyl (or zz-allyl) ligand is the
key step in the palladium-catalyzed allylic substitution (T-suji
Trost reaction, Scheme 1)8 Attack of the nucleophile on the
central carbon has also been documeftadd the reasons for
this behavior have been computationally exploY&@he regio-
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selectivity of the reaction on terminal carbons has also been
studied computationally for substrates containing nonequivalent
a- andy-carbon atoms! 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 depending on the ligands and the
nucleophile also play an important role in both regio- and
stereochemistri?

On the other hand, allylpalladium complexes may undergo
1,2-insertion of alkenes or alkynes, and 1,1-insertion of CO,
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when an unsaturated carbon ligand is present in the coordination

spheré Insertion of an olefin intor-allylpalladium bonds has

been proposed as the key step in the Oppolzer reaction. The
initially proposed metalo-ene process was shown to be strongly

disfavored (Scheme 2§.

In addition, transmetalation of the allyl ligand from Pd has
also been documented. Thus, transfer of allyl from Pd(ll) to
Zn(ll) gives nucleophilic allylzinc species, which results from
the umpolung of the reactivity of the starting allyl electrophttes.
Finally, when a second carbon ligand such an alkyl, alkenyl,
alkynyl, or aryl becomes bound to Pd, aC reductive elimi-
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electrophiles such as aldehydes results in monoallyl derivatives,
which can further react with nucleophiles, thus making bis(allyl)
complexes highly valuable for synthetic purpo$&2° The
reactive species against electrophiles have been shown to be
(p*-allyl)(n3-allyl)palladium derivatives formed by ligand co-

nation may take place, thus affording reduced Pd(0) species,qqination to bisg3-allyl)palladium complexes (Scheme %).

which can enter the catalytic cydlé. This is the case for
allylpalladium species involved in metal-catalyzed cross-
coupling reaction$ Reductive elimination is also possible from
bis(allyl)palladium derivatives to afford 1,5-dienes as the final
step in Stillé> and Hiyama8 cross-coupling reactions involving
both an allyl-Sn or allyl-Si reagent and an allylic electrophile.

In addition, these complexes were also demonstrated to be the
most stable species in the presence of phosphine ligdnds.
Recently, palladated complexes derived from tricoordinate
ligands have been used in the reactions of allylstannanes with
aldehydes and imines (Scheme?$§4 The terdentate chelating
coordination forces the formation oft-allyl intermediates,

The presence of ligands such as phosphines seems to play @hich react with the electrophile. A low activation barrier

crucial role in this step. Computational studies have allowed
the proposal that the actual intermediates from which the
reductive elimination takes place are Ris@llyl)palladium
complexes, formed by coordination of phosphih&Reductive
elimination taking place by €C bond formation between the

3 and 3 positions is far more favorable that the direct coupling
between the metal-bonded carbons (Scheme 3).

On the other hand, bis(allyl)palladium complexes show
nucleophilic behavior, in contrast with the electrophilic character
observed for the mono(allyl) derivatives involved in the Tsuji
Trost reaction. Reaction of one of the allyl ligands with
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has been calculated for the reaction of th@osition of the
n-allyl complex with aldehyde®® This type of complexes also
catalyzes the formation of allylstannanes and allylboroRates
from allylic electrophiles, since the pincer structure of the ligand
prevents the formation of bis(allyl)palladium intermediates and,
therefore, the homocoupling of the nucleophile.
Interconversion betweem¥-allyl)- and ¢;3-allyl)palladium
complexes takes place easily and constitutes a key step in the
isomerization between different conformers gf-allyl)palla-
dium derivatives. This process has been studied both experi-
mental and computationalff.The use of tridentate ligands has
allowed isolation of g'-allyl)palladium derivatived’28 Al-
thoughs-allyl derivatives are the actual intermediates in most
catalytic reactions in which allylpalladium complexes are
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involved, the ready formation ef-allyl complexes suggests that |
these compounds could participate as productive intermediates | |

in Pd-catalyzed reactions. RP~ e PR L + HoP—Fd—FH,
The intrinsic reactivity ofpl-allyl-Pd complexes must be R s HZ{:PId_PHZ

controlled not only by hapticity but also by the electronic 1R=H Phs Pr

properties of the metallic fragment, which in turn can be 2R=Ph 3 4 5

modulated by appropriate choice of ligands. Herein we report

our results on the computational insight into the reactivity of //§—|+ //§—|+ HaP /”F HoP  ~w  PH,

model ¢*-allyl)Pd complexes with different ligands. Both Pd p'd P4

neutral and cationic species have been studied. We have®P” PHs  HR  /~HP "PH, Prz

addressed the influence of the global charge and the ligand . , . »

hapticity on the activation and reaction energies of four different
reactions: (a) nucleophilic attack of Ntn the allyl system,  Figure 1.

(b) nucleophilic attack of the-allyl carbon on formaldehyde, ) ] ] ) )

(c) pallada-ene reactions ofallyl complexes with ethylene, etries using a larger basis setZIBessentlally a valence triple-
and (d) pallada-ene type reactionswhllyl complexes with ~ ©ne. Thus, the 6-31G(2df,2p) basis set was used for C, H, N,
acetylene. Finally, we have been able to assess the feasibility®: 2d P- For Pd, the Stiutgart RSC ECP was utilized. The (8s7p6d)
of the pallada-ene mechanisms as@bond productive steps primitive: set was contractgd to [655p3d] and was supplemented
by comparison with the usually proposed 1,2-insertion reactions with two f and one g polarization functior(= 0.6122, 2.1857;

. &g = 1.3751)3? Harmonic frequencies were calculated at the same
ggﬁéfslylene and acetylene into-@liyl)-Pd and g-allyl)-Pd level with basis set B to characterize the stationary points and to

determine the zero-point energies (ZPEs). Energies calculated with
Computational methods basis set Bwere corrected with these ZPEs without scaling. Unless
P otherwise stated, the energy values in the following schemes refer

Calculations were performed with Gaussian 03 at the DFT t0 those obtained at the B3LYP/#B3LYP/B, level. The starting
level2® The geometries of all complexes here reported were @pproximate geometries for the transition states (TSs) were graph-
optimized using the B3LYP hybrid function®Optimizations were ~ically located. Intrinsic reaction coordinate (IRC) studies were
carried out using a basis set we refer to as IBconsists of the performed in ambiguous cases to confirm the relation of the tran-
standard 6-31G(d) basis set for C, H, O, and P. The LANL2DZ Sition states to the corresponding minima. The bonding character-
basis set, which includes the relativistic effective core potential istics of the different stationary points were analyzed by means of
(ECP) of Hay and Wadt and employs a split-valence (dogple- two different partition techniques, namely, the atoms-in-molecules
basis set, was used for PdFor more accurate energy values, (AIM) theory of Badef*and the natural bond orbital (NBO) analysis
single-point calculations were performed on the optimized geom- of Weinhold et af* The first approach is based on a topological
analysis of the electron charge densipfr) and its Laplacian
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Scheme 7. Calculated Reaction Energies ¢{Bkcal mol1)
and Gibbs Free Energies (B, kcal mol=?) for pi-Allyl/
n3-Allyl Conversion

AE  AG

6 + PHy — 3 +16 +13.1
7 E— 4 +42 +56
8 5 -3.7 -1.4

Table 1. Calculated Activation and Reaction Energies (kcal
mol~1) for Nucleophilic Attack of NH 3 on Cationic Allyl

3 4
Figure 2. Calculated structures for cationig-allyl complexes3 and4 and TS'7—1o.
Scheme 6
NH,3
N
5
n
L—Pld—L
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.
\ H3N—\_
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Pldn 9:L=PH;
LT 10:L3=1

reactivity of the corresponding-allyl derivatives6—8 has also
been addressed.

Cationic n*-allyl complexes3 and 4 show small P¢-C—C
angles (101.8and 89.8, respectively, see Figure 2), due to
the interaction between the—C s-bonding orbital of the
n-allyl ligand with the antibonding PdC bond, as shown by

Derivatives®
reagent productE? AEP AG™ AGP Eisf AE(Sf EJ9¢ AE'd
6 9 08 —-1.7 104 94 11 -109 7 +3.9
7 10 6.0 +49 157 152 47 -—-1.7 125 +10.3

aE,andAE are ZPE corrected. Calculated with basis set;B° PCM in
THF. d Calculated with basis set,B

type of coordination of the allyl ligand. Although these reactions
are endothermic, the formation of the olefin complexes must
be followed by deprotonation of the ammonium, which makes

NBO analysis. As a result, the structure resembles an incipientthe overall process exothermic. Reaction is faster for the PH

n3-allyl complex.

This effect is not so important in neutral compl&xwhich
shows a PeC—C angle of 103.0 The donating effect of the
formally anionic aryl ligand, which makes the @ bond dis-
tance longer irb compared withd (2.167 vs 2.132 A), limits
the ability of the antibonding PeC bond to accept electron
density from the double bong?-Allyl derivatives 3 and4 show
lower natural charges on terminal allyl carbons0(36 and
—0.37, respectively) compared witff-allyl complexes6 and
7 (charges lie between-0.48 and—0.51), suggesting that
nucleophilic attack may be more possible on the former
derivatives.

2. Nucleophilic Attack of NH3 on o- and z-Allylpalladium
Complexes.The reaction ofr-allylpalladium derivatives with
NH3 has been previously studied by computational méa@sir
aim was to explore the feasibility of the reaction orallyl

derivative6 compared with compleX, in accord with the higher
donating character of ligard In addition to the usual transition
states corresponding to the attack of the nucleophile on bis-
(phosphine)(allyl)palladium derivative8 and 7 (TSs-9 and
TS7-10), we have located two transition states showing coor-
dination to three P atom§ §'s—9 and TS'7—10, Figure 2). The
geometry of these saddle points is halfway between square-
planar and tetrahedral, as expected for a formal reduction from
Pd(ll) to Pd(0). Although this geometry resembles that of com-
plexes3 and4, in which the C-C double bond is already inter-
acting with the metal, careful IRC studies have shown that the
actual reagents are-allyl complexes6 and7. Since only two

P atoms are coordinated in the reagents and prodli&ts,o
andTS';_jp are the transition states for a concerted reaction of
the nucleophile with concomitant phosphine coordination, fol-
lowed by dissociation of P along the reaction coordinate toward

derivatives, which could be formed in the presence of tridentate the products. These transition states are less stableTtBan
ligands or in the presence of an excess of simple phospines.andTS7-10 by 0.1 and 3.7 kcal mot, respectively, and since

Thus, nucleophiles could attack on theposition of the allyl
complexes to afford the corresponding Pd(0)-olefin derivative
9 and 10 (Scheme 6). Coordination of phospine twallyl
complexes to give the-allyl derivatives is endothermic except
for the formation o6 (Scheme 7) and is entropically disfavored
especially in the intermolecular reaction &@fA short lifetime
for o-allyl complexes is expected due to the low activation
energies for their conversion te-allyl derivatives?62

Activation and reaction energies can be found in Table 1.

their formation is less probable for entropic reasons, this path-
way can be neglected. Although no other transition states have
been located, the direct reaction of Ni#ith the y-carbon of
nt-allyl complexes cannot be discarded. For such a process we
would expect a similar transition state showing a weaker inter-
action between the metal and thecarbon, and this could be
the case in solution or with-substituted allyl derivatives. PCM
calculations in THF, which is a usual solvent for these reactions,
gives similar activation energies but significantly more exo-

The same final olefin complexes are expected regardless of thethermic reactions due to the zwitterionic nature of the products.
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Scheme 8. Possible Pathways for the Reaction gf-Allyl
Complexes with HCHCO?
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a Activation energies calculated at B3LYR/BB3LYP/B: (kcal
mol1) are in boldface. Values in parentheses correspond to PCM
calculations in THFAG* are in normal face.

As expected, metallacyclic derivativBsand8 do not seem
to easily react with nucleophiles. We were not able to locate
stationary points for the reaction of ammonia with orthometa-
lation complex5 or 8. The presence of the strongly donating
aryl ligand favors NH dissociation during the optimization to
a transition state or to the putative final olefin complex.

3. Reaction of Allylpalladium Complexes with Formal-
dehyde.The reaction of cyclometalated complexes containing
pincer ligands has been thoroughly studied by Szabthe
context of the allylation of aldehydes and imines catalyzed by
this type of complexes. DFT calculations suggest that the
aldehyde reacts with the-carbon of the allyl ligand through a
concerted six-member transition state to afford an alkoxide
complex (Scheme 8, pathwag), which further reacts with
electrophiles in the reaction medium to afford the final prodict.
Our aim was to study the influence of neutral ligands in
n3-allyl derivatives in order to see if reaction of cationic
complexes with electrophiles is also possible.

Interestingly, we have located two different transition states
for the reaction of4 with HCHO (Figure 3). One of them
(TS4-114) is similar to the one mentioned above (Scheme 8,
pathway a), showing a six-membered ring and a distorted
bipyramidal coordination around Pd, with the incipiental
bond in the equatorial plane, and very similar-®Rand Pa-C
distances (2.32 and 2.36 A, respectivelf®,—112 lies 11.6 kcal
mol~! above the reagents and leads to Pd alkoxide
exothermically £9.5 kcal mot1). On the other hand, a different
pathway througi'S,-11p leads to aj?-alkene complex1b, in

Organometallics, Vol. 25, No. 15, 208615

TS4.110

Figure 3. Optimized structures of the two possible transition states for the reactiérwith HCHO.

which the oxygen atom is bonded to one of the phosphorus
(Scheme 8, pathway). In this transition state there is no
distortion from its square planarity, and the oxygen atom lies
halfway between Pd and P (Figure 3).

This novel process is less exothermieg(3 kcal mot?!) and
shows an activation energy of 11.9 kcal mblAlthough this
reaction pathway could imply the decomposition of the catalyst,
its feasibility would depend on the substituents on P. This
process could not be operating in the case of real phosphines,
since they would have different steric and electronic properties,
and this behavior could be an artifact due to the model ligands.
In addition, the oxygen could be trapped by electrophiles in
the reaction medium before becoming bound to P. The activation
energies (Scheme 8) parallel the expected nucleophilicity
according to the donating character of the ligands (natural
charges being-0.36, —0.37, and—0.48 for the nucleophilic
carbons of3, 4, and5, respectively). The formation df2b is
exothermic 3.5 kcal mot?).3¢ On the other hand, we have
not been able to locate the bipyramidal transition states leading
to alkoxidesl2aand13afrom complexe$ and3. This can be
ascribed to the high reactivity of formaldehyde, which prob-
ably reacts without barrier. The relatively low activation ener-
gies for exothermic evolution of complexes and 4 sug-
gest that cationigy*-allyl derivatives, which could be formed
in the presence of an excess of phosphine, may react with
aldehydes and that this type of reaction would not be ex-
clusive for the more reactive neutral complexes derived from
pincer ligands” Activation barriers are of course higher con-
sidering Gibbs free energy, due to the associative character of
the process. The increase is similar for cationic complexes and
for neutral5, for which the reaction is well established. Fin-
ally, the presence of solvent would accelerate the reaction
(Scheme 8).

4. Pallada-ene Reactions of-Allylpalladium Complexes.
Reactions of allylpalladium complexes with alkenes and alkynes
are key steps in powerful synthetic methods such as the
Oppolzer reaction. Some years ago, the mechanism of the 1,2-
insertion of alkene into allylpalladium complexes was experi-
mental and computationally studiéDFT calculations sug-
gested a direct insertion of the olefin insaallylpalladium
derivative as the key €C bond forming step in this reaction.
The previously proposed pallada-ene reaction mechanism
involving a sr-allylpalladium and a coordinated alkene was
shown to be strongly disfavored (see Schemé2).

(36) We did not locate a minimum corresponding to structligé.
Activation of one of the P-H bonds to give a Pd hydride with a coordinated
phosphide oxide is observed.

(37) According to our previous calculations on similar systems at the
same level (refs 17 and 39), this activation energy value can be easily
surmounted.

(38) Ganez-Bengoa, E.; Cuerva, J. M.; Echavarren, A. M.; Martorell,
G. Angew. Chem., Int. Ed. Engl997, 36, 767—769.
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Scheme 9
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4:L3=1,n=+1
5:L3=14,n=0

15:L = PHs, n = +1
16:L3=1,n=+1
17:L3=14,n=0
Table 2. Calculated Activation and Reaction Energies (kcal

mol~1) for the Pallada-ene Reaction ofs-Allylpalladium
Complexes with Ethylené

reagent product EP AEP  Efsf AE(sf EJs9 AEd
3 15 237 —181 244 -—-20.7 273 -17.1
4 16 278 —147 283 —174 303 —-144
5 17 309 -—-145 308 -16.3 329 -13.0

aE,andAE are ZPE corrected. Calculated with basis set;B° PCM in
THF. 9 Calculated with basis set,B

Considering the mechanism of the reactionoedllylpalla-

Gadglesias et al.

Scheme 11. Possible Pathways for the Reaction of
Allylpalladium Complexes with Ethylene?
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aThe reaction energies (kcal mé) correspond to the process in
the sense indicated by the closest arrow. The values in parentheses
correspond to activation energies.

dium complexes with aldehydes shown above, we reasoned that

an analogous process could take place by intermolecular reac
tion of the same complexes with alkenes or alkynes. Thus we
studied the feasibility of pallada-ene concerted reactions of
o-allyl complexes, containing a neutral or formally anionic
tridentate ligand, with noncoordinated unsaturated species
(Scheme 9).

This process does not involve coordinated alkenes or alkynes,

thus being mechanistically different from pathwayghown in

Scheme 2. The unsaturated compound approaches the metal

complex along a plane perpendicular to the coordination one.
Thus, reactions of-allyl complexes3—5 with ethylene give
alkyl derivatives15—17 through concerted transition states
(Scheme 10%° Activation and reaction energies can be found
in Table 2. In this case, calculated entropy and Gibbs energy
values for these intermolecular model reactions (which can be
found in the Supporting Information) are meaningless because
Oppolzer reaction takes place intramolecularly.

The process is exothermic and shows similar reaction energies

in all cases, although activation barriers are higher than those
observed for the nucleophilic and electrophilic attacks mentioned
above. Reaction of cyclometalatédhows the highest activation
energy (30.9 kcal molt), whereas is the most reactive model
and evolves through a barrier of 27.3 kcal molSince this
value is slightly higher than that previously calculated for the
direct insertion of ethylene im-allyl derivatives (Scheme 2,
pathwaya),3® our results suggest that both cationicandzz-allyl
complexes might be involved in Oppolzer reactions. For that
reason, we have calculated the profiles for the three possible
reactions involving an allyl complex and ethylene (Scheme
11): (i) the intermolecular pallada-ene reaction, (ii) 1,2-insertion
of ethylene into a ¢-allyl)-Pd bond, and (iii) the above-

(39) Cadenas, D. J.; AlcamiM.; Cos$o, F.; Mendez, M.; Echavarren,
A. M. Chem. Eur. J2003 9, 96-105.

(40) A related process could be involved in Pd-catalyzele3ntramo-
lecular cycloadditions of alkenylidenecyclopropanes: (aj&uM.; Gara,
R.; Delgado, A.; Castedo, L.; Mascéem J. L.J. Am. Chem. So@006
128 384-385. (b) Suzuki, T.; Fujimoto, Hnorg. Chem200Q 39, 1113~
1119.

Scheme 12. Energy Diagram for the Reactions of
Allylpalladium Complexes with Ethylene (kcal mol~1)2
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2 Values in parentheses correspond to PCM calculations in THF.

mentioned direct insertion of ethylene inzaallylpalladium
complex previously studied (Scheme 2, pathwayResults are
summarized in Schemes 11 and 12.

The starting complexes involved in the possible reactions are
in equilibrium through low-barrier associative ligand exchange
processes. Calculations show that the most stable situation is
the mixture of6, ethylene, and Pland that coordination of
PH; to afford theo-allyl derivative 3 is more favorable than
the formation of the ethyleng-allyl complex 20. Formation
of ethyleneo-allyl complex18is disfavored. Thus, the major
productive complex in the equilibrium should BeMoreover,
the transition state for the pallada-ene reaction fidno 15
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TS3_15 TS3-22
Figure 4.
Scheme 13 Table 3. Calculated Activation and Reaction Energies (kcal
n n mol~1) for the Intermolecular Reaction of o-Allylpalladium
L—I = T Complexes with Acetylené
II_‘;(PdT’> oL reagent product E  AEP  E4Sf AE(SF EJ¢ AEd
D L—Pd
= 7 L/ 3 22 209 —-376 217 —399 238 -—-375
4 23 245 —-324 243 —-353 259 -33.0
3:L=PHg n=+1 22:L=PHj n=+1 5 24 246 —354 248 —-37.7 26.1 —34.7

aE, and AE are ZPE corrected.Calculated with basis set;B¢PCM
in THF. 9Calculated with basis set,B

4:L3=1,n=+1
5:L3=14,n=0

23:L3=1,n=+1
24:1;=14n=0

Scheme 14. Possible Pathways for the Reaction of

shows the lowest energy compared with the other transition Allylpalladium Complexes with Acetylenes

states involved in the possible<C bond formation reactions,

as triphosphine compleks is the most stable reaction product \
(Scheme 12). 3 + HG=CH 375 H3p_\j/>
These results support thatallylpalladium complexes may N (23.8)  HsP—Pd-
be involved in the reactions with alkenes. The energy differences \pH 5
between the transition states are not very high, and several -12.5 22
mechanisms could be in competition. In solution, activation PH, H <PH, 137
energies become lower, especially for the pallada-ene mecha- PH H PH
nism, due to the lesser stabilization of the reagents (Scheme | : ®
12). Transition states for the mechanisms become closer in . -36.3 (T
energy. Experimental studies showed that bidentate phosphines L +141 |||—F’|d—F’H3 —  \pg-pH,
are not good ligands for the Oppolzer reactions, and it was /A—| / PH; (15.6) F'>H3
reasoned that chelate effects would preclude coordination of ~ pg. 25 26
the alkené? In the pallada-ene mechanism there is no need for HoP" PHs
alkene coordination for the reaction to take place, and the 6 H -1 23.0 H
activation energy is much lower than that previously calculated * Qh PHs |y -PHs PHs 1y -PH,
for pathwayb in Scheme 2 (32.2 kcal mol with basis set B HC=CH X i
compare with 23.7 kcal mot at the same level for insertion in ~Phe //ﬁ 122 4 T
20). Moreover, the unfavorable entropy change due to the +13.0 \\\/Pd.PH3 (18.2) Rd
external attack of the alkene would not be so important in the PH3

usually reported intramolecular cycloadditions, in which both 27 28
the allyl fragment and the alkene are linked to each other in the
reaction substrates.

Similar results were obtained for the reactionoeéllylpal-
ladium derivatives with acetylene as a model for alkynes
(Scheme 13). Reactions are more exothermic in this case, ad2.505 A, electron density 0.045) and a longer € distance
expected for the cleavage of the higher energy alkynes, andfor the forming o-bond (2.286 A). AIM analysis of both
activation energies are a bit lower. Again the most reactive Structures shows ring critical points in accord with the concerted
derivative is complexd, and the energy gap with the other process suggested by the observed bond critical points between
transition states increases. The slower reactions fountidod Pd and carbons of both ligands and between the atoms involved
5 show very similar barriers (Table 3). in the C-C bond formation.

The optimized structures of the transition states for the = Comparison among the three possible mechanisms outlined
pallada-ene process&$s-15 and TSz, are shown in Figure shows the preference for the intermolecular reaction of acetylene
4. These saddle points present some differences. Thus, thewith o-allyl triphosphine derivatives rather than 1,2-insertion
formation of the new €C bond between the carbon ligands reactions, regardless of the hapticity of the allyl ligand (Schemes
and the development of the new double bond are more advanced 4 and 15). Given the energy differences between the transition
in TS3-15 whereas a long distance is observed for the new Pd  states, the involvement efallylpalladium complexes is more
CH, o-bond (2.827 A). Electron density in the bond critical probable in reactions with alkynes. Again, entropy plays against
point is 0.025 (compare with 0.098 for the @ bond in3). this mechanism, which would be more probable in intramo-
In contrast,TS3—2, shows a significantly shorter PdCH bond lecular reactions, as it is observed experimentally. Solvation has

a The reaction energies (kcal mé) correspond to the process in
the sense indicated by the closest arrow. Values in parentheses
correspond to activation energies.
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Scheme 15. Energy Diagram for the Reactions of

(b) Nucleophilic attack of Nilon allylpalladium complexes
Allylpalladium Complexes with Acetylene (kcal mol1)2

containing neutral phosphines is a feasible process showing
TS5 + 2PH; relatively low activation energies. We have been able to locate
- transition states with three coordinated P atoms, which resemble
s i, TS25.26 + PHj :
| 43 25)) —i— )\ 1g attaqk on the/-carbon in ar-al_lyl complex. Nevertheless, IRC _
SO studies show that such transition states are connected with bis-
Sl (phosphine)f-allyl)Pd complexes. Concerted coordination of
(112-2) S 182 another phosphine along the reaction coordinate does not
o 80 R accelerate the process.

v i (c) Cationico-allylpalladium complexes of simple phosphines
oern Wiy may act as nucleophiles, reacting with aldehydes with relatively
11 (3.1) Vol AR low activation energies. Neutral complexes containing pincer

4 Y ligands, for which this reaction is well established, are of course

RN more reactive. In addition to the previously proposed mecha-
3 + HC=CH \ nism, we have found a competitive pathway involving the
16(4.2) /=" Vo formation of ai2-alkene complex instead on a Pd alkoxide.
6 + HC=CH + PH3 | \ 28 + 2PH, (d) o-Allylpalladium complexes cannot be discarded as the
| P actual intermediates in reactions with alkenes and alkynes.
Y 23.0 Intermolecular pallada-ene type reactions show the lowest
375 | (17.8) energy transition states and give rise directly to the most stable
(39,‘9) VY : species, compared with the usually proposed 1,2-insertion
! V26 1+ PH, reactions of eithep- or m-complexes. Thus, the pallada-ene
\ ' mechanism cannot be discarded for the key step of the Oppolzer
L 137000 reaction. Cationic derivatives containing neutral phosphines,

e 22 which are the usual intermediates in Oppolzer and other Pd-

a Values in parentheses correspond to PCM calculations in THF. catalyzed processes, are more reactive than neutral complexes
containing cyclometalated ligands.
the same effect as in the case of the reaction of alkenes, although Therefore, our results suggest that the reactivity of new
in this case the less favorable process is 1,2-insertion from g-allylpalladium complexes deserves experimental studies con-
complex25. cerning their participation and possible regio- and stereochemical
implications in the outcome of syntheticallly useful palladium-
Conclusions catalyzed reactions of allyl electrophiles.

We have explored the feasibility of the formationatllyl- .
palladium complexes in the presence of tridentate ligands and Cﬁélz(ggzwggg%%t()dy ?0?;(3 grg:fgéltrt,?s trréiel\;iﬁ gir(;nt%ctthe
have studied their reactivity as electrophiles and nucleophiles Centro de Computab'roCientficg?UAM) for computatié)n time
and their ability to participate in pallada-ene reactions. The '
following conclusions can be derived from our computational . . . ) . .
study: Supporting Information Available: Atomic coordinates and

(a) 7-Allylpalladium complexes of neutral phosphines are energy values for all stationary points. This material is available

yip MpY¢ phosp . free of charge via the Internet at http://pubs.acs.org.
more stable than-allyl derivatives. Cyclometalated pincer lig-

ands maker-allylpalladium complexes the most stable species. OM060199+




