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Abstract: In this work a combined the-
oretical and experimental investigation
of the cross-coupling reaction involving
two metallic reaction centers, namely
gold and palladium, is described. One
metal center (Au) hereby is rather
inert towards change in its oxidation
state, whereas Pd undergoes oxidative
insertion and reductive elimination
steps. Detailed mechanistic and ener-

A. Stephen K. Hashmi*!™ ¢!

were investigated. Hereby the nature
of the counteranion X turned out to be
crucial. In the case of X=Cl and L=
PMe; the oxidative addition is rate-de-
termining, whereas in the case of X=1I
the transmetalation step becomes rate-
determining in the Au/Pd-cross-cou-
pling mechanism. A variety of Au-Pd
transmetalation reaction scenarios are
discussed in detail, favoring a transition

contacts. Furthermore, without a halide
counteranion the transmetalation from
gold(I) to palladium(II) is highly endo-
thermic, which confirms our experi-
mental findings that the coupling does
not occur with aryl triflates and similar
weakly coordinating counteranions—
a conclusion that is essential in design-
ing new Au-Pd catalytic cycles. In com-
bination with experimental work, this

getic studies of each individual step,
with the focus on the key transmetala-
tion step are presented and compared
for different substrates and ligands on
the catalytic Pd center. Different aryl
halides (Cl, Br, I) and aryl triflates

transmetalation

Introduction

Cross-coupling reactions have become one of the key pro-
cesses for C—C bond-formation in organic chemistry.!"
Whereas one transition metal, for example, palladium, read-
ily undergoes oxidative addition and reductive elimination
processes, the organic coupling partner is introduced by
transmetalation from a redox stable main-group organo-
metallic reagent most commonly derived from B, Sn, Li,
Mg, Si, and so on (Figure 1). In the case of a transmetalation
reagent that is based on a d-block metal, such as seen in the
Sonogashira reaction (Cu), it is possible to classify these
transformations as bimetallic catalytic systems.” These cou-
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corrects a previous report in the litera-
ture claiming a successful coupling po-
tentially catalytic in both metals with
weakly coordinating counteranions.
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Figure 1. Key steps involved in the general palladium-catalyzed cross-
coupling catalysis cycle.

pling reactions combine the advantages of two metal centers
in a catalytic cycle, whereas at the same time they dramati-
cally increase the complexity of the system; both metals
having their own coordination sphere, ligand sets, and
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redox-potentials. The various coupling mechanisms known
in the literature are mainly discerned by the type of metals
carrying the species to be coupled (Figure 1).

In the recent past the role of gold as a cross-coupling cat-
alyst has been discussed, but seemingly homogenous gold
catalysts are not able to efficiently undergo oxidative addi-
tion with R'—X.B! This creates an “orthogonality”*" in catal-
ysis, which might lead to synthetically interesting selectivi-
ties, the assumed disadvantage might be fruitfully exploited
by a combination of two metal-catalyzed cycles exhibiting
orthogonal reactivity as shown in the seminal work by
Hashmi et al.*! and Blum et al.’! Although the transmetala-
tion of organogold-compounds to several redox-active tran-
sition metals such as Pd,’>*® Rh,[ Ni,!® Zr,”! Ru, and Fel'"!
has been studied by employing a stoichiometric amount of
organogold species,' it is a challenging task to develop
a double catalytic cycle in which the transmetalation reagent
(R—Au—L) is generated in situ in a separate catalysis cycle
(Figure 2).

As the gold-catalysis cycle in general is dependent on
a highly cationic gold species (L—Au™; usually generated by
silver-abstraction of the corresponding L—Au—Cl com-
pound)!'? and the transmetalation is driven by the formation
of the Au—X bond, a seemingly conflictive scenario is gener-
ated. One solution to this “counteranion problem” is the use
of terminal alkynes, the corresponding Au-acetylides can be
generated from the L—Au—Cl complexes without activation
by silver additives, leading to an Au-catalyzed Sonogashira-
type reaction.’*'¥ Besides the use of terminal alkynes, the
concept of dual-catalytic Pd/Au cycles is very scarce.’*!¥

One major drawback recently pointed out by Gagné and
Weber is the fact that Pd/Au redox-incompatibilities can be
crucial.l! In our opinion, the lack of further reports on Pd/
Au dual catalysis is additionally affected by the need for

Dt Europe

a counteranion that is weakly coordinating for the Au catal-
ysis and, at the same time, is efficient enough in generating
a driving force in the transmetalation step, an issue that is
a major focus of this article. The counteranion problem was
nicely solved for a very special system by Blum et al.’¥ uti-
lizing a palladium-catalyzed cleavage of an allylic ester by
formation of the palladium-st-allyl species circumventing the
use of strongly coordinating halogen atoms, even if in this
specific case it is questionable if palladium on its own can
catalyze this transformation.**!3

We were highly interested in understanding the mecha-
nism and the thermodynamics of the gold—palladium trans-
metalation step from a theoretical and experimental point
of view with a focus on the counteranion involved in this
process to develop new dual-metal-catalyzed reactions. Very
recently, Espinet et al.'! analyzed the transmetalation step
and prompted us to publish our results on this dual-catalytic
system. The crucial effect of the counteranion in the trans-
metalation process has not been studied so far but seems in
our opinion essential to understand and develop dual-cata-
lyzed reactions.

As the transmetalation from the more noble (more elec-
tronegative) gold to the less noble (less electronegative) pal-
ladium seems thermodynamically counterintuitive, a detailed
theoretical investigation supporting the experimental find-
ings was of prominent interest. Here we report a computa-
tional study of the whole catalytic cycle from Figure 1 with
two different ligand systems (monodentate and bidentate)
on palladium, namely [Pd(dmpe)] (dmpe =1,2-bis(dimethyl-
phosphino)ethane) and [Pd(PMe;),] and the coupling frag-
ments R'=phenyl and R?=vinyl in the form of Me;PAu—
vinyl. Whereas vinyl gold intermediates involved in the Au'
catalytic cycle are experimentally’” and theoretical-
ly"¥-well-studied, relatively little is known about their reac-
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Figure 2. Dual-metal catalysis: combining palladium and gold catalysis.
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tivity as transmetalation agents.) Two major aspects deserve
special attention: First, it was experimentally observed that
different halogen atoms X in the Ph—X species lead to very
different yields in the overall reaction.*®! All steps were
therefore calculated for X=Cl (lowest reactivity) and X =1
(highest reactivity) starting from the oxidative addition step.
Secondly, a non-chelating (PMe;) and a chelating (dmpe)
ligand on the Pd substrate were considered to clarify the
mechanistic details in the crucial transmetalation step
(Figure 3).

Ph transmetalation Ph

s .PMe; A .PMe;
Lde\x + \/AU —_— szd\/ + x/ u
1a-e 2 3 4a-e
PM92
L = PMe;, X =Cl (a), Br (b), I (c), OTf (d), OTs (e)

PMe,

Figure 3. The key step: transmetalation from gold to palladium.

Computational Details

All calculations were performed by employing the Gaussian 03 program
package.”! The theoretical approach was the framework of density func-
tional theory (DFT)?” in combination with relativistic pseudo-potentials
for both Au! and Pd® and the hybrid B3LYP functional.® The
pseudo-potential basis sets and the all-electron basis sets for the light ele-
ments were of cc-pVDZ quality for the combined two-center systems and
of cc-pVTZ quality for the smaller subunits. Due to the size of the trans-
metalation complex, augmented or triple zeta bases could not be em-
ployed in this case. All transition states were uniquely characterized by
occurrence of one imaginary frequency and sought by the quadratic syn-
chronous transit (QST3) algorithm.? As soon as the starting material,
transition state, and product structures were available, the resulting reac-
tion profile was verified by following the intrinsic reaction coordinate
(IRC) as described in the literature.”™ Free reaction enthalpies were cal-
culated for standard conditions (1 atm, 298 K) and are not corrected.

Computational Results

Global thermodynamic analysis of the cross-coupling reac-
tion and the transmetalation step: As shown in Figure 4 and
Table 1, initially for the overall cross-coupling reaction the
differences in the electronic energy of the reactants and
products were calculated at the DFT/B3LYP and MP2/
RECP level of theory for X=ClI, Br, I, trifluoromethanesul-
fonate (OTf), and 4-toluenesulfonyl (OTs; 5a—e) disregard-

X =
.PM
X
5a-e 2 6 4a-e

X = Cl (a), Br (b), I (c) , OTf (d), OTs (e)

Figure 4. Global reaction for the palladium-catalyzed cross-coupling of
organogold species.
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Table 1. Total electronic energies of the global reaction (Figure 4) for

different methods.

X EDFT/B:?LYP EMPZ/RF_CP
[kcalmol '] [kcalmol ']

Cl (a) —43728 38906

Br (b) —48.100 —43.933

1(c) ~52723 47585

OTH (d) 38245 -

OTs (e) ~30.541 -

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ing solvent effects for these neutral species.” For all ligands
and methods the cross-coupling reaction between an orga-
nogold(I) species and an aryl halide or aryl triflate is ther-
modynamically clearly exothermic and exergonic (with only
a small entropy contribution), whereas the reactivity within
the halides increases from the chloride to the iodide. This is
in accord with experimentally determined Ar—X bond disso-
ciation energies, which amount to 96 (X=Cl), 81 (X=Br),
and 65 kcalmol™ (X=I).*! The same trend is consistent
with the bond-dissociation energies for the Au—X fragment
obtained in high-level CCSD(T) calculations and FT-ICR-
MS experiments corroborating the DFT trends.” The ex-
periments show that aryl iodides lead to high yields in corre-
sponding cross-coupling reactions, whereas only few conver-
sions are known for aryl chlorides.**! A possible reason for
the significant decrease of the overall thermodynamics for
the TfO™ and TsO™ counteranions is the much weaker Au—
OTf and Au—OTs bond (compared with the Au—I bond).

On average the MP2 values are higher by about 5 kcal
mol ™' but the relative trend in the overall thermodynamics
is comparable for both methods. The thermodynamics of the
isolated transmetalation step (Figure5) are shown in
Table 2.

Hereby the substrate and product structures with varying
counteranion X were energetically optimized at the DFT/

\ / \/
Ph Ph
[P\Pd/ o APMes [P\Pd/ P e
Py X PN X
/\ /\
1¢ha-e 2 3ch 4a-e

X = Cl (a), Br (b), | (c), OTF (d), OTs (e)

Figure 5. Thermodynamics of the transmetalation reaction.

Table 2. Thermodynamics of the transmetalation step (Figure 5) for vari-
ous basis sets, methods, and tightness in the optimization.

X E E E E
[kcalmol™']®  [kcalmol ™™  [kcalmol ']  [kcalmol™']"l

Cl (a) 2.316 2291 2.172 0.414

Br (b) 2.129 2.664 2.093 1.971

I(c) 1.857 1.856 1.738 4.246

OTf(d) 14.174 - - -

OTs (e) 13.991 - - -

[a] DFT/B3LYP, cc-pVDZ, normal convergence. [b] DFT/B3LYP, cc-
pVDZ, tight convergence. [c] DFT/B3LYP, cc-pVTZ, normal conver-
gence. [d] MP2/RECP, cc-pVDZ, normal convergence.
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B3LYP and MP2/RECP level of theory together with the
cc-pVDZ, cc-pVTZ, and LANL2DZ basis sets. The tight-
ness of structure optimization was analyzed but proved to
have only little influence.

The isolated transmetalation step is slightly endergonic at
all levels of theory with comparable results for the individu-
al halides (X=Cl, Br, I) at the DFT level (Table 2). Increas-
ing the tightness of structure optimization, namely the
threshold of the energy and norm of gradient vector, had
only little influence on the thermodynamics but uses consid-
erably more computational resources. The transition from
a VDZ to a VTZ basis did not influence the DFT results sig-
nificantly, justifying the use of the double zeta basis for all
further calculations, which is important because a triple zeta
basis cannot be employed for the large two-center com-
plexes due to numerical bottlenecks.” The oxygen-bridged
ligands are significantly raised in energy (X=OTf, OTs),
which indicates a smaller tendency for the gold—oxygen
bond formation as observed for the overall thermodynamics.
No accurate experimental bond dissociation energies for the
PMe;Au—X systems are available, which would be of great
value to gain further insight into the transmetalation
step.?®¥ To extend the systematic basis set test, we also
tested the smaller LANL2DZ Pd basis set and an aug-cc-
pVDZ Pd basis. Both variations led to very similar results in
the transmetalation step, from which we deduced that an
augmentation of the double zeta basis is not relevant and
would lead to serious computational bottlenecks.

Analysis of the Au/Pd transmetalation mechanism employ-
ing monodentate phosphine ligands: We initially started our
analysis of the transmetalation mechanism with the trans-
[PdXPh(PMes;),] complex (trans-la,c; X=Cl (a) or I (c)),
formed after cis—trans-isomerization of the corresponding cis
complex (cis-1a,c) after oxidative addition, and analyzed the
two main transmetalation mechanisms:®*!! Mechanism I) a
dissociative or associative ligand substitution of the phos-
phine ligand with the vinyl gold compound leading to the in-
termediate 7a,c followed via a 4-centered intramolecular
transition state 8a,c to the final transmetalation products, or
mechanism II) a direct intermolecular vinyl-transfer from

Au to Pd via a 4-centered transition-state 9a,c followed by
cis—trans-isomerization leading to the same transmetalation
products (Figure 6). Both key transition states have in
common a trigonal-pyramidal coordination sphere at the
Au' center, whereas the transition state 9a,c would be
pseudo-trigonal-pyramidal and 8a,c square-planar in the co-
ordination sphere of Pd".

Several attempts to locate a transition state 9a,c accord-
ing to mechanism II with various different methods and
basis-sets failed. Based on our results, species 9a,c is a transi-
ent species not exhibiting the required properties attribut-
able to a transition state. Interestingly, we were able to
locate a transition state according to 8a,c, which connects
the Au—C bond-breaking and Au—X bond-formation event
in the coordination sphere of the palladium complex
(Figure 7).

Remarkably, in these transition states the Au—Pd distance
(2.722 for X=CI and 2.804 A for X=I) is much shorter
than the van der Waals radii of gold and palladium com-
bined. This indicates a significant metal-metal interaction
lowering the activation energy for the R-group transfer.
This is in good agreement with the very recent publications
of Espinet et al. reporting on a structurally equal transition
state with a nearly identical Pd—Au contact of 2.8 A in the
case of the corresponding chloro-arsan complex.!'®! Further-
more, in this report we analyze the influence of the counter-
anion and give a complete theoretical analysis of the catalyt-
ic cycle, necessary to understand the rate-determining step
in the total transformation.

The complete reaction path for the transmetalation
through the trans complex is shown for both the chlorine
and iodine counteranions in Figure 8. As expected, the trans
complexes trans-la,c are, by about 11 kcalmol™, more
stable than the corresponding cis compounds (cis-1a,c),
which are generated initially in the oxidative addition event
and proved to be a sink on the energy potential surface.”
Substitution of the PMe; ligand (associative or dissociative)
followed by coordination leads to the Pd-n*vinyl complexes
(7a,c), which requires approximately 12 kcalmol™" in the ab-
sence of substantial entropic effects. Based on the work by
Farina et al.® and Amatore and Jutand et al.”™ on the

Mep. . Ph
Pd_ +
MesP X mechanism | Ph
; MesP. Me.p. Ph
cis-1a,c . ) Pd 3TN
step-wise with N P + PMeg
cis-trans- TL pre-coordinaton —>= X / — X ,=| 7]
isomerisation - PMe; Au AIL]
I
Mesp. Ph . PMe, PMe;, PMes Mesp. Ph PMe,
/Pd\ \AU 7a,c 8a,c — /Pd\% + /AU
X" “PMeg s Me3zP X
trans-1a,c 2 Me;P H
X Ph—Fd  Au-PMes : da-e
X=Cl(a),I(c mechanism Il X cis-trans-
(@) 1) ant MesP isomerisation
direct intermolecular
transmetalation 9a,c

Figure 6. Model for a potential transmetalation mechanism with monodentate phosphine ligands.

www.chemeurj.org

SR These are not the final page numbers!

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Chem. Eur. J. 0000, 00, 0-0


www.chemeurj.org

Au/Pd-Mediated Cross-Coupling Reactions

Figure 7. Transition state structures (8a,c) for the transmetalation step
with X=Cl and X=1

Stille reaction, in which a vinyl-transfer reagent is first
bound in the coordination sphere of palladium prior to the
transmetalation step as well, it seems very likely that the
formation of the corresponding mixed Pd-vinyl-Au species
7a,c is generated through a dissociative mechanism from
trans-1a,c.

The theoretical results exhibit only a small difference on
the activation energies for the transmetalation for the differ-
ent counteranions (AG*;=26.0kcalmol™'; AG" )=
23.4 kcalmol ') and in the energies of the product com-
plexes 10a,c, which is seemingly in contrast to the experi-
mental findings that only for strongly activating ligands will
chlorine compounds undergo the cross-coupling reaction.[*%!
This can be explained by a change in the rate-determining
step from transmetalation to oxidative addition depending
on the counteranion, which will be approved in the section
below and in the Experimental Section.

To generate the cis-[PdR,L,] precursor 3 from the trans-
metalation products still bound in the coordination sphere

Chem. Eur. J. 2013, 00, 0-0
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(10a,c) different scenarios are imaginable: The direct disso-
ciation of 10a,c into the X—Au—PMe; molecule (4a,c) and
the T-shaped structure (compound 11) seems electronically
non-favored, but reasonable based on the large entropy con-
tribution. Alternatively, an associative pathway with a sol-
vent molecule (e.g., MeCN) or a phosphane ligand also
seems reasonable to generate the final transmetalation com-
plex 3 (Figure 8). It is noteworthy to highlight that the Au—
Pd contacts, not only in the transmetalation transition states
(8a,c), but also in the intermediates before and after the
transmetalation step (7a,c and 10a,c) are very short (see the
Supporting Information) clearly demonstrating the impor-
tance of metal-metal interactions.

The overall thermodynamic data for the transmetalation
step compared to the cis-complex [PdXPhL,] (cis-1a,c) is
AG, = +1.4kcalmol™ (X=Cl) and AG,,,=—0.9 kcal
mol™ (X =I), respectively, is in accord with the thermody-
namic results for the transmetalation reaction employing the
chelate ligand on Pd (Table 2). Interestingly, the transmeta-
lation thermodynamics are highly endergonic AGy...= +
13.5 kcalmol ™! (X=Cl); AGyaps= +10.2 kcalmol ™ (X =1) if
compared with the trans-[PdXPhL,] complex (trans-1a,c),
which is in good agreement with the experimental and theo-
retical results by Espinet et al.'®! studying the favored (ex-
ergonic) transmetalation from Pd to Au starting with
[PdR,L,]. The here studied corresponding reverse and ther-
modynamically upwards process can only be realized by
coupling this process to a reductive elimination event push-
ing the equilibrium towards the desired cross-coupling prod-
ucts (see section below).

Analysis of the Au/Pd transmetalation mechanism employ-
ing a chelate ligand: In the second section of this discussion
(see above) we could demonstrate a reasonable transmetala-
tion mechanism based on the exchange of a monodentate
phosphine ligand with the vinyl gold fragment followed by
an intramolecular R-group transfer via a transition state
showing close Pd—Au contacts. It is interesting to point out
that this mechanism is closely related to the proposed mech-
anism of the deeply studied Stille coupling.®™ Interestingly,
these transmetalation studies always employed monodentate
ligands on the palladium center, easily opening a free coor-
dination site by dissociation of a ligand on palladium. Our
experiments, however, demonstrated that chelating ligands
such as 1,1’-bis(diphenylphosphino)ferrocene (dppf) were
very efficient ligands for the Pd-catalyzed cross-coupling of
organogold species,** raising the question how this trans-
metalation process can proceed if the ligand seemingly
blocks the free coordination-site on the metal center that is
essential for organogold pre-coordination prior to transme-
talation. In Figure 9 our initial ideas are summarized on
how a bidentate ligand can influence the change in the reac-
tion pathway for the transmetalation step.

Pathway I is in analogy to Figure 6, a concerted mecha-
nism passing through a four-membered transition state with
local trigonal-bipyramidal coordination at palladium (9®a-
e). Analogous to the case of the monodentate phosphine

www.chemeurj.org
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Figure 8. Reaction profile for the transmetalation pathway with monodentate ligands.

ligand system we were unable, even with very high efforts,
to locate such a transition state, which is in accord with the
search for a similar transition state in the Stille cross-cou-
pling.*! From a computational point of view it may be pos-
sible that an even larger basis together with a more sophisti-
cated method such as coupled cluster theory would lead to
a localizable state, but as far as our tests revealed, such
a transition state does not seem to be accessible. As a conse-
quence, we suggest a multistep mechanism according to the
dissociative pathways II or III: In II the Pd/X bond is heter-
olytically broken (13%) and the vacant coordination site oc-
cupied by the vinyl carrier (14™), whereas in III a chelate
ring opening is discussed.
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To classify the feasibility of transmetalation pathway II
we calculated the bond-dissociation energy for the Pd—X
bond (13%) in Figure 9 and obtained 128.98 (X =Cl), 123.66
(X=Br), and 113.79 kcalmol™" (X =1I), which indicates an
energy barrier that is far too high for this pathway to occur
in the gas phase under standard conditions. Certainly, sol-
vents can considerably decrease this barrier by interaction
with the resulting ions. For acetonitrile we simulated this
solvation effect by adding one molecule of acetonitrile to
the complex 13® and obtained a noticeable energetic stabili-
zation of 29.2 kcalmol™".

In contrast to the theoretical prediction, a considerable in-
fluence of the solvent could not be observed experimental-
1y, and therefore does not support an ionic dissociative

Chem. Eur. J. 0000, 00, 0-0
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Figure 9. Proposed mechanisms for the transmetalation step utilizing a chelating ligand.

mechanism. Mechanisms of this type are only feasible if the
counteranions are very weakly bound to the metal center,
which is the case for, for example, triflate anions, but not for
halides (e.g., see the discussion of the cationic Heck reac-
tion®®). For the current system, a triflate ligand (X=OTf)
does not undergo any transmetalation reaction with Au and
Pd as metal centers (see the section below). As a conse-
quence, a purely dissociative mechanism including a cleavage
of the Pd—X bond is very unlikely. A variation of this path-
way emerges if one postulates an associative replacement of
the X~ anion by the incoming vinyl ligand. The energy re-
quired for this variant can be obtained from the components
14 and 2 (Figure 9) and amounts to 97.54 (X=Cl), 92.21
(X=Br), and 82.34 kcalmol ' (X=1), which still represents
a very unfavorable process. From these findings we deduce
that a purely dissociative way under cleavage of the Pd—X
bond is energetically too costly and may be intrinsically cou-
pled to the formation of the Au—X bond.

As we successfully found a transmetalation pathway for
monodentate ligands and we ruled out the Pd—X bond
breakage, we envisioned the unusual possibility of a chelate
opening to coordinate the organogold species according to
the monodentate mechanism (Figure 9, pathway III).

The creation of a free coordination site on Pd is proposed
due to the fact that a square-planar configuration is very
much preferred by Pd" over any higher coordination

Chem. Eur. J. 2013, 00, 0-0
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number. A fivefold coordina-
tion with the substrate occupy-
ing the apex of a quadratic pyr-
amid immediately led to a re-
verse process forming the
educts as we showed computa-
tionally. The employment of
a larger basis set did not change

\P/ Ph these findings, having their

Me,P” > \Pdi origin in a high-lying p, LUMO
150 |/Au X on Pd making the metal center
PMe, unfit for a fast attack by the

substrate. In Figure 10 the com-

l plete reaction path for the
transmetalation under a chelate

pathway Il

\
Mezp/\/P{P d/Ph ring opening is presented for all
Sx three halides (X=Cl, Br, and
Al I).
16a-c IgMe In a first step, the vinyl gold
3 p, the vinyl go
l species (2) adds to the vacant

\/ coordination site on Pd being

MezP/\/P\p d/Ph available after the opening of

the chelate ring (15®a-c). The

/ | required energy for this step
17

amounts to 7-9 kcalmol ™" (elec-

tronic) and 19-21 kcalmol ™
(free enthalpy; because this
process is entropically dis-

advantageous), being quite in-
dependent of the X substituent
employed. These energy differ-
ences lie within an accessible range for a thermal reaction
and would allow for a ring opening. In the resulting inter-
mediates 15®a—c (Figure 10), the Au—Pd distance amounts
to about 3.32 A and is an indication for a possible interac-
tion between the Au and Pd metal centers as seen with the
monodentate phosphine ligands as well. Via a cyclic transi-
tion state, analogous to the ones in Figure 7, a concerted
Au—C bond-breaking and an Au—X bond-forming takes
place, followed by liberation of the X—Au—PMe; species
from the complexes 15%a-c, yielding the T-shaped inter-
mediate 17. This amount of energy required (=30 kcal
mol ') is nearly the same for all halides and renders this
step quite unfavorable, but still in an acceptable range, as T-
shaped structures of Pd complexes are known characterized
intermediates.’” An alternative to the T-shaped intermedi-
ate formation 17 is a coordination of the halide to the two
metal centers as shown in structure 10%c, which could be
computationally characterized as an intermediate. By a possi-
ble assistance of the solvent molecules or phosphine ligand,
the X—Au—PMe; species is expelled from the complex 10%c
and the final product 3 is formed by the favorite ring closure
of the chelate ligand, enabling a lower-energy pathway. It
should be pointed out that the chelate ring opening leads to
a dramatic increase of conformational isomers making the
computational localization of transition states a demanding
task. As we could already demonstrate a successful transme-
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turing reagent did not influence
the transmetalation yields in
any way.**! Despite the fact
that Au does not exhibit
a strong tendency to change its
oxidation state during a reac-
tion, a quadratic planar com-
plex with an energetic mini-
mum could be localized
(Figure 11). This quadratic co-
ordination is typical for Au™
complexes indicating a higher
oxidation state, even if the oxi-
dation states are difficult to
assign in such bimetallic com-
pounds. However, the Au—P
and Au—Cl bond lengths are
quite elongated (2.601 and
2.455 A) and allow for the in-
terpretation of an oxidative in-
sertion of the vinyl gold species
into the Pd—Cl bond. A corre-
sponding transition state incor-
Me, porating structure 19 was not
found in the calculated pathway
Ph and the relevance of structure
19 with a significant Au/Pd in-
teraction could therefore not be
perfectly established.

*X=Cl mX=Br X=1

Figure 10. Calculated reaction profile for a transmetalation mechanism in the coordination sphere of Pd

through a chelate opening.

talation pathway based on the easier to analyze monoden-
tate phosphine model, and here could demonstrate that
a chelate opening is energetically feasible (but entropically
disadvantageous), we see no need for a further detailed
analysis.

Further models for other potential transmetalation mecha-
nisms: Beside our transmetalation models outlined above,
we briefly mention some viable alternatives that were tested
by us numerically. At first we investigated a nucleophilic
attack of an iodine ion to the gold vinyl species producing
an “aurate” compound that might transfer the organic
group more easily because of the higher electron density.
This is in analogy to the initial assumption of an “ate”-com-
plex in the Suzuki reaction® (even though it was later
shown that not the “ate”-complex but a Pd-hydroxide spe-
cies was the relevant transmetalation intermediate).”®® A
corresponding local minimum for an anionic trigonal-coordi-
nated gold species could, however, not be detected compu-
tationally attributing only little probability to this variation.
The same holds for an assumed radical mechanism due to
the experimental finding that the addition of a radical-cap-
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Finally, a one-step process
(Figure 12) through a [3+2] o-
bond metathesis was sought,
skipping the explicit transmetal-
ation step. Despite the fact that

Figure 11. Structure of 19: A local-minimum on the potential energy sur-
face.

a reaction pathway starting from a distorted initial geometry
derived from Figure 12 led to the desired products, an ap-
propriate transition state could not be found and is necessa-
ry for a sound argumentation. This is in accordance with the
experimental result that adding free phosphane ligands in-
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Figure 12. A potential one-step concerted R-group transfer.

hibits the reaction, which should not occur in a fully con-
certed mechanism and further supports our transmetalation
mechanism outlined above in which phosphine pre-dissocia-
tion is necessary.

Global energy profile for the cross-coupling process: A sim-
plified complete picture: After analyzing in detail the trans-
metalation step for two different ligand systems, we ana-
lyzed the full catalytic cross-coupling cycle, including oxida-
tive addition and reductive elimination to gain insight into
the rate-determining step of the complete catalysis cycle de-
pending on the electrophile and the ligand system employed
(Figures 13 and 14).

In the case of monodentate phosphine ligands (Figure 13;
L=PMe;) we observe a change of the rate-determining step

AG

a0 | [kecal mol™]

(32.2) MegP X

Pd--
MasP/ Q

Me;P,

X
\N_O
MeaP/

FULL PAPER

depending on the counteranion employed. Whereas in case
of X=Cl, the oxidative addition is non-favored with a high
activation barrier (AG™ ¢,=32.3 kcalmol ) the correspond-
ing oxidative addition into the C—I bond proceeds, as ex-
pected, with a lower activation energy (AG™;=22.5 kcal
mol ™). As the activation energy for the transmetalation pro-
cess only differs slightly between the different halogen coun-
teranions, the rate-determining step changes from the oxida-
tive addition (X=Cl) to the transmetalation (X=I;
AG™ ;=233 kcalmol '), respectively.

We analogously calculated the process for the chelate [Pd-
(dmpe)] system and summarize here the main differences.
As the bent 14 valence electron (VE) Pd° species is more
activated towards oxidative addition compared with the
linear Pd’ species, the oxidative addition proceeds even in
the case of X=Cl, with a much lower activation energy
(AG*y=14.5 kcalmol ").'”" With the bidentate ligand
system employed, both transmetalation events (X=Cl, I)
proceed through relatively high-energy pathways through
opening of the chelate ring and represent the rate-determin-
ing step (Figure 14).

In summary, the transmetalation step from Au to Pd is in
both ligand cases an endergonic process, which is driven by
the highly exergonic reductive elimination event. Whereas
the ligand system on palladium most effectively changes the

20 (19.2) MeaP\ X,
/Pd’\----)\u—PMe;,
Ph hv +
MeP. X —Au—, MegP. PM
" * \pd/ e Npy
10 e’ N\= . g ...\
©62) MesP /

P
e X=Cl
mX=1

oxidative addition

ligand-exchange

cis-trans
isomerisation

Au-Pd-transmetalation

reductive elimination

Figure 13. Energy profile for the complete cross-coupling catalysis cycle with [Pd(Me;P),].
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Figure 14. Energy profile for the full cross-coupling catalysis cycle with [Pd(dmpe)].

activation barrier of the oxidative addition, it almost has no
effect on the reductive elimination.

Experimental Results

The role of the counteranion: Based on our protocol for the
palladium-catalyzed cross-coupling reactions of aryl-,
heteroaryl-, vinyl-, alkynyl-, benzyl-, or acyl halides with sto-
ichiometric amounts of an organogold compound, we
wanted to experimentally verify the computational results
on the counteranions in our outlined transmetalation mech-
anism and reinvest the role of triflates as electrophiles. A
series of experiments with phenyltriflate and 4-acetylphenyl-
triflate were performed (Table 3). Unfortunately, all at-
tempts to use aryl triflates in our cross-coupling protocol
failed (Table 3, entries 1-6).

Even with the Pd/XPhos system (XPhos=2-dicyclohexyl-
phosphino-2',4',6'-triisopropylbiphenyl), which is a very
active catalyst in Suzuki-Miyaura coupling of aryl triflates,
no cross-coupling product was detected (Table 3, entry 2).
Methyl triflate (Table 3, entry 6) and phenyl triflimide also
gave no cross-coupling products. To our surprise, a palladi-
um-catalyzed cross-coupling reaction with aryl triflates was
published a few months after our own unsuccessful at-
tempts.* Aryl triflates were coupled with various organo-
gold compounds and the products were obtained in moder-
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ate to high yields.*®®! The reaction conditions published
were very similar to our conditions with one major differ-
ence: the organogold compounds had not been isolated in
a preceding synthetic step but prepared in situ from organo-
lithium compounds and [AuCl(Ph;P)]. Thus, one equivalent
of LiCl is present in the cross-coupling reactions from
ref. [6d]. Based on these insights, we repeated our experi-
ments adding stoichiometric amounts of various salts. Small
amounts of cross-coupling products were formed in the ab-
sence of any halide (Table 3, entries 7 and 8). In contrast,
the presence of halides in the reaction mixture immediately
increased the yields to 77-99 % (Table 3, entries 9-12). The
type of halide source did not have a strong influence on the
yields. This fully confirms our computational results for the
transmetalation step, demonstrating 1) no significant differ-
ence between the halide counterions in the transmetalation
step and 2) a significant difference between the halides and
the oxygen-based counteranions. As shown in Table 2, the
thermodynamics of the transmetalation reaction are only
slightly endergonic in the case of X=Cl, Br, I (&1-4 kcal
mol™') but strongly endergonic for X=OTf (~14 kcal
mol™). The oxidative addition of the Pd’ species into
ArOTf leads to a cationic [PdAr(S)L,]" complex, which can
only form the Au—OTf bond in the transmetalation event;
an energetically non-favored process outlined in Table 2. In
the presence of a halide source a Pd—X triflate-halide ex-
change leads to the neutral [PdCI(Ar)L,] complex,®! which

Chem. Eur. J. 0000, 00, 0-0
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Table 3. Palladium-catalyzed cross-coupling of organogold compounds with aryl triflates.

[Pd]

Rlgrp + PhPAu, Rige + PhoPAUOTF
Entry R' R? Catalyst Additive Solvent T t Yield
([equiv]) ([equiv]) ((mol %) [°C] [h] [%]
1 Ph (1.5) A (1.0) [PACL,(dppf)] (10.0) - MeCN RT 24 0
Ph (1.5) P (1.0) Pd/XPhos (5.0) - MeCN RT 4 0
P o
3 4-AcPh (1.5) d (1.0) [PACL(dppf)] (1.0) - MeCN 60 1 0
*. = O
4 4-AcPh (1.5) g (1.0) [PACL,(PPh,),] (2.0) - THF 60 10 0
5 4-AcPh (1.5) \Ph (1.0) [PACL,(PPh,),] (2.0) - THF RT 4 0
6 Me \©\O/ (1.1) [PdCl,(dppf)] (2.0) - MeCN RT 16 0
7 4-AcPh (1.0) \©\O/ (1.1) [PdCL,(PPhs),] (5.0) - THF RT 18 6
8 4-AcPh (1.0) \©\O/ (1.1) [PACI,(PPh;),] (5.0) LiOTf THF RT 18 9
9 4-AcPh (1.0) \©\O/ (1.1) [PACIL,(PPh;),] (5.0) LiCl THF RT 18 95
10 4-AcPh (1.0) \©\O/ (1.1) [PACL,(PPh;),] (5.0) LiBr THF RT 18 90
11 4-AcPh (1.0) \©\O/ (1.1) [PACL,(PPhs),] (5.0) Bu,NCl THF RT 18 99
12 4-AcPh (1.0) \©\O/ (1.1) [PdCL,(PPhs),] (5.0) Bu,NBr THF RT 18 97
13 4-AcPh (1.0) \©\ _ (1.1) [PdCL,(PPhs),] (5.0) Bu,NI THF RT 18 71

o

allows a transmetalation mechanism involving a halide
bridged Pd—X—Au transition state (Figure 7) that fully ex-
plains these experimental findings. At this stage it cannot be
ruled out that for the oxidative addition a halide effect re-
sults in an acceleration through the formation of anionic
palladate complexes.[*”! But the complete experimental fail-
ure of transmetalation with the triflates can only be ex-
plained by the transmetalation not taking place, as the oxi-
dative addition of aryl triflates especially in the presence of
Pd/XPhos is known to be possible even without halides. It is
interesting to note that in the case of the Stille reaction, the
addition of LiCl improves the rate for the oxidative addition
but has a retarding effect on the transmetalation step,*¢)
an effect that is in stark contrast to the corresponding orga-
nogold transmetalation in which the driving force is generat-
ed through the formation of the Au—X bond. Furthermore,
it is in accord with our calculations that palladium-catalyzed
cross-coupling reactions of organogold-species with aryl bro-
mides and aryl chlorides are mainly effected by the ligand
system on palladium to undergo the oxidative addition pro-
cess (Figures 13 and 14), whereas the transmetalation pro-
ceeds equally well with different halides but not triflates. In
situ-exchange of triflate with a halogen counterion re-estab-
lishes the transmetalation step, but raises problems in the
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double catalytic Pd/Au catalysis, as a non-activated non-cat-
ionic Au—X species would not undergo classical gold-cata-
lyzed transformations.

In ref. [6d] alkyl gold species were also used in cross-cou-
pling reactions. Under our typical conditions, [Au-
(CH;)Ph;P] was not effective in the cross-coupling reaction.
This may be due to its insolubility in MeCN. However, in
THF the cross-coupling was successful. At room tempera-
ture after 18 h only 27 % yield of the product was obtained
(Table 4, entry 1). A longer reaction time of three days gave
only a minor improvement to 29 % (entry 2). Increasing the
temperature to 60°C gave 65 % after 18 h (Table 4, entry 3)
and 83 % yield after three days (entry 4). Overall, compared
with other organogold compounds (vinyl-, aryl-, and also

Table 4. Cross-coupling experiments with alkyl gold species.

NC [PdCly(dppf)] 2 mol% NC
\©\ + PhPAMMe —— > \©\ +  PhyPAUl
I

THF, time
Entry T[°C] t Yield [%]
1 RT 18 h 27
2 RT 3d 29
3 60 18h 65
4 60 3d 83
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Hammond-type vinyl gold species), the alkyl species seemed
to be less reactive. These experiments are also consistent
with the calculated mechanism. Chen et al. could isolate the
structurally similar Pt"~Cu' and Pt"~Au' complexes with
a methyl group coordinated in the coordination sphere of
P[4 This indicates that a mechanism based on pre-coordi-
nation even in the case of alkyl gold species is reasonable,
but less favored, which is nicely in accord to our theoretical
findings.

Conclusion

In this work a new palladium-catalyzed C—C-coupling reac-
tion with an organogold-compound as the transmetalation
reagent was theoretically investigated at the DFT/B3LYP
and partially at the MP2 level of theory. Several potential
transmetalation scenarios were analyzed with a monoden-
tate- and bidentate-ligand system and were fit into the con-
text of the full cross-coupling energy profile. We could
locate a transmetalation mechanism based on pre-coordina-
tion of the organogold-species followed by transmetalation
in the coordination sphere of palladium via a transition state
exhibiting very short intermetallic Au—Pd contacts. This
transmetalation mechanism is in very good agreement with
the theoretical studies reported on the Stille reaction™! and
very recent reports by Espinet et al.l'® Furthermore, by ana-
lyzing the full energy profile we could locate a change in the
rate-determining step depending on the counteranion and
the ligand system involved; in the case of X=Cl the oxida-
tive addition is the rate-determining step, whereas in the
case of X=I it is the transmetalation (with L=PMe;). Em-
ploying a chelating ligand system on palladium significantly
lowers the activation barrier for the oxidative-insertion pro-
cess and determines the transmetalation to be rate-deter-
mining. Whereas the thermodynamics of the Au—Pd trans-
metalation step are endergonic, the switch from a halogen
(X=Cl, Br, I) to an oxygen-based counteranion (OTTf)
proved to dramatically increase the activation barrier for
a successful transmetalation event. In combination with the
performed experiments we could demonstrate that the
cross-coupling reaction is only accessible with aryl triflates
in the presence of additional halides sources (such as LiCl).
This clearly supports our theoretical work suggesting a tri-
flate-halogen exchange after oxidative addition followed by
our outlined mechanism. This is important information for
the further development of new Pd/Au dual-catalyzed reac-
tions because it highlights the problem of the use of weakly
coordinating counteranions together with the cross-coupling
strategy.

Experimental Section

General methods: All reagents and solvents were obtained from Fisher
Scientific, ABCR, Alfa Aesar, Sigma—Aldrich, or VWR and were used
without further purification unless otherwise noted. Absolute solvents
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were dried by a MB SPS-800 using drying columns. Preparation of air-
and moisture-sensitive materials was carried out in flame dried flasks
under an atmosphere of nitrogen using Schlenk techniques. Thin layer
chromatography (TLC) was performed using Polygram pre-coated plastic
sheets SIL G/UV,s, (SiO,, 0.20 mm thickness) from Macherey—Nagel.
Yields have been determined by GC using n-dodecane as internal stan-
dard for quantification.

General procedure for the cross-coupling of organogold-compounds with
aryl triflates: Under a nitrogen atmosphere, the organogold compound
(1.0 equiv), aryl triflate (1.5 equiv), palladium catalyst, and (in some
cases) an additive (1.2 equiv) were dissolved in dry solvents and stirred
for the specified time. n-Dodecane (1.0 equiv) was added and the reac-
tion mixtures were analyzed by GC or GC-MS (Quantification by GC).

General procedure for the cross-coupling with methyl(triphenylphosphi-
ne)gold(I): [Au(CH;)Ph;P] (47.4mg, 110 pmol), 4-iodobenzonitrile
(22.9 mg, 100 pmol) and [PdCl,(dppf)] (1.46 mg, 2.00 umol) were dis-
solved in dry THF under nitrogen atmosphere. n-Dodecane (23.0 uL,
100 pmol) was added and the reaction mixture was stirred for three days
and analyzed by GC-MS.
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