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ABSTRACT: The aryl transmetalation processes between cis-[PdRf2(AsPh3)2] (Rf = C6Cl2F3) and [AuPf(AsPh3) (Pf = C6F5) has 
been studied experimentally and by DFT calculations. Aryl exchange with or without isomerization of the Pd geometry occur by 

ligand displacement of one AsPh3 ligand by an AuAr(AsPh3) 

molecule,  which coordinates using the Au–Ar bond electron 
density, followed or not by a second switch to the next Ar 

group. The transition states are bridged Ar–Au(AsPh3)–Ar' 

structures with fairly planar geometry. Alternatively, a direct 

switch of the Au(AsPh3) fragment to either cis or trans Ar 
groups on Pd can be achieved from a square-pyramidal 

[(AsPh3)Au-PdAr3(AsPh3)] intermediate or transition state. The 

later pathway is less favorable for the case studied (M = Pd), but it is preferred for the same chemical system with M = Pt. The 

study provides some clues on exchanges that can be relevant in organic syntheses catalyzed by bimetallic systems. 

Introduction 

In 1998 we reported that just 0.6 mol% of [AuRf(tht)] (Rf = 
C6Cl2F3 = 3,5-dichloro-2,4,6-trifluorophenyl) catalyzed the 

isomerization of trans-[Pd(Rf)2(tht)2] (tht = 

tetrahydrothiophene) to the cis complex within minutes.1 In 
the absence of gold, this isomerization takes hours. Although 

usually forgotten in the reviews, this seems to be the first 

reported example of a gold(I)-catalyzed reaction, and the first 

mechanistic study as well. Experiments carried out mixing 
palladium and gold complexes bearing C6Cl2F3 (Rf) and C6F5 

(Pf) groups revealed that the AuI-catalyzed isomerization takes 

place with AuI/PdII aryl exchange. A mechanism through 
species involving Au-Pd interactions was proposed (Scheme 

1) based on reported X-ray structures of PtII/AuI and PtII/AgI 

bimetallic complexes.2 At that time there were no similar 

structural studies of Au-Pd complexes. 

 

 

Scheme 1. Au catalyzed isomerization: Mechanistic proposal 

in 1998. 

Quantitative kinetic studies of the fast isomerization for L = 

tht, and theoretical calculations were not accessible to us at 
that time. In the meantime the recent popularization in organic 

synthesis of bimetallic catalysis,3 where two transition metals 

(including the Cu group for short in this definition) cooperate, 

has enhanced the mechanistic relevance of that study: the aryl 
exchanges observed can account for the transmetalations 

occurring in some bimetallic catalyses. 

Since that seminal study, a number of complexes have been 

reported for systems with M = PdII, PtII and M' = AuI, AgI, 
CuI,4-12 containing Pd-Au interactions that resemble, more or 

less closely, the M-M' interactions proposed in reference 1 for 

the intermediates or transition states shown in Scheme 1. It 
might look far-fetched to think that the exchange (and 

isomerization) model based on formation of M–M' 

interactions at short distances could be found for less similar 

metal centers, but the fact is that in our theoretical mechanistic 
studies on the ZnMe2-catalyzed cis/trans isomerization of 

[PdMeAr(PR3)2] complexes (Ar = C6Cl2F3 and C6F5) we found 

ZnII playing a structural role quite similar to that of AuI in 
Scheme 1.13,14 Thus, in all the cases discussed above (M = PdII, 

PtII; M' = AuI, AgI, CuI, ZnII), experimental or theoretical data 

reveal structures with short M-M' distances (in the order of the 
sum of covalent radii distances) and three-center two-electron 

(3c2e) electron-deficient M–C–M' bridges. The M–C–M' 

angle (whether in intermediates or in transition states (TS) can 

vary from close to 90° to much smaller. 

In the last years, many examples of coupling reactions 

involving R-for-X Pd/Au transmetalations have been reported, 

in which organogold complexes participate as stoichiometric 
reagents,8-21 or are used as co-catalyst.22-28 The transmetalation 

reaction has been studied in some cases by computational 

methods, but experimental quantitative data are scarce.29-33 In 
2012 we reported a kinetic and computational study on the 

Rf/Cl exchange (transmetalation) between [PdRf2L2] and 

[AuClL] (L = AsPh3).29 In that work we proposed that 

[AuClL], acting as “incoming ligand”, substituted one L 
ligand at the palladium complex; at that step the transition 

state displayed a Pd–Au interaction. This pathway was soon 

backed by the proposal of Hashmi for the vinyl/X 
transmetalation between [PdRXL2] and [Au(vinyl)L] (L = 
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PMe3), which additionally demonstrated a small increase in 
∆G‡ on moving from X = I to X = Cl.30 A computational study 

of the transmetalation of alkynylgold complexes to palladium 

was reported more recently by Larsen and Nielsen, in a work 
concerning the Au/Cu/Pd co-catalyzed Sonogashira reaction,32 

Other computational studies on Au/Pd transmetalations and Pd 

complexes have been recently published by Yates.31,33 Note 

that none of these studies deals with the simultaneous 
exchange of two organic groups between gold and palladium 

(i.e, R-for-R' Pd/Au exchange). This makes a difference 

between the transition states proposed in those studies, where 
the TS contains one non-deficient Au–X–Pd bridge in addition 

to one electron-deficient Au–C–Pd bridge (Figure 1a), and the 

TS required for the mechanism proposed in our first report,1 
which should contain two electron-deficient Au–C–Pd bridges 

(Figure 1b). 

 

 

Figure 1. R/X or R/R' transmetalation transition states. 

 

As an additional variation concerning transmetalation 

mechanisms, in our recent study on RhR/AuR' 
transmetalation, we have found a dramatic mechanistic switch. 

This transmetalation does not follow the classical and now 

generally assumed double-bridge mechanism commented 
above. On the contrary, the exchange is the consequence of a 

reversible oxidative addition/reductive elimination process, 

where the LAu–R' bond oxidatively adds to RhI. After 
isomerization of the resulting octahedral complex, reductive 

elimination of LAu–R completes the exchange process.34 

Obviously, the oxidation of RhI is much easier than the 

oxidation of PdII. This explains the accessibility to this new 

mechanism with RhI and, so far, not with PdII. 

In summary, although mechanistic studies on bimetallic 

systems combining theoretical and experimental data are still 
scarce, many very recent Pd or Pt studies have added 

plausibility to our 1998 proposal. Moreover, he relevance of 

that early study, investigating Ar transmetalation between 
different metals and their relationship with isomerization, has 

gained interest in present times, when bimetallic processes are 

receiving much attention, and when it is unquestionable that 

isomerization is essential for many TM catalysis, even only 
rarely are this step specified in the simplified catalytic 

cycles.35 Here we are revisiting that study using experimental, 

kinetic, and theoretical methodologies not available to us at 
that time. Furthermore, we undertake the study of the kinetics 

of the PdRf/AuPf exchange, which has a complexity that we 

had to spare in our initial study focusing on the simplified 
PdRf/AuRf exchange. The new study allows us to discriminate 

the kinetics of exchanges with or without isomerization at the 

palladium complex. The DFT calculations, carried out on the 

real molecules, provide information on the whole mechanistic 
profile, in part experimentally non-accessible, and matches 

very well the kinetic experimental observations.  

Results and Discussion. In order to get experimental 
information from the kinetic studies, we had first to find an L 

ligand producing the isomerization (and the other competitive 

exchanges) at rates that could be accurately measured by 19F 
NMR at a comfortable temperature. PPh3 was too slow and tht 

was too fast, supporting that at some point of the mechanism 
the ancillary ligand has to be released. AsPh3 provided 

measurable rates at 323 K. Thus, we have carried out kinetic 

studies on the system formed by cis-[PdRf2(AsPh3)2] (1a), its 
isomer   trans-[PdRf2(AsPh3)2] (2a), and [AuPf(AsPh3) (3a). 

The use of different aryl groups in Pd and Au allows us to 

identify and measure independently aryl exchanges with or 

without isomerization. Pf and Rf complexes are 
thermodynamically very similar, and their combined use 

facilitates monitoring by 19F NMR the exchanges, in a way 

quite similar to isotopic labeling.36,37 Finally, the use of the 
same ligand for Pd and Au avoids a bewildering panorama 

having to account for different ligand dissociation energies 

and formation of new complexes due to L/L' exchanges. The 
monodentate L ligand is not significant for the essence of the 

aryl exchange mechanisms, although it can be kinetically 

decisive for the success of the catalysis.27 

The isomerization reactions with AsPh3 as ligand are very 
slow compared to those previously studied with tht.1 In the 

absence of any gold catalyst the spontaneous isomerization of 

1a to 2a is only 8% after 24 hours at 323 K.38 Consequently 
non-catalyzed contribution when measuring the much faster 

gold-catalyzed reactions is negligible in the initial 1.5 hours. 

After 24 hours of catalyzed isomerization at 323, the system 
has reached equilibrium (a similar result is obtained when Pf 

is used on Pd and Au instead of Rf), with Kiso = [2a]/[1a] = 

4.39 The kinetics of the reaction is first order in [3a]. 
Experiments on the effect of added AsPh3 show a strong 

retarding effect of the ligand at the beginning of the process, 

with [AsPh3]-1 kinetic order.40 The observed initial rates fit 

well equation 1, which is a typical rate law for a two-step 
mechanism where the first step is the substitution of one 

AsPh3 by the incoming reagent (complex 3a), and the second 

(and rds one) leads to the final products. The activation energy 

of this reaction is 25.8 kcal/mol (see SI for kinetic details). 

 

                                                  (eq. 1) 

The mechanistic information extracted from these experiments 
with identical Ar groups on both metals does not reveal 

whether isomerization and aryl exchange are univocally 

connected or, on the contrary, there are aryl exchanges that do 

not lead to isomerization. This can be disclosed studying the 
process cis-[PdRf2(AsPh3)2] (1a) + [AuPf(AsPh3)] (3b), with a 

different aryl group at each metal center. Cis- and trans-diaryl 

palladium complexes containing the two groups, Pf and Rf, 
are formed. If all the cis and trans complexes are summed up 

(cis = 1a + 1ab + 1b; trans = 2a + 2ab + 2b) the neat cis/trans 

isomerization profile for this system is identical to that formed 
by 1a + 3a, whether with or without arsine excess in solution, 

confirming the thermodynamic quasi-equivalence of the Rf 

and Pf groups. Using this "aryl labeling" we can monitor and 

identify by 19F NMR the aryl exchanges that bring about 
isomerization, and those that do not. The complexes involved 

are labeled in Scheme 2 where, for the sake of simplicity not 

all the operating reactions leading to each same product are 
represented. The experimental observations, immediately 

confirm the operation of AuPf/PdRf exchanges producing 

[AuRfL] and [PdRfPfL2] complexes, which in turn become the 
subject of new exchanges. There will be also "kinetically 

unproductive" exchanges (e.g. AuRf/PdRf exchanges) that are 

unobservable unless they produce isomerization or a second 
substitution on Pd. The use of all the experimental information 
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available provides relevant clues on the several reaction 

pathways actually operating in the system.36 

 

Scheme 2. Products observed in Figure 2, formed from 1a and 

3b by scrambling of Rf and Pf between metals. All the arrows 

must be understood as reversible equilibria. 

 

Figure 2 plots the evolution of the reaction 1a + 3b. In the 

initial 1.5 hours the main reaction products are cis-
[Pd(Rf)(Pf)(AsPh3)2] (1ab) and [AuRf(AsPh3)] (3a), 

supporting that the aryl exchange between gold and palladium 

with retention of the starting cis geometry at Pd is faster than 
the process coursing with cis/trans isomerization. At that 

moment (1.5 h), the 3b/3a ratio has reached the statistical 

equilibrium distribution of aryl groups in the mixture. This 
ratio will not change in the subsequent time. Also, the 

concentration of 1ab has reached equilibrium with 1a, 

supporting again the thermodynamic similarity of Pf and Rf.  

Finally, a small amount of cis-[Pd(Pf)2(AsPh3)2] (1b), 
requiring two exchanges, has been formed. After this initial 

period, the concentrations of the cis isomers 1a and 1ab decay 

at the same pace (1ab virtually disappears), producing the 
thermodynamically preferred trans isomers 2a + 2ab, and a 

small amount of the double-substitution product 2b. 

 

 

Figure 2. Concentration-time plots for the 1:1 reaction of cis-

[Pd(C6Cl2F3)2(AsPh3)2] (1a) with [Au(C6F5)(AsPh3)] (3b) in 

CDCl3 at 323 K. Starting conditions: [1a]0 = 0.01 M; [3b]0 = 

0.01 M. 

 

The kinetic behavior of the aryl exchange reaction was fit to a 
model that starts with the substitution of one AsPh3 ligand in 

Pd by the incoming molecule of gold catalyst. This is followed 

either by the faster aryl exchange with retention of geometry 
at palladium, or by the slower one with isomerization (Figure 

3). The respective experimental ∆G323
‡ values obtained were 

25.1 and 26.6 kcalmol-1, which fit very well the overall 

experimental observations. 

 

 

Figure 3. Simplified kinetic pathways proposed for 

transmetalation with or without isomerization. (See 
supplementary information for details). Values for activation 

energies by mathematical fitting are in kcalmol-1. 
 

A DFT study41 for a more complete description of the 

multistep reaction pathways has to consider the following 

cases: i) Pf/Rf exchange pathways with geometrical retention, 
or with cis/trans isomerization; and ii) successive gold 

migrations to contiguous aryls, or direct gold migration 

between mutually trans aryls. Figure 4 shows the calculated 
profile leading to cis/trans isomerization, which consists of 

incorporation of the gold complex to the cis Pd-complex 

through TS1, followed by one single gold cis-migration to a 
contiguous aryl (I2), and by [AuArL] decoordination via L 

coordination to Pd through TS3 (black lines). This produces 

3a and a trans Pd complex (2ab) with one aryl exchanged.42 

 

Figure 4. Calculated pathway for the aryl exchange between 

1a and 3b to produce 2ab and 3a. This pathway changes the 

cis/trans geometry at the palladium complex. 

 

The pathway leading to retention of the initial cis 

configuration is shown in Figure 5 in blue lines: from 
intermediate I2 the AuL fragment can easily migrate to the 

adjacent fluoroaryl through TS4 leading to I3, from which 3a 
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is released upon AsPh3 recoordination yielding 1ab. Overall, 

the process requires two successive cis-migrations of AuL. 

 

Figure 5. Blue lines: Calculated pathway of aryl exchange 

with retention of the cis geometry, giving 1ab. Red lines: 
Calculated direct Au-trans-exchange (with geometrical 

retention) through species with AuL coordinated in apical 

position. 

 

Reiteration of the two profiles just discussed, now involving in 

the reaction the new Au and Pd complexes formed in the first 

run, can give rise to all the species observed in the 
experiments (Figure 2) and shown in Scheme 2. The first step 

of all the exchange processes for the reaction 1a + 3b (whether 

forward or backward) is the substitution of one AsPh3 by the 
incoming gold complex, producing intermediate I1; the last 

step is the release of the leaving gold complex upon arsine 

coordination, either from I2 via TS3 (Figure 4) or from I3 via 

TS5 (Figure 5). These steps are rate determining and the rest 
of changes occur with clearly lower activation energies within 

the range 21-22 kcalmol-1. The profile with retention of 

geometry is almost symmetrical (25.2 kcalmol-1 for TS1 and 

26.6 kcalmol-1 for TS5). However, TS3 is rate determining 

for the process with cis/trans exchange, whether in the 

forward or in the backward reaction. 

Our calculations predict a slower rate for the process with 

isomerization yielding 2ab + 3a (ΔGTS3 = 28.3 kcalmol-1), 
than for the one with geometry retention yielding 1ab + 3a 

(ΔGTS5 = 26.6 kcalmol-1). The reason is that in TS5 the gold 
complex 3a is leaving from a coordination position trans to 

C6F5
–, which has a high trans influence, while in TS3 it is 

leaving from a coordination position trans to AsPh3, which 

has a low trans influence. The profiles also predict that, 
although the formation of 1ab is faster, the concentration at 

equilibrium should be higher for 2ab than for 1ab according 

to the ΔGo values of the two profiles. These two predictions of 
calculations exactly match the experimental results in Figure 

3, where the initial higher rate of formation of 1ab (line of red 

asterisks) increases quickly its concentration; it then reaches a 
maximum, and after 1 hour this concentration starts to 

decrease in favor of 2ab (line of blue x signs), which after 4.5 

h equals and then overpasses the line of 1ab. All these 

experimental details support solidly the good approximation to 

the real system achieved with the calculations. 

The two profiles discussed so far require one or two 

successive AuL migrations to the contiguous aryl, which occur 
via relatively flat geometries (Au is not far from the Pd square 

plane). In our initial paper,1 inspired by the two X-ray Pt–Au 

structures known at that time we had proposed a pyramidal 
structure from which direct cis or trans exchanges could be 

achieved almost indistinctly (Scheme 1). This possibility was 

submitted to calculation and the results (Figure 6, red lines) 

show that a pyramidal intermediate IAP, with gold at the 

apical position, can exist at about 24.7 kcalmol-1 for Pd (that 

is at lower free energy distance than TS1 or TS5). IAP is 

accessible from I1 or I3 in a barrierless evolution (at least 
transition states have not been found). Therefore, our original 

mechanistic proposal for Pd (for tht as ancillary ligand) has 

activation energy only somewhat higher (2.8 kcalmol-1) than 
the "flat" mechanisms calculated here for AsPh3 as ancillary 

ligand. Whereas the pathway via IAP is, trusting the 

calculated energies, unlikely to have a significant contribution 
for the exact molecules studied here, the "pyramidal" 

contribution cannot be discarded for related systems (e.g. with 

other M, Ar, or L components), as discussed later.  

The DFT study provides many interesting details on the 

changes of the gold role when involved in one or another 

specific exchange step, namely: i) the initial or final L-for-

ArAuL exchange (either releasing L or releasing ArAuL 
coordinated to Pd), which occur via TS1, TS2, etc., and lead 

to the corresponding intermediates I1, I2, etc.; ii) the AuL 

exchanges between cis aryl groups, which involve the "flat" 
transition states TS2 and TS4; and iii) the direct AuL 

exchanges between trans aryl groups, which involve the 

"pyramidal" structure IAP. In order to discuss this, Table 1 
summarizes the relevant calculated bond distances along the 

profiles in Figures 4 and 5. The highlights in Table 1 are 

meant to remark the common structural features in the table, 

as follows: 1) the values in parenthesis indicate what are 
clearly non-interaction M/Ar distances; 2) the red values 

correspond to typical  bond M–Ar bond distances; 3) the 
blue distances, found in intermediates I1, I2, I3, where the 

aryl on gold is apparently involved in a very asymmetric 

Au/Pd bridge, which needs to be analyzed in detail; 4) the 

green values found in TS2 and TS4, correspond to more 
moderately asymmetric bridging aryls producing the Au/Pd 

exchange; 5) additionally the Pd-Au distances are shown 

throughout the reaction coordinate (first column). 

 

Table 1. Au–Pd and Cipso–Pd and Cipso-Au distances (Å) in the 

calculated structures of Figures 4 and 5. Sum of covalent radii: 

rPd+rAu =  2.75 Å; rPd+rC(sp2) =  2.12 Å; rAu+rC(sp2) =  2.09 Å 

(usually somewhat shorter for fluorinated aryls). 

 

At first glance, the Au-Pd distances are long (≥ 3.12 Å) in 

TS1, TS3, and TS5, where the nucleophilic attack by the gold 

atom is getting involved in an associative L substitution; this 
interaction will consolidate into shorter Au-Pd distances (2.88-

2.95 Å) in the intermediates I1-I3, when the L substitution has 

been completed. Similar or shorter distances (2.88-2.91 Å) are 

seen in intermediates TS2 and TS4. The shortest Au-Pd 
distance (2.70 Å, similar to the sum of covalent radii) is found 

in the pyramidal structure IAP. 

d (Å) Au-Pd Rf1-Pd Rf2-Pd Pf-Pd Rf1-Au Rf2-Au Pf-Au 

TS1 3.35 2.04 2.00 (3.89) (3.78) (5.18) 2.05 

TS3 3.12 (3.19) 2.06 2.11 2.06 (4.47) (3.16) 

TS5 3.28 2.04 (3.82) 2.00 (3.73) 2.05 (5.08) 

I1 2.93 2.03 2.01 2.63 (3.70) (4.80) 2.07 

I2 2.95 2.59 2.07 2.08 2.07 (3.47) (3.88) 

I3 2.88 2.03 2.71 2.00 (3.67) 2.07 (4.78) 

TS2 2.88 2.14 2.04 2.18 2.32 (4.53) 2.38 

TS4 2.91 2.15 2.16 2.05 2.29 2.45 (4.49) 

IAP 2.70 2.04 2.09 2.10 (3.66) (3.63) (3.31) 
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The initial and final steps of all the calculated pathways 
resemble a classical associative ligand substitution at square-

planar complexes in which the gold complex plays the role of 

the entering ligand at the beginning of the substitution and that 
of the leaving ligand at the end of the profile, while AsPh3 

plays the other role. In the three corresponding transition 

states, TS1, TS3, and TS5, the Au and Pd nuclei retain their 

own initial M–Ar bonds essentially unaltered (see Table 1). 
For instance, in TS1 (Figure 6 and Table 2) we find three short 

M–C(aryl) distances (in the range 2.00-2.05 Å), while the M-

Cipso distances to aryls other than their own are very long 
(3.78-5.18 Å).43 The long Au···Pd distance already supports 

an incipient interaction at 3.35 Å (the sum of covalent radii of 

Pd and Au is 2.75 Å).44 The As–Au–Cipso angle is 159.6°, 

suggesting incipient tri-coordination of gold.  

 

 

Figure 6. Optimized calculated structure of TS1, with 

hydrogen atoms omitted for clarity. 

 

The I1-I3 intermediates can be described as square-planar Pd 

complexes in which the Au–Cipso bond is occupying one 
coordination position of the palladium coordination plane, in 

such a way that their Cipso and Au atoms are, respectively, 

above and below the Pd coordination plane (Figure 7). The 
rest of M–Ar or M–As bonds are conventional single bonds 

and do not need to be discussed. For I1, the Pd–Au distance 

(2.93 Å) is only slightly longer than the expected covalent 
bond distance; the Au–Cipso(Pf) is also only slightly larger than 

for terminal Pf groups. Although the Pd–Cipso(Pf) distance is 

fairy long (2.63 Å), the Au-Pd-Rf angle (152.4°) suggests Cipso 

π implication in bonding to Pd.45 In fact the Cipso atom is closer 

to the calculated square plane of Pd than the Au atom. 

 

 

Figure 7. Optimized calculated structure of I1. Hydrogen 

atoms omitted for clarity. 

 

In keeping with the previous comments, QTAIM analysis46 
finds bonding critical points between gold and palladium, gold 

and carbon, and palladium and carbon, consistent with a three-

center two-electrons bond. In other words, the Au complex is 

acting as a ligand side-on coordinated to Pd, through -

donation from the Cipso–Au bond. 

The concerted migration of LAu to the adjacent Rf-Pd bond in 

intermediate I2 takes place via TS2 (Figure 8), which displays 
an almost flat geometry: the four atoms involved in the 

concerted bond rearrangement are close to coplanar. The Au–

Pd distance is in the order of a covalent bond, and the bridging 
Cipso–M distances to Pd (2.14 and 2.18 Å) are somewhat 

shorter than to gold (2.32 and 2.38 Å). Also the Pd–Cipso bonds 

are close to the plane of their corresponding aryls (164.7° and 
167.7°), whereas the opposite happens to the Au–Cipso bonds 

(117.3° and 116.9°), which are much smaller. 

 

Figure 8. Optimized calculated structure of TS2 (apical view). 

 

Since the planes of the Rf and Pf groups in TS2 make an angle 

much closer to 180° to the terminal Cipso–Pd bonds than the 

Cipso–Au bonds, the geometry of TS2 invites to describe the 
structure as the result of chelating coordination of the two 

bridging Cipso atoms of the [{(Rf)(AsPh3)}Pd(Pf)(Rf)]– anion 

to a [Au(AsPh3)]+ cation. Of course this model is assuming the 
net transfer of electron density from the gold moiety to the Pd 

fragment, which will be partially returned upon coordination 

of the Cipso atoms to the (Ph3As)Au+ acidic center. The 
analysis of TS2 (and the similar TS4) is most interesting In 

spite of the short distance between the two metals (2.88 and 

2.91 Å, respectively), QTAIM analyses does not detect any 

direct Pd-Au orbital interaction. Consistent with these results, 
the Mayer bond indexes47 for Au–Pd are very small (0.0989 

for TS2). All the orbital interactions are diverted to the 

bridges, as recently reported for Ru–H–Zn–C systems.48 

Finally, for the "pyramidal" pathway, the structure of the IAP 

intermediate can be conceived as an anionic 

[Pd(Pf)(Rf)2(AsPh3)]– fragment making a dative Pd→Au bond 
to the [Au(AsPh3)]+ cation (Figure 9). Anionic Pt (and more 

occasionally Pd) complexes are well known to act as bases 

towards acidic centers (e.g. AgI, SnII, PbII, HgII,or TlI), forming 
dative bonds.49 In fact, QTAIM analysis finds in IAP a critical 

point between PdII and AuI (Mayer bond index 0.4222) 

supporting this proposal. In the evolution for Au to give rise to 
formation of PfAu(AsPh3) or RfAu(AsPh3) after exchange, the 
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Au atom should receive electron density from the Cipso atoms 
to make one Au-Ar-Pd single bridge as one of those in  TS2 

(Figure 8). Although we have failed to find the putative 

transition state for this evolution, possibly energetically flat, 
this exchange must necessarily involve polarization of electron 

density from Pd to the specific Cipso atom that is getting 

involved in the exchange, at the expense of the Pd→Au bond.  

 

Figure 9. Optimized calculated structure of IAP, with 

hydrogen atoms omitted for clarity. 

 

Note that TS2 and TS4 produce exchanges between cis Ar 
groups, affording a trans exchange only by successive 

application of two cis exchanges. In contrast, IAP can produce 

cis or trans exchanges directly (except for some small 

activation energy difference) in just one step. 

 

As mentioned above, the results of the calculations disfavor 
the IAP arrangement for the specific Pd case studied here, 

although it lays only 3.6 or 2.8 kcalmol-1 higher than TS2 or 

TS4 (Figure 5), respectively. This difference should be easily 
accessible within the range of energy variations upon change 

of the metal, the Ar groups being exchanged, the ancillary 

ligands, or even the solvating solvent. In fact, this kind of 
trans-to-trans "pole-vaulting" has been proposed recently, with 

the name "metronome like" mechanism, for the switching of 

an AuL group between the two Cipso atoms of the aryls in the 

pincer complex [Pt(CNC)(AuL)(L)](ClO4) (L = PPh3; CNC = 

2,6‐diphenylpyridinate). Different to our case, in that complex 

the switching is confined in itself and cannot progress further 

to release AuArL.11 

In order to check with a more direct source of information the 

viability of the catalytic isomerization via IAP in other 
circumstances, the effect of changing Pd for Pt on the 

molecules of the pathways in Figures 4 and 5 was calculated, 

taking as zero the energy of I2 (Figure 10). We were pleased 
to see that, as hypothesized, this change provokes a switch of 

the preferred isomerization pathway: Pt prefers the pyramidal 

transition by 5.9 kcalmol-1, whereas Pd prefers the flat 

transition by only 2.8 kcalmol-1. This supports that the 

pyramidal preference proposed initially from the Pt the X-ray 

structures taken as model in 1998, is correct for Pt, and may 
be misleading for Pd but only by little energy difference. 

Overall, the study confirms that in other related chemical 

systems either TS2-TS4 or IAP could be preferred. 

 

 

Figure 10. ωB97X-D/def2TZVP(SMD,CHCl3) calculated free 
energy differences between the transition states TS4 and IAP 

(Figure 6) for Pd (blue) and Pt (green), taking as zero 

reference I2 for each metal. 

 

Conclusions. The cis/trans isomerization of diaryl-Pd 

complexes [Pd(Ar)(Ar')L2] by aryl-gold [AuArL] complexes 

can occur with or without isomerization. The reactions are 
initiated by substitution of one ancillary L in Pd for the Au–

Cipso bond of the entering [AuArL] molecule, giving 

eventually an intermediate with asymmetric Pd-Au and Pd-
Cipso interaction. From that point, successive aryl exchanges 

can move the AuL fragment to other aryl in cis, via 

asymmetric double aryl bridged transition states. The 

transmetalation barriers are modest (< 12 kcalmol-1 from the 

corresponding intermediates). Along this "flat" trip, the gold 

atom remains close to the Pd coordination plane. This is the 
pathway computationally favored for Ar = Pf, Rf and L = 

AsPh3. 

In a different pathway starting from the same initial 
intermediates, the gold center transfers its aryl to Pd, and AuL 

takes the apical position of a square pyramid, remaining 

connected to Pd by a Pd→Au bond. From its apical position 

the gold atom can pivot around the Pd→Au bond and directly 

extract any of the three aryls as [AuAr(AsPh3)], at the expense 

of the Pd→Au bond, in order to complete the exchange. This 
pathway coincides with our original proposal,1 but is about 3 

kcalmol-1 higher in energy for the exact Pd case studied. 
However it cannot be excluded to be preferred for similar 

systems with different Ar, L, or M. As a matter of fact, with 

the same groups and ligand used for Pd, the apical pathway is 

largely preferred for Pt. That this route is the one most 
favorable when Pd is replaced for Pt in the same complexes, is 

perhaps to be expected from the participation of the two 

metals (Au and Pt) with the highest tendency to produce M-M' 

interactions. 

The different features of the Au-Pd interactions along the 

reaction are a fascinating exhibition of the flexibility of 
electron density of the metal centers. Au-Pd distances ≥ 3.12 

Å, corresponding to weak metallophilic interactions, are found 

in the transition states for AsPh3 associative substitution TS1, 

TS3 and TS5. The intermediates I1, I2, and I3 derived 
therefrom show much shorter distances (2.88-2.95 Å) 

corresponding to the formation of Au–Cipso–Pd electron 

deficient bridges. In TS2 or TS4 the formation of asymmetric 
Au–Cipso–Pd bridges compensating the electron deficiency of 

the Au(AsPh3)+ fragment is responsible for the geometry and 

conducts all the orbital interactions through the bridges. In 
spite of the short Au-Pd distance no QTAIM critical point 

connecting the two metals is found. Finally, IAP displays a 

clear Pd→Au covalent bond with the shortest bond distance 
(2.70 Å), possibly due to the existence of several additional 

bridging interactions with three Cipso and one As atom in the 

coordination plane of Pd. 
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The Supporting Information is available free of charge on the 

ACS Publications website and includes all the experimental 

and calculation details. 
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