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Chapter 8 
 

Survival of the weakest: Catalyst selection based 
on intermediate stability measured by mass 

spectrometry† 
 

 
Abstract: A new catalyst selection approach is reported for palladium-catalyzed 

allylic substitution reactions. The stability of palladium allyl complexes, which are the 
key intermediates, is determined using ESI-MS spectrometry. This stability of the 
catalytic intermediate shows an inverse relation with the reactivity of the 
corresponding complex in allylic substitution; “the survival of the weakest”. 
Therefore, this technique enables screening of ligand libraries from which the most 
active catalyst is selected. 

 
† Part of this chapter has been published: Wassenaar, J.; Jansen, E.; van Zeist, W. –J.; 
Bickelhaupt, F. M.; Siegler, M. A.; Spek, A. L.; Reek, J. N. H. Nature Chem. 2010, 2, 
417-421. 
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8.1 Introduction 
The power of natural selection through “survival of the fittest” is nature’s ultimate 

tool for the improvement and advancement of species. Applying this concept in 
catalyst development is attractive and may lead to more rapid discovery of new 
catalysts for the synthesis of relevant targets such as pharmaceuticals. Recent advances 
in ligand synthesis using combinatorial methods allow the generation of a great 
diversity of catalysts. However, selection methods are few in number. We introduce a 
new selection method, which focuses on the stability of catalytic intermediates, 
measured by mass spectrometry. The stability of the intermediate relates inversely to 
the reactivity of the catalyst, which forms the basis of a catalyst screening protocol in 
which the least abundant species represents the most active catalyst; “the survival of 
the weakest”. We demonstrate this concept in the palladium catalyzed allylic 
alkylation reaction using diphosphine and IndolPhos ligands and support our results 
with high-level DFT calculations. 

Enzymes, nature’s most successful class of catalysts, exhibit rates and selectivities 
in catalytic transformations seldom or never rivaled by man-made catalysts. Apart 
from differences in size and mechanism of action, the way enzymes are developed 
differs significantly from synthetic catalysts. Whereas chemists aim at a rational 
catalyst and ligand design (if possible), nature evolves its enzymes fully by the 
generation of diversity (e.g. through mutation) followed by selection. The challenge of 
transferring these evolutionary principles to artificial systems is pursued by many 
chemists nowadays.1 

With the introduction of combinatorial methods in ligand synthesis, the generation 
of diversity is achieved through the availability of large ligand libraries.2 The 
screening and evaluation of the ligands for activity or selectivity still remains an 
elaborate process as all library members have to be evaluated individually. High 
throughput analytical techniques are important as they speed up the evaluation 
process, but a tool that allows the selection of the best catalyst from a mixture is 
desirable as individual evaluation of catalysts is then not necessary.3 Selection of the 
fastest catalyst for a certain reaction can be achieved by using a transition state 
analogue that represents the transition state of the rate determining step; the library 
member that stabilizes the transition state to the largest extend should give the fastest 
reaction.4 Catalytic antibodies rely on this concept and recently Otto and co-workers 
reported selection of a Diels-Alder catalyst from a dynamic combinatorial library of 
macrocyclic ligands.5 Transition state analogues have been used by Severin et al. to 
create molecular imprinted catalysts for Ru-catalyzed hydrogenation.6 A different 
approach to catalyst selection can be envisaged by looking at catalytic intermediates. 
Pfaltz and co-workers used this concept and introduced several selection techniques 
for enantioselective catalysts based on electrospray ionization mass spectrometry (ESI-
MS) using mass-labeled pseudo-enantiomers.7 Very recently, Matyjaszewski et al. 
demonstrated that ESI-MS can be used to select the best catalyst for atom transfer 
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radical polymerizations.8 Elegant work reported by Chen et al.9 and others10 have 
shown that ESI-MS is very suitable to study the stability of organometallic complexes 
and metal-ligand equilibria. We report here a novel selection tool that selects the most 
active catalyst from a catalyst library in dynamic equilibrium in the Pd-catalyzed 
allylic substitution by quantification of the least stable Pd-allyl intermediate with ESI-
MS. 

8.2 Proof of principle 
The reaction rate of a chemical reaction, determined by the activation energy (Ea), 

can essentially be increased by decreasing the activation barrier in two ways. Either 
the transition state (hereafter, TS) is stabilized with respect to the intermediate, or the 
reactant/intermediate is destabilized with respect to the TS and therefore raised in 
energy. Both effects lead to a decrease of Ea and consequently a higher reaction rate 
(Hammond’s Postulate). Marcus theory describes the reaction pathway as the result of 
two intersecting parabola.11 The transition state lies on the intersection of these 
parabola, and is affected to a lesser extent when the reactant (intermediate) is raised or 
lowered in energy, especially if the reaction proceeds via a late transition state. In this 
case we can assume that the energy of the transition state is approximately constant 
and thus the relative stability of the intermediate will determine Ea. 

In the Pd-catalyzed allylic alkylation it is known that the rate-determining step is 
the attack of the nucleophile on the π-allyl-palladium intermediate and proceeds 
through a late transition state (Figure 9.1a).12 Lloyd-Jones and co-workers recently 
showed that the formation of tight ion-pairs in the π-allyl-palladium intermediate can 
lead to counterintuitive kinetics.12b The rate-determining step remains the nucleophilic 
attack onto the allyl intermediate, however, the steady-state concentration of active 
intermediate is affected by the degree of tight ion-pairing. Furthermore, this effect can 
be bypassed using electronically similar ligands. Following our hypothesis outlined 
above, the stability of the intermediate Pd-allyl will determine Ea. Measurement of the 
relative stability of these intermediates would therefore serve as a tool to determine the 
relative activity of catalysts. By using the concepts of dynamic combinatorial 
chemistry,13 in the presence of a mixture of ligands the least stable intermediate Pd-
complex should lead to the most active catalyst. This is the fundamental basis of the 
catalyst-selection procedure “survival of the weakest”, where the weakest complex 
formed in a mixture survives the selection procedure as it is identified as the most 
active catalyst. 

For the selection experiments, a library of homologous diphosphine ligands was 
used (Figure 9.1b). We specifically wanted to investigate the effect of the bite-angle 
and steric properties of the aryl groups, to which end we decided to use dppe, dppp, 
dppb, and their corresponding o-tolylphosphine analogues, resulting in complexes 1a-c 
and 2a-c, respectively. Surprisingly, the bidentate o-tolylphosphine complexes 2a-c 
have not been reported earlier. The crystal structure of 2b is found to be similar to the 
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Figure 8.1 Catalyst selection methodology applied to the Pd-catalyzed allylic substitution 
reaction using a diphosphine ligands 1a-c and 2a-c. (a) Simplified potential energy diagram of 
the Pd-catalyzed allylic alkylation. The rate-determining step consists of the nucleophilic attack 
onto the Pd-allyl complex. Raising the intermediate in energy leads to a smaller activation 
energy (Ea) and thus a higher reaction rate. (b) Displacement ellipsoid plot (given at 50% 
probability) of the cation of 2 (top). Pd-crotyl complexes 1a-c and 2a-c bearing diphosphine 
ligands which are used in selection experiments (below). (c) ESI-MS spectra of a dynamic 
library of Pd-allyl intermediates for ligands 1a-c (left) and 2a-c (right) series. In both series the 
ligands with the largest bite-angle are least abundant and should therefore lead to the most 
active catalyst. 
 
corresponding diphenylphosphine derivative, with the methyl groups pointing as far 
away as possible from each other.14 

In a typical selection experiment, one equivalent of 1a was mixed in 
dichloromethane with equimolar amounts of the other free ligands, i.e. dppp and dppb, 
to generate a dynamic library of intermediates. Ligand exchange was shown to be fast 
by 31P-NMR spectroscopy and after one hour the mixture was analyzed by ESI-MS 
(Figure 9.1c). As there is only one equivalent of metal ion present, the ligand that 
forms the most stable Pd-allyl complex will compete most effectively for coordination 
and the corresponding complex will be most abundant in the mixture. Therefore, the 
abundance of the complexes in the ESI-MS spectrum is a direct reflection of the 
stability of the corresponding species. In order to exclude trapping of kinetic mixtures, 
we performed the experiments also starting from the dppp and dppb Pd-allyl 

a b 

c 
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complexes, which resulted in identical spectra. Furthermore, to be sure the intensities 
can be correlated to concentrations of the observed species, we made calibration 
curves of the spraying efficiencies by injecting mixtures of preformed diphosphine Pd-
allyl complexes at different ratios. 

The ESI-MS spectra display signals corresponding to all three Pd-allyl complexes 
in case of both phenyl and o-tolyl substituents on phosphorus (Figure 8.1c). The 
complexes with the ethyl backbone are most abundant followed by the propyl and 
butyl backbone. This trend suggests that dppb should give the fastest allylic alkylation 
catalyst and that the rate of the reaction increases with increasing bite-angle in the 
investigated series of ligands. 

In order to verify the validity of the method, we evaluated the Pd-allyl complexes 
in the allylic alkylation of crotyl acetate with sodium diethylmethylmalonate (see 
Table 8.1). The selectivity follows the expected trends observed previously.14 A larger 
bite-angle results in a higher selectivity for the E-isomer of the linear product, whereas 
more steric bulk on the phosphine increases the linearity. The trend observed for the 
reaction rate is that it increases with a larger bite-angle of the ligand applied. When the 
activity of the catalysts is compared to the selection experiments, the fastest catalysts 
are least abundant in the ESI-MS spectra and the slowest ones are most abundant. In 
addition, the selection experiments correctly predict that the ligands with the propane 
backbone are more similar in rate to ethane for Ar = Ph, and more in between ethane 
and butane for Ar = oTol. 

The relative intensities obtained from the selection experiments can be translated 
into relative energies ΔGMS = –RT ln(IA/IB), and the turnover frequencies (k) to relative 
activation energies ΔEa =  = –RT ln(kA/kB), assuming that frequency factors AA and AB 
in the Arrhenius equation for kA and kB are approximately equal, i.e. ln(AA/AB) ≈ 0 (see 
Table 8.2).15  

 
Table 8.1 Allylic alkylation of crotyl acetate with sodium diethylmethylmalonate catalyzed by 
Pd-allyl complexes 1a-c and 2a-c. 

 
OAc 0.05 mol% [Pd]

NaCMe(CO2Et)2, THF, rt
CMe(CO2Et)2 +

CMe(CO2Et)2E/Z  
Entry Catalyst TOFa l/bb E/Zc 

1 [Pd(crotyl)(dppe)]OTf (1a) 2.0 80/20 86/14 
2 [Pd(crotyl)(dppp)]OTf (1b) 2.9 83/17 92/8 
3 [Pd(crotyl)(dppb)]OTf (1c) 8.9 82/18 96/4 
4 [Pd(crotyl)(dtpe)]OTf (2a) 0.7 91/9 71/29 
5 [Pd(crotyl)(dtpp)]OTf (2b) 1.5 96/4 67/33 
6 [Pd(crotyl)(dtpb)]OTf (2c) 3.8 98/2 87/13 

a Turnover frequency, determined at 20% conversion, in 103 mol mol-1 h-1. b Linear over 
branched ratio. c E over Z ratio of the linear product. 
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Table 8.2 Relative energies from ESI-MS selection experiments and DFT calculations, and 
activation energies from catalytic experiments.a 

Entry Pd-allyl complex ΔGMS ΔEDFT ΔEa 

1 [Pd(crotyl)(dppe)]OTf (1a) 0.0 0.0 b 0.0 
2 [Pd(crotyl)(dppp)]OTf (1b) 0.4 0.4 b –0.3 
3 [Pd(crotyl)(dppb)]OTf (1c) 2.8 3.9 b –0.9 
4 [Pd(crotyl)(dtpe)]OTf (2a) 0.0 - 0.0 
5 [Pd(crotyl)(dtpp)]OTf (2b) 0.6 - –0.5 
6 [Pd(crotyl)(dtpb)]OTf (2c) 2.9 - –1.0 

a
 All energies are in kcal/mol.  b Computed in the absence of OTf– counterion at ZORA-BLYP/TZ2P. 
 
The experimental relative energies were compared with theoretical values, ΔEDFT, 

computed with the ADF program for the cationic dppe, dppp, and dppb Pd-crotyl 
complexes (i.e., without OTf–), using relativistic density functional theory (DFT) at the 
ZORA-BLYP/TZ2P level of theory (see Tables 8.2 and 8.3).16 Vibrational analyses 
verify that all stationary points are equilibrium structures. 

The calculated relative energies of the Pd-crotyl intermediates (0.0, 0.4 and 3.9 
kcal/mol along the dppe, dppp and dppb complexes) correspond well, within the 1 
kcal/mol range, with the energies from the ESI-MS selection experiments (0.0, 0.4 and 
2.8 kcal/mol, respectively). Table 8.2 shows that indeed raising the intermediate 
energy results in a decrease of Ea. However, the degree to which Ea is affected by 
varying the diphosphine ligand is much smaller than the effect on the intermediate 
stability, which can be understood in terms of Marcus theory (vide supra). Thus, the 
effects that destabilize the intermediate are less pronounced in the transition state, 
which is why Ea decreases. However, they may still destabilize the TS to some extent. 
This would explain why the destabilization of the intermediate is larger than the 
reduction of Ea. 

To uncover what causes the trend in stability along dppe, dppp and dppb 
complexes, we have computationally analyzed the overall complexes in terms of two 
consecutive complexation reactions, as indicated in Table 8.3. These reaction energies 
∆E are furthermore decomposed into the strain energy ∆Estrain associated with 
deforming the reactants from their individual equilibrium geometry to the structure 
they adopt in the product of the reaction, plus the interaction energy ∆Eint between 
these deformed reactants (Eq. 1):16b  

 
∆E  =   ∆Estrain +  ∆Eint  (1) 
 
The computed reaction energies, bite angles and energy decomposition are shown 

in Table 8.3. The main observation is that the overall stability ∆E of [Pd(crotyl)-
(ligand)]+ with respect to the palladium(II) cation, the crotyl anion and the ligand 
fragment shows the aforementioned monotonous trend: it decreases steadily from dppe 
(n = 2) to dppp (n = 3) to dppb (n = 4). Note however that the changes along this line  
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Table 8.3 Bonding analysis of [Pd(ligand)(crotyl)]+ resulting from the break-down of formation 
of diphenylphosphinoalkane-palladium–crotyl complexes in two steps (R = Ph, n = 2, 3, 4).a 

 
   ∆E1

 c,d ∆E2
 d strain 2 e 

ligand bite 
angleb ∆E total int strain total int straine [Pd(ligand)]2+ (crotyl) 

dppe 87.5 -699.5 -446.1 -470.3 24.2 -253.4 -271.1 17.7 10.4 7.3 
dppp 99.3 -699.1 -451.2 -475.4 24.2 -247.9 -267.9 20.0 13.2 6.8 
dppb 103.4 -695.6 -449.5 -474.6 25.2 -246.1 -268.0 21.9 15.1 6.8 

a Computed at ZORA-BLYP/TZ2P: ∆E = ∆E1 + ∆E2. b P–Pd–P angle in [Pd(ligand)(crotyl)]+. c ∆E1 is 
computed relative to PdII in its closed-shell valence d8s0 state. d See Eq. 1. e ∆E2,strain = ∆E2,strain[Pd(ligand)]2+ 
+ ∆E2,strain(crotyl). 
 
are not uniform: from dppe (n = 2) to dppp (n = 3) the step is very small and the two 
complexes do not differ much in stability (only 0.4 kcal/mol). But from dppp (n = 3) to 
dppb (n = 4) the decrease in stability is more pronounced, about 3 kcal/mol. 

This appears to be the result of counteracting trends in reaction energy 1 (∆E1) and 
reaction energy 2 (∆E2). The complexation of PdII in its valence d8s0 state with the 
diphosphine ligand (∆E1) becomes more stabilizing from n = 2 to n = 3 and 4 (the 
latter two being close in stability), whereas the complexation of [Pd(ligand)]2+ with 
(crotyl)– (∆E2) becomes less stabilizing along n = 2, 3 and 4. Analyses show that the 
strengthening in ∆E1 from n = 2 to n = 3 and 4, is due to the fact that the ligands with 
longer bridges between phosphine ligands (n = 2, 3) are better suited to take the 
optimal orientation for coordination to palladium because of sufficient flexibility. This 
may also be conceived as a decrease of the internal strain in the resulting 
[Pd(ligand)]2+ complex. 

On the other hand, the weakening in ∆E2 along n = 2, 3 and 4, is due to the fact that 
in the case of a shorter bridge, the terminal phosphines are drawn away from the 
coordination site of the incoming crotyl anion. Consequently, there is less steric 
(Pauli) repulsion and also less deformation of the [Pd(ligand)]2+ moiety upon 
complexation with the crotyl anion. If the bridge gets longer, the phosphine groups 
move somewhat more towards the allyl coordination site (see increasing bite angle in 
Table 8.3), which causes an increase in the steric (Pauli) repulsion with an incoming 
crotyl anion as well as the geometrical deformation and strain of the [Pd(ligand)]2+ 
fragment that is caused by this repulsion. 

Thus, the calculations show that the stability of the Pd-crotyl complexes are 
determined by the bite-angle in two ways. Firstly, a longer bridge in the diphosphine 
ligand introduces more flexibility to obtain a more favorable coordination geometry 
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and a higher stability for the two larger ligands, dppp and dppb (∆E1). Secondly, a 
larger bite-angle imposes more steric crowding on the crotyl fragment. For the ligands 
investigated, the second effect dominates and therefore large bite-angle diphosphine 
Pd-crotyl complexes lie higher in energy. The same trend is also obtained for the 
corresponding Pd-allyl (i.e., Pd-[CH2CHCH2]–) complexes. 

8.3 Application to IndolPhos-Pd catalysts 
After the proof-of-principle of the “survival of the weakest” demonstrated above, 

we decided to apply the methodology in the IndolPhos-Pd-catalyzed asymmetric 
allylic alkylation of rac-diphenylpropenyl acetate (Figure 8.2a, see also chapter 7).17 
In this case, equimolar amounts of five sterically and electronically diverse IndolPhos 
ligands 3a-e were simultaneously subjected to equilibration for three days with one 
equivalent of palladium-diphenylallyl precursor, [Pd(η3-1,3-diphenylallyl) 
(MeCN)2]PF6. The relative abundances of the corresponding palladium-allyl 
complexes were determined by ESI-MS and corrected for their spraying efficiencies. 
Turnover frequencies were determined by monitoring the reaction progress with GC 
and are also depicted in Figure 8.2b. 
 

 
Figure 8.2 “Survival of the weakest” methodology applied in the IndolPhos-Pd catalyzed allylic 
alkylation of rac-diphenylpropenyl acetate. (a) Reaction scheme including the structure of 
IndolPhos ligands 3a-e. (b) Diagram of relative abundance of Pd-allyl complexes in MS 
selection experiments (dark grey) and relative turnover frequencies (light grey) of IndolPhos 
ligands 3a-e. An inverse correlation is obtained between these parameters confirming the 
prediction based on the theoretical model. 

 

a 

b 



Survival of the weakest: Catalyst selection based on intermediate stability measured by mass spectrometry 

133 

In the selection experiment, all Pd-allyl complexes under investigation were 
detected and their relative stability could be determined. It appears that, with the 
exception of ligand 3b, the arylphosphines (R = Ph, oTol) give the least stable 
complexes, which can be rationalized in terms of electronic effects as the PdII 
oxidation state is stabilized by more electron-rich ligands. Importantly, also for this 
series of ligands the relative stability determined by MS correlates inversely with the 
turnover frequencies of the corresponding complexes, even though not as 
quantitatively as was the case for the previous series where only the bite-angle was 
changed. As the IndolPhos library is more diverse in terms of steric and electronic 
properties, the position of transition state may move from late to early within the series 
(vide supra), thus leading to a less quantitative correlation. However, the method is 
capable of qualitatively predicting the most active catalyst and the order of activity 
within the IndolPhos ligand library. In case of larger ligand libraries, the more active 
species may not be visible in the first screening. However, screening rounds in which 
the stable complexes are eliminated should lead to discovery of the fastest catalyst. 

8.4 Conclusions 
In conclusion, we introduced a new technique to select the most active catalyst 

from a dynamic mixture of palladium complexes for allylic alkylations, which was 
demonstrated using three different ligand libraries. According to our hypothesis, the 
least stable intermediate gives the most active catalyst, hence the “survival of the 
weakest”.  High level DFT calculations show that destabilization of the intermediate 
Pd-allyl complexes is caused by steric repulsion between the ligand and the substrate 
for the diphosphine ligands, overruling the counterbalancing electronic effect. 
Importantly, no specialized equipment is necessary for this selection methodology. A 
LCMS containing an ESI probe and a direct injection valve is all that is required. After 
this proof-of-concept we aim to expand this methodology now to larger ligand 
libraries and other reactions involving charged intermediates, which precede the rate-
limiting step. 

8.5 Experimental section 
General procedures. All experiments were performed under a dry, inert atmosphere of 

argon using standard Schlenk techniques, unless stated otherwise. Solvents were dried and 
distilled under nitrogen prior to use. Diethylether was distilled from sodium/benzophenone and 
hexanes from sodium/benzophenone/triethylene glycol dimethyl ether. Dichloromethane and 
Acetonitrile were distilled from CaH2. NMR spectra were recorded on a Varian Mercury 300, a 
Bruker ARX 400 or a Varian Inova 500 spectrophotometer. 31P and 13C spectra were measured 
1H decoupled. CDCl3 was used as a solvent, unless stated otherwise. Shifts are given relative to 
TMS (1H, 13C) and 85% H3PO4 (31P). High Resolution Mass Spectra were recorded at the 
Department of Mass Spectrometry at the University of Amsterdam using FAB+ ionization on a 
JEOL JMS SX/SX102A four sector mass spectrometer with 3-nitrobenzyl alcohol as the matrix. 
GC measurements were performed on a Shimadzu GC-17A apparatus (split/splitless, equipped 
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with a FID detector and a DB-1(J&W) column (length 30 m, internal diameter 0.32 mm, film 
thickness 3 µm, carrier gas 70 kPa He, initial temperature = 100 °C, ΔT = 10 °C/min). 
Chemicals have been purchased from commercial suppliers and, if not stated otherwise, used 
without further purification. Bis(di-o-tolylphosphinoethane),18 bis(di-o-tolyl-
phosphinopropane),19 bis(di-o-tolyl-phosphinobutane),19 [Pd(dppe)(crotyl)]OTf,14a 
[Pd(dppp)(crotyl)]OTf,14a [Pd(dppb)(crotyl)]OTf,14a IndolPhos ligands 3a-e,20 and [Pd(η3-
diphenylallyl)Cl]2,21 were synthesized according to published procedures. ESI-MS experiments 
were performed on a Shimadzu LCMS-2010 A, using an ESI probe and a standard AS column 
(CDL temperature = 250 °C, block temperature = 200 °C, flow = 0.2 ml/min) 

Synthesis of bis(o-tolylphosphino)-containing Pd-allyl complexes (2a-c). The Pd-
complexes were prepared in DCM from [Pd(crotyl)Cl]2 by adding 2 equivalents of the 
appropriate diphosphine ligand and abstracting the chloride atom with 2 eq. AgOTf. Filtration 
over celite and evaporation in vacuo resulted in isolation of the complexes in quantative yields 
and as white/yellow crystalline powders. [Pd(crotyl)(dtpe)]OTf (dtpe = bis[di-o-
tolylphosphinoethane]) (2a). 1H-NMR (CD2Cl2, 499.7 MHz): δ = 7.51-7.15 (m, 16H, HAr), 
5.51 (m, 1H, Hc-allyl), 4.29 (m, 1H, Ha-allyl), 4.05 (m, 1H, Hd-allyl), 3.07 (t, J = 11 Hz, 1H, Hb-
allyl), 2.99-2.63 (m, 4H, CH2-bridge), 2.49 (s, 3H, CH3), 2.35 (s, 3H, CH3), 2.24 (s, 6H, CH3), 
1.28 (m, 3H, CH3) ppm. 31P-NMR (CD2Cl2, 202.3 MHz): δ = minor: 45.7 (d, J = 32 Hz), 41.9 
(d, J = 32 Hz), major: 44.7 (d, J = 25 Hz), 40.4 (d, J = 27 Hz) ppm. 13C-NMR (CD2Cl2, 125.6 
MHz): δ = 141.5, 141.4, 141.2, 141.1, 136.5, 134.8, 134.7, 134.6, 133.3, 133.1, 132.7, 132.6, 
132.5, 132.4, 132.2, 132.1, 131.9, 130.8, 128.9, 128.6, 128.4, 128.1, 127.2, 127.1, 127.0, 126.9, 
126.2, 125.9, 125.1, 124.8, 122.6, 121.9, 120.0, 92.5, 92.2, 87.5, 68.5, 67.2, 67.0, 65.9, 61.7, 
44.7, 28.0, 27.9, 27.8, 27.7, 27.4, 27.3, 27.2, 27.1, 22.8, 22.6, 22.1, 16.7, 15.3, 13.9 ppm. HRMS 
(FAB) for C34H39P2Pd- calculated: 615.1575 observed: 615.1577. [Pd(crotyl)(dtpp)]OTf (dtpp 
= bis[di-o-tolyl-phosphinopropane]) (2b). 1H-NMR (CD2Cl2, 499.7 MHz): δ = 7.49-7.01 (m, 
16H, HAr), 5.38 (m, 1H, Hc-allyl), 4.39 (m, 1H, Ha-allyl), 4.02 (b, 1H, Hd-allyl), 3.36 (m, 1H, 
Hb-allyl), 2.75 (m, 6H, CH3), 2.63 (s, 3H, CH3), 2.42 (s, 3H, CH3), 2.36 (s, 3H, CH3) 2.27 (s, 
3H, CH3), 1.27 (m, 2H, CH2-bridge), 1.04 (dd, J = 10.5 Hz, J = 6.5 Hz, 3H, CH3), 0.8 (m, 2H, 
CH2-bridge) ppm. 13C-NMR (CD2Cl2, 125.6 MHz): δ = 141.1, 132.6, 132.6, 132.49, 132.46, 
132.38, 132.32, 131.8, 131.7, 127.0, 126.9, 126.73, 126.67, 122.6, 121.3, 96.6, 96.5, 96.37, 
96.35, 96.08, 96.04, 96.00, 95.78, 95.76, 95.74, 95.71, 95.63, 95.57, 95.4, 95.0, 65.9, 29.9, 25.3, 
25.1, 24.8, 24.6, 22.8, 22.3, 22.2, 19.4, 15.9, 15.3 ppm. 31P-NMR (CD2Cl2, 202.3 MHz, +50°C): 
δ = 7.03 (bd), -3.64 (bd) ppm. HRMS (FAB) for C35H41P2Pd- calculated: 629.1732 observed: 
629.1727. [Pd(crotyl)(dtpb)]OTf (dtpb = bis[di-o-tolyl-phosphinobutane]) (2c). 1H-NMR 
(CD2Cl2, 400 MHz): δ = 7.51-6.86 (m, 16H, HAr), 5.46 (m, 1H, Hc-allyl), 3.62 (m, 1H, Hd-allyl), 
3.05 (b, 1H, Hb-allyl), 2.74 (b, 3H, CH3), 2.56 (b, 6H, CH3), 2.38 (m, 3H, CH3), 2.08-1.57 (b, 
4H, CH2-bridge), 1.34 (b, 4H, CH2-bridge), 0.61 (m, 3H, CH3) ppm. The signal of the Ha-allyl is 
not visible. 13C-NMR (CD2Cl2, 100.6 MHz): δ = 14.4, 15.8, 21.3, 22.8, 30.3, 37.5, 43.3, 58.2, 
98.9, 97.5, 96.5, 118.9, 121.6, 123.7, 131.1, 131.3 ppm. 31P-NMR (CD2Cl2, 161.9MHz, -50°C): 
δ = 25.9 (b) ppm. HRMS (FAB) for C36H43P2Pd- calculated: 643.1889 observed: 643.1874 

General procedure for ESI-MS selection experiments using diphosphine ligands. One 
equivalent of preformed [Pd(crotyl)(diphosphine)]OTf (0.020 mmol) in CH2Cl2 (1 mL) was 
added to a library with equimolar amounts of diphosphine ligands (0.020 mmol) in CH2Cl2 (2 
mL). The solution was stirred for one hour and the equilibrium mixture was injected after 
dilution with CH2Cl2. Peak heights are determined by taking an average over the four most 
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intense isotope signals. The ESI-MS signal was calibrated by injecting mixtures of preformed 
[Pd(allyl)(diphosphine)]OTf complexes in CH2Cl2 at different ratios. The intensities of peaks of 
the Pd-complexes in the mass spectrum are proportional to the amount of Pd+-complex present 
in the mixture. 

General procedure for ESI-MS selection experiments using IndolPhos ligands. A 
solution of equimolar amounts of ligands 3a-e (1.77 µmol) and one equivalent of [Pd(1,3-
diphenylallyl)(MeCN)2]PF6 (1.90 mg, 1.77 µmol) in MeCN (1.77 mL) were stirred for three 
days at room temperature. After dilution with MeCN, the mixture was injected into the ESI 
mass spectrometer. Peak heights are determined by taking an average over the four most intense 
isotope signals. The ESI-MS signal was calibrated by injecting mixtures of preformed [Pd(1,3-
diphenylallyl)(3)]PF6 complexes in MeCN at different ratios. The ratio of peak intensities versus 
the molar ratio referenced to [Pd(1,3-diphenylallyl)(3a)]PF6 was plotted. The slopes of the 
corresponding calibration curves give the correction factor for the spraying efficiencies. 

Allylic alkylation of crotyl acetate. The allylic alkylation reactions were performed in THF 
(10.5 ml), using 0.05 mol% of [Pd(diphosphine)(crotyl)]OTf, 1.41 mmol of crotyl acetate and 
2.82 mmol of sodium diethyl 2-methylmalonate. The reaction was monitored by quenching 
samples from the reaction mixture by flash chromatography which were analysed by GC using 
dihexylether as the internal standard. 

Allylic alkylation of rac-1,3-diphenylprop-3-enyl acetate. A solution of [Pd(η3-
diphenylallyl)(MeCN)2] (1.32 mg, 2.50 µmol) and IndolPhos ligand 3 (2.75 µmol) in CH2Cl2 (3 
mL) was stirred for 15 min. Subsequently, rac-1,3-diphenylprop-3-enyl acetate (126 mg, 0.50 
mmol) dimethyl malonate (172 µL, 1.50 mmol), dihexyl ether (23.5 µL, 0.10 mmol) as internal 
standard, and a pinch of KOAc were added. The reaction was started upon addition of N,O-
bis(trimethylsilyl)acetamide (367 µL, 1.50 mmol), and mixture was stirred at room temperature. 
Samples were taken after 5, 10, and 20 minutes, which were quenched with saturated aqueous 
NH4Cl and diluted with Et2O. The samples were analyzed by GC using the internal standard 
method.  

Crystallographic details. All reflection intensities were measured at 150(2) K using a 
Nonius KappaCCD diffractometer (rotating anode) with graphite-monochromated Mo Kα 
radiation (λ = 0.71073 Å) under the program COLLECT.22 The program PEAKREF23 was used 
to refine the cell dimensions. Data reduction was done using the program EVALCCD.24 The 
structure was solved with the program DIRDIF0825 and was refined on F2 with SHELXL-97.26 
The temperature of the data collection was controlled using the system OXFORD 
CRYOSTREAM 600 (manufactured by OXFORD CRYOSYSTEMS). The H-atoms were placed at 
calculated positions using the instructions AFIX 23 or AFIX 43 or AFIX 93 or AFIX 137 with 
isotropic displacement parameters having values 1.2 or 1.5 times Ueq of the attached C atom. 

Refinement details of [Pd(crotyl)(dtpp)]OTf: The crotyl ligands of the two 
crystallographically independent Pd-crotyl complex molecules are found to be disordered. The 
values of the occupancy factors given for the major components of the disordered crotyl ligands 
refine to 0.742(13) and 0.549(12). The ring C182→C242 of the second molecule is also 
disordered, and the value of the occupancy factors given for the major component of the 
disordered ring refines to 0.643(7). The two independent triflate counter anions are also 
disordered (which is not surprising since there is no strong interaction found in the crystal 
structure). Their corresponding occupancy factors given for the major components refine to 
0.516(11) and 0.589(14). Crystals of [Pd(crotyl)(dtpp)]OTf were non-merohedrally twinned. In 
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the process of determining the cell dimensions, the program DIRAX27 found the twin 
relationship for which the two domains are related by a twofold axis along the c* direction. 
Final structure refinement was made with HKLF 5 data.The fractional contribution of the major 
component (i.e., the BASF batch scale factor) refines to 0.5137(7). [Pd(crotyl)(dtpp)]OTf (2b): 
C36H41F3O3P2PdS, Fw = 779.09, pale yelow thick plate, 0.38 × 0.17 × 0.08 mm3, triclinic, P

€ 

1 
(no. 2), a = 10.9546(7), b = 11.5774(8), c = 30.591(2) Å, α = 85.323(3), β = 81.590(3), γ = 
63.569(4)°, V = 3436.2(4) Å3, Z = 4, Dx = 1.51 g cm−3, µ = 0.75 mm−1. Reflections were 
measured up to a resolution of (sin θ/λ)max = 0.62 Å−1. 13423 Reflections were unique (Rint = 
0.054), of which 11929 were observed [I > 2σ(I)]. 1085 Parameters were refined, and 1048 
restraints were used for the refinement. R1/wR2 [I > 2σ(I)]: 0.0525/0.0999. R1/wR2 [all refl.]: 
0.0651/0.1044. S = 1.255. Residual electron density found between −0.63 and 0.68 eÅ−3. CCDC 
760831. 
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