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Palladium is one of the most widely used metals in transition-
metal-catalyzed organic synthesis, as it is capable of catalyzing a
wide variety of commercially important reactions.1 Ligands are
attached to palladium to increase the performance and stability of
the catalysts, and they are used to fine-tune the steric and electronic
properties of the catalyst and thereby the activity and selectivity
obtained with these catalysts. The missing link in explaining
structure-activity and-selectivity relationships in homogeneous
catalysis is the detailed structural information about the catalysts
in their active phase, in solution.

We have therefore applied extended X-ray absorption fine
structure (EXAFS) spectroscopy to elucidate the origin of the
regioselectivity in the Pd-catalyzed allylic substitution reaction.
EXAFS spectroscopy provides both structural and electronic
information about a specific element in a compound in any state
of aggregation.2 Only a few EXAFS studies on homogeneous
organometallic Pd complexes have been reported in the literature
so far.3 This can partly be explained by the complexity of the
EXAFS data-analysis, especially as overlapping coordination shells
hamper data-analysis severely. Recent developments in EXAFS
data-analysis methods,4 using the so-called difference file tech-
nique,2 allow the reliable separation of the different contributions
resulting in a proper analysis.

The use of bidentate diphosphine (P-P) ligand Pd catalysts in
the allylic substitution reaction of a nonsymmetrically substituted
dimethylallyl moiety results in either linear or branched products
as shown in Scheme 1. For bidentate ligand complexes, it has been
suggested that the bonding of the allyl moiety determines the regio-
selectivity.5,6 Moreover, the regioselectivity was found to be in-
fluenced by the P-Pd-P angle, that is, bite angle of the bidentate
phosphine ligands.7 Isolated (ligand)Pd(allyl) complexes are studied
in detail by molecular modeling, X-ray crystallography, and (solu-
tion-) NMR techniques.6-10 It was proposed that the selectivity in
the allylic alkylation reaction is a tradeoff between electronic and
steric contributions. A larger bite angle of the ligand enhances the
electronic preference for nucleophilic attack at the branched posi-
tion, but also increases the steric hindrance at this position.6,7 Be-
cause these studies are mainly based on characterization of solid
samples, they fail in providing a detailed structural analysis of the
catalytic complexes in solution, the actual active phase of homo-
geneous reactions. This study shows that the structure of homogen-
eous catalytic intermediates in the active phase differs from that in

the solid state. This can lead to a direct explanation of the regio-
selectivity of the different catalysts in the allylic alkylation reaction.

EXAFS Pd K-edge data are collected for two cationic (ligand)-
Pd(allyl) complexes: (dppe)Pd(C5H9) (dppe 1,2-bis(diphenylphos-
phino)ethane) and (DPEphos)Pd(C5H9) (DPEphos 2,2-bis(diphen-
ylphosphino(diphenyl ether)) with, respectively, a narrow and wide
bite angle and, consequently, a different product selectivity in the
allylic alkylation reaction.6,7 The complexes were synthesized as
described in the literature7,11,12and characterized with both X-ray
crystallography and solution NMR.6 EXAFS measurements were
performed on the solid-state complexes (at room temperature) and
in THF solution at room temperature. NMR spectra taken before
and after EXAFS data collection showed that no changes had
occurred in the complexes.

The crystal structure of the (dppe)Pd(C5H9) complex is shown
in Figure 1 (left). The different carbon neighbors of Pd up to a
distance of 3.5 Å are denoted as Cyellow, Cred, and Cwhite. The XRD
values for the coordination numbers and distances of the Pd-Cyellow,
Pd-Pblue, Pd-Cred, and Pd-Cwhite coordination shells are given in
Table 1. EXAFS data of excellent quality are obtained. Theoretical
reference data were generated in the commercially available
program XDAP13 using FEFF8.0.14 The results of the EXAFS data-
analysis are given in Table 1. The total fits are of good quality in
all weightings applied as can be concluded from the low variances
found between both the imaginary and the absolute parts of the
Fourier transforms of the fits and the spectra.2

The structural parameters for the solid samples obtained with
EXAFS are in good agreement with the XRD results. Thus, EXAFS
confirms that the orientation of the allyl moiety toward the Pd is
similar for both solid-state complexes as was found with XRD.6

However, major structural differences (Table 1) are found for the
(dppe)Pd(C5H9) complex between the solid state and in THF. The
coordination number of the Pd-Cred contribution increases from
one to two, whereas at the same time the coordination number of
the Pd-Cyellow contribution changes from three to two. The increase
in the Debye-Waller factor for the Pd-Cred shell is consistent with
both the increase in coordination number and the increase in
disorder going from the solid state to solution. The decrease in the
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Scheme 1. Regioselectivity in the Pd-Catalyzed Allylic
Substitution Reaction

Published on Web 11/19/2002

14814 9 J. AM. CHEM. SOC. 2002 , 124, 14814-14815 10.1021/ja026604f CCC: $22.00 © 2002 American Chemical Society



Debye-Waller factor for the Pd-Cyellow contribution agrees with
a coordination number of two instead of three. In the solid state,
three carbon atoms contribute to this shell with a rather high
deviation in distances, whereas in THF only two carbon atoms
remain present at a somewhat smaller distance with a smaller
deviation. The Pd-Pblue and Pd-Cwhite distances are not changing
significantly when dissolving the complex, indicating that the Pd-
ligand itself is hardly influenced by dissolving the complex. The
Debye-Waller factor increases due to a higher disorder in solution.

Comparing these structural results in solution with the solid
structure of this Pd complex (Figure 1 (left)), a simple, but for
catalysis very essential, explanation for the EXAFS results can be
given. The Pd-ligand complex remains unchanged, whereas the Pd-
allyl coordination and binding in solution are altered.

One Cyellow atom bends away from the Pd, possibly as displayed
in Figure 1 (right). This leads to a decrease in the Pd-Cyellow coor-
dination with a simultaneous increase in the coordination number
of the Pd-Cred shell. As a consequence of this distortion, the two

remaining Cyellow atoms approach the Pd, and the Cred atoms are
also positioned at a smaller distance toward the palladium. Because
the distances of the methyl groups attached to the allyl (Cred and
Cwhite) hardly change, most likely the unsubstituted allylic carbon
atom changes its conformation. A referee suggested that this change
might find its origin in a change in conformation of the dppe ligand
relative to the allyl moiety, which cannot be deducted from EXAFS.

The (DPEphos)Pd(C5H9) complex displays almost no structural
changes upon dissolution in THF (Table 1). Dissolving the complex
only results in a slight increase in Debye-Waller factors for all
contributions, reflecting an increase in static disorder, as expected.

The unsubstituted carbon atom of the allyl moiety changes its
conformation in THF and therefore becomes more accessible for a
nucleophile to be attacked. In addition, when this carbon atom bends
away from the palladium atom, the allyl-Pd binding distorts, de-
creasing the electron density on this carbon atom so the atom be-
comes electronically activated. A direct explanation for the favorable
formation of linear products using Pd-complexes with a narrow
bite angle enforcing ligand6,10,15 as in dppe is thus proven in this
study.

The results of these studies directly establish structure-selectivity
relationships in important catalytic reactions and therefore are of
great importance in revealing the actual reaction mechanisms.
Therefore, we are convinced that the displayed strength of EXAFS
techniques of measuring samples in all aggregation states, and thus
in their active phase, will be extremely important in revealing struc-
ture-selectivity/activity relationships in homogeneous catalysis.

Acknowledgment. The scientific staff of beamline X1.1 of the
HASYLAB synchrotron (I-01-032 EC) and of BM29 of the ESRF
(CH-1085) are gratefully acknowledged for their help and interest.
The NRSC-Catalysis is acknowledged for financial support.

Supporting Information Available: Crystallographic data in CIF
format. This material is available free of charge via the Internet at http://
pubs.acs.org.

References

(1) Hegedus, L.Transition Metals in the Synthesis of Organic Molecules;
University Science Books: Mill Valley, CA, 1994.

(2) Koningsberger, D. C.; Mojet, B. L.; Van Dorssen, G. E.; Ramaker, D. E.
Top. Catal.2000, 10, 143-155.

(3) Thomas, J. M.Angew. Chem., Int. Ed.1999, 38, 3588-3628.
(4) Tromp, M.; Van Bokhoven, J. A.; Arink, A. M.; Bitter, J. H.; Van Koten,

G.; Koningsberger, D. C.Chem. Eur. J.2002, in press.
(5) Åkermark, B.; Zetterberg, K.; Hansson, S.; Krakenberger, B.; Vitagliano,

A. J. Organomet. Chem.1987, 335(1), 133-142. Moreno-Manas, M.;
Pajuelo, F.; Parella, T.; Pleixats, R.Organometallics1997, 16, 205-209.
Oslob, J. D.; Åkermark, B.; Helquist, P.; Norrby, P.-O.Organometallics
1997, 16, 3015-3021. Blanchadell, V.; Moreno-Manas, M.; Pajuelo, F.;
Pleixats, R.Organometallics1999, 18, 4934-4941.

(6) Van Haaren, R. J.; Goubitz, K.; Fraanje, J.; Van Strijdonck, G. P. F.;
Oevering, H.; Coussens, B.; Reek, J. N. H.; Kramer, P. C. J.; Van
Leeuwen, P. W. N. M.Inorg. Chem.2001, 40, 3363-3372.

(7) Van Haaren, R. J.; Oevering, H.; Coussens, B.; Van Strijdonck, G. P. F.;
Reek, J. N. H.; Kramer, P. C. J.; Van Leeuwen, P. W. N. M.Eur. J.
Inorg. Chem.1999, 1237-1241.

(8) Sjorgen, M. P. T.; Hansson, S.; Åkermark, B.; Vitagliano, A.Organo-
metallics1994, 13, 1963-1971.

(9) Van Haaren, R. J.; Druijven, C. J. M.; Van Strijdonck, G. P. F.; Oevering,
H.; Reek, J. N. H.; Kamer, P. J. C.; Van Leeuwen, P. W. N. M.J. Chem.
Soc., Dalton Trans.2000, 10, 1549-1554.

(10) Szabo, K. J.J. Am. Chem. Soc.1996, 118, 7818-7826.
(11) Pretot, R.; Pfaltz, A.Angew. Chem., Int. Ed.1998, 37(3), 323-325.

Vyskocil, S.; Smrcina, M.; Hanus, V.; Polasek, M.; Kocovsky, P.J. Org.
Chem.1998, 63, 7738-7748.

(12) Bloch, P. E.; Togni, A.Organometallics1996, 15, 4125-4132.
(13) Vaarkamp, M.; Linders, J. C.; Koningsberger, D. C.Physica B1995, 208/

209, 159-160.
(14) Ankudinov, A. L.; Ravle, B.; Rehr, J. J.; Conradson, S. D.Phys. ReV. B

1998, 58(12), 7565-7576.
(15) Kranenburg, M.; Kramer, P. C. J.; Van Leeuwen, P. W. N. M.Eur. J.

Inorg. Chem.1998, 25-27.

JA026604F

Figure 1. (left) The crystal structure of the (dppe)Pd(C5H9) complex as
determined with single-crystal XRD (omitting the counterion). (right)
Possible representation of the structure of the (dppe)Pd(C5H9) complex in
solution as determined with EXAFS (distances correlate with the found
values; the angles between the different atoms are not determined and can
be slightly different).

Table 1. EXAFS Analysis

shell aggregation N R (Å) ∆σ2 (Å2) ∆E0 (eV)

(dppe)Pd(C5H9)a

Pd-Pblue
solid (XRD) 2 2.30 ((0.02)
solid 1.9 2.28 0.004 11.5
solution 1.8 2.28 0.011 4.8

Pd-Cyellow
solid (XRD) 3 2.20 ((0.05)
solid 3.0 2.27 0.015 13.4
solution 2.1 2.15 0.001 13.3

Pd-Cred
solid (XRD) 1 2.94
solid 0.9 3.00 0.004 -3.7
solution 1.8 2.95 0.007 5.5

Pd-Cwhite
solid (XRD) 3 3.32 ((0.02)
solid 3.0 3.34 0.017 4.3
solution 3.1 3.29 0.023 6.7

(DPEphos)Pd(C5H9)b

Pd-Pblue
solid (XRD) 2 2.36 ((0.02)
solid 1.7 2.33 0.005 5.4
solution 1.7 2.33 0.005 6.2

Pd-Cyellow
solid (XRD) 3 2.25 ((0.02)
solid 3.1 2.24 0.009 10.2
solution 2.8 2.23 0.009 11.8

Pd-Cred
solid (XRD) 1 3.16
solid 1.2 3.18 0.009 -4.3
solution 1.3 3.08 0.012 1.7

Pd-O
solid (XRD) 1 3.50
solid 1.0 3.50 0.017 2.5
solution 1.3 3.50 0.022 5.6

a Fit: R-space, 2.8< k < 17.0, 1.0< R < 3.5; solidk0-weighted V.I.)
0.03, V.A. ) 0.02 andk3-weighted V.I. ) 0.59, V.A. ) 0.22; solution
k0-weighted V.I.) 0.01, V.A. ) 0.01 andk3-weighted V.I.) 0.06, V.A.
) 0.01 (V.I. ) variance in imaginary part, V.A.) variance in absolute
part). b Fit: R-space, 2.8< k < 15.0, 1.0< R < 3.5; solidk0-weighted V.I.
) 0.06, V.A. ) 0.03 andk3-weighted V.I.) 0.76, V.A. ) 0.35; solution
k0-weighted V.I.) 0.05, V.A. ) 0.02 andk3-weighted V.I.) 1.43, V.A.
) 0.73.
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