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X-ray Absorption Spectroscopy of Immobilized SCS Pd Pincer Compounds
Experimental Methods

X-ray absorption spectroscopy was conducted on beamlines X10C and X18B at the National
Synchrotron Light Source, Brookhaven National Lab, Upton, NY. The Pd K edge spectra of
catalysts and reference compounds were recorded at room temperature except those collected
during the Heck reaction performed at 393 K. Spectra of samples in solvent or reaction medium
were recorded in the fluorescence mode whereas other spectra were recorded in the transmission
mode. For transmission measurements, ion-chambers were filled with Ar to have an absorbance
of 10% in the first chamber and 80% in the second. A Pd foil (Goodfellow) was placed between
the second and third ion chambers for energy calibration. At least four spectra were averaged for

each sample studied in the transmission mode. For the samples examined during the Heck



reaction, an in-situ cell was constructed with Teflon as body material and Kapton as the window.
The reaction slurry was continuously pumped from a heated, stirred reactor vessel to the in-situ
cell. To improve the signal-to-noise ratio during the measurement, at least ten scans were
averaged. Two data analysis methods were used in this work, specifically, fitting of a linear
combination of the edge spectra and fitting of standard multi-shell EXAFS data. The data
analysis was performed with the WinXAS 2.1 program. The pre-edge background was removed
with a linear function and the post-edge background was subtracted with a cubic spline method.
According to the Nyquist theorem,’ the number of free parameters for EXAFS curve-fitting are
determined by the available data range in k space and R space : Npts = 2Ak*AR/z + 2. Typically,

16 parameters can be determined from the data.

Results and Discussion
Reference Compounds

The X-ray absorption near edge structure (XANES) associated with the Pd K edge of
different reference materials is shown in Supplemental Figure 1. The zero valent Pd foil revealed
a distinctly different edge shape compared to the other reference compounds having Pd in a
higher oxidation state. The PdS and PdCl, samples have very similar XANES spectra, and the
quick decay of oscillations above the peak at ~ 24360 eV in Pd(NH3)4Cl, was due to the
presence of light N atoms as the nearest neighbor backscatterers. The Fourier transforms of the k
weighted EXAFS data are shown in Supplemental Figure 2. The large peak in each transform
results from the first shell backscatterer atoms. The position of the peak is related to the first

shell interatomic distance, not corrected for phase shift, whereas the intensity of the peak is



related to the number of nearest neighbor backscatterers, the atomic number of the backscatterer
and the disorder in the sample.

We used the program FEFF 8.20 to calculate theoretical reference files containing the
appropriate backscattering amplitudes and phase shifts for various absorber-backscatterer pairs.?
We then used the EXAFS data from the reference spectra to calibrate the reference files
calculated by FEFF. The known structural parameters for each standard compound listed in
Table 1 were used in the calibration process. Curve-fitting of reference data with k*- weighting
was performed in R-space to produce a set of parameters for the calibration of theoretical FEFF
reference files. Table 2 summarizes these parameters derived from curve fitting that were
subsequently input to the revised theoretical FEFF reference files.® Since a reference compound

having a Pd-C first shell was not available, we used the Pd-N reference file as a substitute.

Influence of immobilization

Supplemental Figure 3 shows the XANES of immobilized SCS pincer compounds on SBA
and polymer support. Although the spectra are similar, with an obvious white line present at the
absorption threshold, a subtle difference in the XANES can still be observed. The k* weighted
Fourier transform of the EXAFS (Supplemental Figure 4) revealed that both samples have light
backscatterers around Pd (at ~1.9 A) associated with the pincer complex, but that a new peak
was present at ~2.5 A in the SBA-immobilized compound. It is reasonable to assume that this
long distance may be due to the presence of some Pd in the first coordination shell, presumably
from a small amount of Pd metal. Assuming the spectrum can be decomposed into contributions
from the SCS pincer complex and metallic Pd, we performed a fitting analysis utilizing a linear

combination of the edge spectra for SBA immobilized SCS pincer Pd. This method has been



used previously to study the local structure around an absorbing atom.*®> The XANES fitting
analysis was performed in a region up to 150 eV above the edge. The fitting parameters in Table
3 indicated that 6.5% of the Pd in SBA immobilized SCS pincer complex was metallic in nature
whereas 93.3% of the Pd was present in the SCS pincer complex. The estimated coordination
number of the Pd-Pd shell was only about 0.8.

Curve-fitting of the EXAFS data with FEFF reference files utilizing k* weighting in R space
was performed on the spectra of SBA and polymer-immobilized SCS pincer complex with a
fixed S® value of 0.9. Since the number of free parameters in the fitting routine is so high (16),
many are correlated, and the Nyquist theorem dictates only 16 can be independently fit, the
coordination numbers and interatomic distances were fixed to a small region near the estimated
values. In addition, the Debye-Waller factor was forced to be non-negative. Reasonable values of
Debye-Waller factor and AEg as shown in Table 4 suggest that immobilization of the complex on
the SBA support and the polymer did not cause a significant change in the atomic structure
around Pd bound in the SCS pincer complex. However, curve-fitting for SBA immobilized SCS
pincer Pd provided a coordination number of 1.4 and an interatomic distance of 2.71 A for Pd-Pd
shell as shown in Table 4. The Pd-Pd bond length is 0.04 A shorter than that in bulk Pd, which
suggests that the metallic particles must be nanometer size or less. Both fitting methods suggest
that the new peak in Fourier transform of SBA-immobilized SCS pincer Pd can be assigned to
the presence of small metallic Pd particles on the support, and most of Pd still remain bound in
SCS pincer complex after immobilization on SBA support. It should be noted that if any O atoms
were present on the Pd metal surface, they could not be distinguished from nearest neighbor C

atoms associated with Pd in the pincer complex.



In-situ X-ray Absorption Spectroscopy during Heck Reaction

The influence of the solvent DMF on the structure of polymer-immobilized SCS pincer Pd
was also investigated. As shown in Supplemental Figure 3, no change in XANES was observed
between a sample in air and one dissolved in DMF. Likewise, the Fourier transform of the
EXAFS region showed the same backscattering contribution in both samples (not shown). The
linear combination of XANES analysis showed only the contribution from SCS pincer complex
after stirring in DMF. Apparently, there is little change in the local environment around Pd with
solvent addition.

To better understand the reaction mechanism of Heck catalysis, Evans et al. performed an in-
situ X-ray absorption study of the Heck reaction with Pd acetate as catalyst.® We also performed
an in-situ study during the Heck reaction catalyzed by polymer immobilized SCS Pd in DMF,
with iodobenzene and butylacrylate as substrates and triethylamine as base. The Heck reaction
was first carried out in flask at 393 K. Then the reacted solution was pumped into an in-situ cell
from the reactor. A uniform solution (or suspension of catalyst in solution when the silica system
was used) was achieved by recirculation between the cell and the reactor. Supplemental Figure 5
shows k®weighted Fourier transform of the EXAFS for a sample in air and a sample during
Heck reaction. A new feature was observed at ~2.5 A, which could arise from the backscattering
contribution of a Pd-Pd or a Pd-1 shell. In order to distinguish between them, we performed a
fitting of the edge spectra involving SCS pincer complex on polymer, metallic Pd and Pdl,. The
fitting results presented in Table 3 suggest that iodine was present in the first coordination shell
of Pd. Although most of the Pd was associated with SCS pincer complex (85.5%), a Pd-I
coordination number of ~ 0.6 was derived from the fitting procedure. Interestingly, no evidence

for metallic Pd was found in the XANES, as shown in Supplemental Figure 6. To further support



this conclusion, a similar study was also performed with the SBA-immobilized SCS pincer
complex, which was insoluble in DMF. In this case, the XANES fitting results also showed the
presence of Pd-l in addition to a large amount of SCS pincer complex. A small amount of
metallic Pd determined by the XANES fitting results may have been formed in the process of the
immobilization, as discussed above. The observation of Pd-l1 compounds during Heck catalysis is
in a good agreement with the results reported by Evans et al..’

The coordination number of Pd-1 in Table 4 was about 1.2 as determined by EXAFS fitting
in R space with k? weighting, the experimental data are compared to the fitted results with k*
weighting in Supplemental Figure 7. The average Pd-I coordination number was slightly lower
than those reported by Evans et al. (1.8 or 2.3) who studied Pd acetate as a catalyst for the Heck
reaction.® The Pd in our study remained mostly bound in the SCS pincer complex, which may be
related to its higher stability during Heck catalysis compared to Pd acetate. In order to achieve a
good fitting for the Pd-1 contribution, the interatomic distance of Pd-1 shell need be lengthened to
2.67 A, which is somewhat longer than the value in Pdl,. A long Pd-1 bond was also observed by

Evans et al. during their EXAFS study of [Pd,l¢][NEtsH], dissolved in CHsCN.®

Summary
The X-ray absorption spectroscopic studies have provided the following information on the
Pd(11) SCS-O system in support of our previous results:’

e The Pd species are altered under reaction conditions, with a fraction of the pincer

species supported on poly(norbornene) or silica decomposing to form new species.

e Heating the immobilized species in DMF did not result in any notable change in the

Pd species as determined by spectroscopy. Previously, it was shown that base and one



of the reactants was required for generation of soluble catalytic species’. Other

characterization studies described in this work show that the addition of base is the

key step that causes complex decomposition for both SCS and PCP complexes. No
observation of decomposition in the presence of base and solvent alone in our
previous work’® could be a consequence of several factors including:

0] The presence of a silica support in our previous studies that could trap the Pd-
pincer decomposition products in circumstances when aryl iodide or olefin are
not present. In this work we show that the predominant mobile species may
be a Pd-iodo species.

(i) Variability in the water content in the reaction solution between our

preliminary work™ and this work.

Furthermore, additional information obtained during this study:

Pd(I1) SCS-O pincer species supported on silica have a small amount of Pd(0) that is
formed during synthesis, most likely during the immobilization step. Pd(ll) SCS-
pincer species supported on poly(norbornene) look similar to the small molecule
complex as determined by XAS.

Palladium(ll) iodo species are hypothesized to be the primary species formed under
reaction conditions based on EXAFS and XANES analysis.® This is consistent with
our works, which have found that Pd-iodo species are the primary resting state for Pd
in the Heck reaction. This signal may also be enhanced in the EXAFS spectra by
halide exchange under reaction conditions resulting from exchange of the HI formed
in the reaction with the Pd-Cl bonds in the remaining unreacted pincer complexes

(only a fraction decompose) to create Pd-1 bonds and liberate HCI.
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Supplemental Figure 1. Pd K edge spectra of standard compounds.
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Supplemental Figure 2. k*-weighted Fourier transform of EXAFS for standard compounds.
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Supplemental Figure 3. Pd K edge spectra of SCS pincer compounds.
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Supplemental Figure 4. k®-weighted Fourier transform of EXAFS for immobilized SCS pincer
Pd measured in air at RT ( —: Poly-O-SCS; ... : SBA-O-SCS ).
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Supplemental Figure 5. k*-weighted Fourier transform of EXAFS for polymer immobilized
SCS pincer Pd compound ( —:inairatRT; ... :during Heck reaction at 120°C ).
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Supplemental Figure 6. Pd K edge spectrum of polymer immobilized SCS pincer compound
during Heck reaction (circles), linear combination XANES (thick solid line) and single
component XANES spectra (thin solid lines).
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Supplemental Figure 7. Pd K edge k? -weighted EXAFS and Fourier transform (magnitude and
imaginary part) for polymer immobilized -O-SCS pincer Pd during Heck reaction (squares
experimental; — fitted).
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Supplementary Figure 8. FT-Raman spectrum of SBA-15 immobilized Pd-CI 1-[3-(3-
Trimethoxysilane-propylsulfanyl)-propoxy]-3,5-bis-[(diphenylphosphanyl)-methyl]-benzene (4).



Supplementary Table 1. Structural parameters assigned to standard compounds.

Standard Atom pair CN R(A)
Pd foil Pd-Pd 12 2.75
Pdl, Pd-1 4 2.61
PdCl, Pd-ClI 4 2.31
PdS Pd-S 4 2.33
Pd(NH3),Cl, Pd-N 4 2.05

Supplementary Table 2. Parameters used for calibration of theoretical FEFF references
derived from fits to standard compounds.

Atom pair o (A?) Sy’ Vr (eV) Vi (eV) Ak (A AR (A)
Pd-Pd 0.00550 1.00 -5.5 3.0 3.0-15.0 1.5-3.2
Pd-1 0.00385 0.92 2.5 3.0 3.0-15.0 1.5-3.0
Pd-Cl 0.00303 0.90 2.7 3.0 2.5-14.0 1.5-2.8
Pd-S 0.00337 0.87 1.5 3.0 2.5-12.7 1.5-3.0
Pd-N 0.00008 0.90 0.8 3.0 2.5-12.8 1.0-2.5
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Supplementary Table 3. Fitting results from linear combination of XANES (AE = 24.20-24.50

keV ).
Pincer Measurement SCS Pincer Pd | Metallic Pd Pdl, Residual factor
Compound condition (%) (%) (%) (%)
Poly-O-SCS In DMF at RT 100 0 0.31
SBA-0O-SCS Inairat RT 93.3 6.5 (0.8) 0.36
Poly-O-SCS | During Heck reaction 85.5 0 14.5 (0.6) 0.41
at 393 K
SBA-O-SCS | During Heck reaction 81.7 2.4 (0.3) 15.7 (0.6) 0.44
at 393 K
* The value in parentheses is the estimated coordination number for Pd-Pd or Pd-I.
Supplementary Table 4. Pd K edge EXAFS curve-fitting results for polymer and SBA
immobilized SCS pincer compounds.
Catalyst Measurement Scatterer | CN R(A) |6°(10°A) | AEy(eV)
condition
S 2.1 2.29 1.4 -0.45
SBA-O-SCS | InairatRT Cl 1.0 237 5.0 4.53
C 1.1 1.99 4.0 0.56
Pd 1.4 2.71 5.4 -4.73
S 2.3 2.29 2.1 -3.17
Poly-O-SCS | Inair at RT Cl 1.1 2.40 1.0 6.27
C 1.2 1.99 3.7 1.73
S 2.0 2.28 1.9 2.84
Poly-O-SCS | During Heck Cl 1.1 2.39 4.0 6.99
reaction at 393 K C 1.1 1.98 1.0 232
I 1.2 2.67 3.6 -1.92

R-space fit, k? weighting, Ak = 2.5-12.0 A1, AR=0.8-3.2 A
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XYZ Coordinates in Angstroms for Figures 9 and 10
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Figure 10b:
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27



H
C
H
H
H

1.4906526471
-0.3303063134
-0.6951770944

0.3000709646
-1.1949976578

Figure 10e:
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Figure 10f:
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	Supplemental Figure 1.  Pd K edge spectra of standard compounds. 
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