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1. Materials and Methods 

1.1 General Considerations 

Grubbs Catalyst® 1st Generation and Schwartz’s reagent were purchased from Sigma-Aldrich. 
Carbonyl(hydrido)tris(triphenylphosphane)rhodium(I) was purchased from Strem Chemicals. All 
commercial samples were used as received from the supplier. Pd(dba)(PHOX), Fe(acac)3, and 
Ni(dppf)Cl2 were prepared according to the reported literature procedures (1–3). Synthetic 
samples were precipitated from solution and used as prepared with no formal recrystallization. 
Unless otherwise stated, all manipulations were carried out using standard Schlenk or glovebox 
techniques (O2, H2O < 1ppm) under a dinitrogen or argon atmosphere. Solvents were dried on K 
or CaH2 and distilled under argon before use. (κ2-P,Cl-PPh2CB9Cl9)PdMe(THF) was prepared 
according to the literature procedure (4). Solution state NMR spectra were recorded at room 
temperature on Bruker Avance 300MHz, Bruker Avance 400MHz, or Bruker Avance 600MHz 
spectrometers. NMR chemical shifts are reported in parts per million (ppm). 1H NMR and 13C 
NMR chemical shifts were referenced to residual protio solvent. 11B NMR chemical shifts were 
externally referenced to BF3OEt2. 31P NMR chemical shifts were externally referenced to 80% 
H3PO4 in H2O. The 13C{1H} Cross Polarization Magic Angle Spinning (CPMAS) NMR 
spectrum of compound 3 was acquired on a Bruker NEO600 operating at an 1H frequency of 600 
MHz. The analyte was packed in a 4 mm zirconia rotor packed in an Argon filled glovebox. The 
spinning speed was 10 kHz at the magic angle, and contact time was 2 ms for both 13C{1H} and 
31P{1H} CPMAS NMR spectra. 13C{1H} spectra were referenced to external adamantane, 
31P{1H} spectra were referenced to external H3PO4, and 11B{1H} spectra were referenced to 
NaBH4. FT-IR spectra were recorded as pressed pellets using a Bruker Alpha IR spectrometer in 
an argon-filled glovebox. 

1.2 Safety Statement 

No unexpected or unusually high safety hazards were encountered. 
 

1.3 Sample Preparation 

Samples were prepped using Quantifoil R1/2 Cu200 mesh grids. For preparation of Fe(acac)3 4, 
Ni(dppf)Cl2 6, and Pd(dba)(PHOX) 7 samples, grids were placed in a dram vial with ~1 mg of 
compound and shaken lightly. The samples were tapped against the surface of a filter paper to 
remove residual compound and the TEM grid was subsequently transferred to a clean vial. 
Schwartz’s reagent 1, compound 3, Grubbs Catalyst 5 and Carbonyl(hydrido)tris 
(triphenylphosphane)rhodium(I) 8 samples were prepared in a similar fashion within a glove box 
under N2 as received from the supplier. All samples were transferred from sealed vials to the 
sample holder under ambient conditions with no additional experimental setup. 

1.4 Instrument Parameters 

All data was collected on a FEI Tecnai TF-30 electron microscope operating at ambient 
temperature with an operating voltage of 300 keV, corresponding to a wavelength of ~0.0196 Å 
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using a single-tilt sample holder. TEM grids were screened by operating the microscope in over 
focused diffraction mode. 

1.5 Data Collection Procedure 

Diffraction data was collected using rolling shutter mode with a TVIPS TemCam-XF416 CMOS 
4k x 4k camera. Images were collected as movies by continuous rotation of crystals under a 
parallel electron beam using a constant tilt rate of ~0.3 deg s–1 over an angular wedge of ~50° 
between the minimum and maximum tilt ranges of –72° to +72° respectively (5). During data 
collection, the camera integrated continuously at a rate of 3 s per frame. Crystals were isolated 
using a selected area aperture to reduce background noise and calibrated to eucentric height to 
remain within the aperture during continuous rotation over the tilt range. 

Diffraction movies were saved as TVIPS files and were converted to SMV format using open 
source software freely available online (https://cryoem.ucla.edu/pages/MicroED). Frames were 
indexed and integrated in XDS and multiple datasets were scaled and merged using XSCALE (6, 
7). Intensities were converted to SHELX format using XDSCONV (7).  

2. Diffraction Data and Statistics  

Electron diffraction data of compounds 1, 3-8 were collected and treated in the above manner. 
All structures were solved ab initio using direct methods in SHELXT and refined with SHELXL 
using ShelXle (8, 9,10). All non-hydrogen atoms were refined anisotropically and all hydrogen 
atoms, aside from the metal hydrides in compound 1 and 8, were refined using the riding model. 
X-ray diffraction data for 2 was collected on a Bruker-AXS Apex II diffractometer with an Apex 
II CCD detector using Mo Kα radiation (λ = 0.71073 Å) from a fine-focus sealed tube source. 
Data were collected at 100 K by performing 0.5° ω-scans, integrated using SAINT (11), and 
absorption corrected using SADABS (12). The structure was solved by direct methods using 
SHELXT (8) and refined against F2 on all data by full-matrix least squares with SHELXL-
2018/3 (9) following established refinement strategies (13).  All non-hydrogen atoms were 
refined anisotropically. All hydrogen atoms were included into the model at geometrically 
calculated positions and refined using a riding model. The isotropic displacement parameters of 
all hydrogen atoms were fixed to 1.2 times the U value of the atoms they are linked to (1.5 times 
for methyl groups).  Crystal and data quality details, as well as a summary of the residual 
refinement values, are listed in the accompanying table. 

Compound 2 crystallizes in the monoclinic centrosymmetric space group P21/c with one 
molecule of 2, two molecules of tetrahydrofuran, and one molecule that was a mixture of pentane 
and tetrahydrofuran per asymmetric unit. The ratio of pentane: tetrahydrofuran was refined freely 
and converged at 51:49. The solvent molecules were refined with the help of similarity restraints 
on 1,2- and 1,3- distances as well as similarity and rigid-bond restraints for anisotropic 
displacement parameters. The mixture of solvents results in an empirical formula with non-
integer numbers of atoms for C, H, and O. 

Table S1.  Crystal data and structure refinement for Compound 2. 

Identification code  vl334jk 
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Empirical formula  C38.51 H46.04 B18 Cl18 O2.49 P2 Pd2 

Formula weight  1656.17 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P21/c 

Unit cell dimensions a = 15.4952(4) Å α = 90°. 

 b = 15.2588(4) Å β = 91.4479(12)°. 

 c = 27.3371(7) Å γ = 90°. 

Volume 6461.5(3) Å3 

Z 4 

Density (calculated) 1.702 Mg/m3 

Absorption coefficient 1.388 mm-1 

F(000) 3260 

Crystal color red 

Crystal size 0.346 x 0.185 x 0.174 mm3 

Theta range for data collection 1.873 to 30.999° 

Index ranges -22 <= h <= 22, -22 <= k <= 21, -39 <= l <= 39 

Reflections collected 148833 

Independent reflections 20596 [R(int) = 0.0457] 

Completeness to theta = 25.242° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 20596 / 130 / 776 

Goodness-of-fit on F2 1.029 

Final R indices [I>2sigma(I) = 16909 data] R1 = 0.0313, wR2 = 0.0644 

R indices (all data, ? Å) R1 = 0.0438, wR2 = 0.0702 

Extinction coefficient n/a 

Largest diff. peak and hole 0.732 and -0.676 e.Å-3 
 

Crystallographic information files (CIF) for compounds 1–8 have been deposited at the 
Cambridge Crystallographic Data Center and are available free of charge under reference 
numbers 1908168-1908175 at: 
http://www.ccdc.cam.ac.uk/Community/Requestastructure/Pages/DataRequest.aspx. 
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Figure S1. Data, statistics, sample diffraction pattern and structures for compound 1 

 

Figure S2. Data, statistics, sample diffraction pattern and structures for compound 3
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Figure S3. Data, statistics, sample diffraction pattern and structures for compound 4 

 

 

Figure S4. Data, statistics, sample diffraction pattern and structures for compound 5 
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Figure S5. Data, statistics, sample diffraction pattern and structures for compound 6

 

 

Figure S6. Data, statistics, sample diffraction pattern and structures for compound 7 
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Figure S7. Data, statistics, sample diffraction pattern and structures for compound 8 
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Figure S8. Overlay of electron diffraction structure obtained from Grubb’s Catalyst (red) 
with previously reported X-ray structure (blue) (14). Root mean square (RMS) = 0.1311 Å, 
Max. Deviation = 0.2270 Å. 

3. Screened Coulombic potential computational analysis and isolation of hydrides 

The ShelXle-refined structure was loaded into MATLAB using the	tom_mrcread	 function from 
the Max Planck Institute of Biochemistry’s tomography toolbox (15). Since	tom_mrcread	does not 
accommodate .res files, the	shelx2map	conversion tool was used to generate .map files directly 
from the ShelXle output (http://shelx.uni-ac.gwdg.de/~tg/research/programs/conv/shelx2map/). 
This gave two daughter files, a difference Fourier map of the asymmetric unit and a standard 
map. Both of these .map files could be loaded without modification into MATLAB using 
tom_mrcread. The output from	 tom_mrcread	 was stored in a temporary variable which 
materialized as a 40x20x24 single. These arbitrary dimensional values scale to the corresponding 
unit cell vectors (i.e., a = 7.21, b = 9.20, c = 13.84). To facilitate further manipulation, each of 
these dimensions was multiplied by a factor of 4; the variable was thus resized into a 160x80x96 
double	 vol	 using the	 imresize	 command. To take consecutive real-space slices of screened 
Coulombic potential along the a-axis, a loop of this general template was employed:	
for x=2:159 
imagesc(squeeze(sum(vol(x-1:x+1,:,:),1))), axis image tight manual, colormap jet; 
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set(gca, ‘YTickLabel’,(10:10:80)./80); 
set(gca, ‘XTickLabel’,(10:10:90)./96); 
pause(); 
end 
 

These lines of code generate screened Coulombic potential maps along the a-Axis like that found 
in Figure S9. 

	

Figure S9. Diagnostic frame showing clear screened Coulombic potential for the two hydrides, 
which materialize at (0.378, 0.291) and (0.622, 0.709). These values correspond precisely to the 
fractional coordinates predicted by the .cif file generated from ShelXle. 

To confirm the presence of the hydrides, the diagnostic areas of Yukawa potential were cross-
referenced to the fractional coordinates of the .cif file generated from ShelXle (Figure S9).  
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Figure S10. Fractional coordinates of the two hydrides as predicted by the refined solution 
generated by ShelXle. 

The upper and lower bounds of the loop correspond to the minimum and maximum values 
possible for the a-axis adjusted by 1 (i.e., 1+1, 160-1).	This is because the first argument of	vol	
visualizes a single slice by isolating one frame (i.e., the frame between	x-1	and	x+1).	To display 
an average of several frames in lieu of a single frame (i.e., to thicken the width of one slice), the	
x-1	and x+1	parameters can be adjusted accordingly. To display a series of slices taken along a 
different axis, the bounds of the loop and the position of the variable argument were adjusted 
accordingly. The set	 commands provide increments for the axes. Supplying a numerical 
argument for	pause	will auto-cycle through the frames.  
 

To generate .gif files containing all of the individual slices taken along the a-axis, each image 
generated was saved as a .png file using the	 imwrite	 function and horizontally concatenated 
using	strcat,	as follows:	
for x=1:159 
imwrite(uint8(squeeze((255/5.3)*vol(x,:,:))),strcat(‘./filepath’,int2str(x),’.png’),’p
ng’); 
end 
 

The resulting stack of .png images was loaded into the image processing software ImageJ, fused into a 
.gif file, and finally converted to .mp4 format (Movie S2).	

 

4. Movies 

4.1 Movie S1. Diffraction recorded from continuous rotation MicroED from a nanocrystal of 
Schwartz’s reagent 1 with corresponding resolution rings.  

4.2 Movie S2. Animated screened Coulomb potential contour map of Schwartz's reagent. Each 
consecutive frame corresponds to a single 2D slice of the unit cell taken along the (0 0 k) set of 
Bragg planes. 
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5. Synthetic procedure and spectroscopic data for Compounds 2 and 3. 

5.1 Synthesis of Complex 2. 

Complex (κ2-P,Cl-PPh2CB9Cl9)PdMe(THF)(4) (500 mg, 619 µmol) was placed in a 200mL 
flame dried Schlenk flask and was subsequently dissolved in DCM (80 mL). The flask was 
placed on the Schlenk line and placed under UV radiation (Method A) or heated to 40°C 
(Method B) for 4 days without stirring. After 4 days, the reaction was taken into the glovebox 
and filtered through a Hirsch funnel fitted with a glass microfiber filter and washed with DCM (5 
x 20 mL). The washings were discarded. The red solid was then passed through the filter with 
copious amounts of THF. The THF was then removed in vacuo give 2 as a red solid. (Method A: 
309 mg, 215 µmol, 66% yield; Method B: 178 mg, 124 µmol, 35% yield). Crystals suitable for 
an X-ray diffraction study were obtained by layering a THF solution of 2 with pentane. m.p. = 
221°C (dec.); 1H NMR (600 MHz, THF-d8, 25oC): δ = 8.12 (t, 4H, 3J(H,H) = 9.0 Hz), δ = 8.00 
(t, 2H, 3J(H,H) = 7.4 Hz), δ = 7.89-7.86 (dt, 4H, 3J(H,H) = 7.5 Hz, 4J(H,H) = 2.5 Hz); 13C NMR 
(151 MHz, THF-d8, 25oC): δ = 137.4, 134.3, 132.3,  117.7; 31P[1H] NMR (243 MHz, THF-d8, 
25oC): δ = 25.1; 11B[1H] NMR (192 MHz, THF-d8, 25oC): δ = 24.0,  −4.2, −7.4.  
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Figure S11. 1H NMR of compound 2 (THF-d8, 600MHz). 
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Figure S12. 13C NMR of compound 2 (THF-d8, 151MHz). 
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Figure S13. 31P[1H] NMR of compound 2 (THF-d8, 243MHz). 
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Figure S14. 11B[1H] NMR of compound 2 (THF-d8, 192MHz). 
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Figure S15. FTIR spectrum of compound 2. 
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Synthesis of Complex 3: 

 

Complex 2 (80 mg, 56 µmol) was added to a 20 mL glass scintillation vial and THF (10 mL) was 
added. The THF solution was then placed in a dried 25 mL thick-walled Teflon Schlenk tube. 
The vial was washed with THF (5mL) and added to the Schlenk tube. The tube was sealed and 
then a regimen of free-pump-thaw was carried out with liquid N2. Once at room temperature, the 
Schlenk tube was then back-filled with an ethylene atmosphere and then submerged in liquid N2 

to condense roughly 1cm of liquid ethylene. After sealing the Schlenk, the reaction was allowed 
to warm to room temperature with the ethylene slowly diffusing into the rest of the THF 
solution. After 6 hours, the reaction turned clear with a yellow powder settled at the bottom. 
With constant positive ethylene pressure, the THF was removed via syringe and then the Schlenk 
was placed under vacuum to remove residual solvent, giving 3 (64 mg, 44 µmol, 72% yield). 
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Figure S16. Solid-state 13C NMR of complex 3. The 13C chemical shift for the PdCH2CH2Pd 
carbons is at 37 ppm (* spinning side bands). 

 

Figure S17. Solid-state 11B NMR of compound 3. 

* *
Ph

THF
THF

PdCH2CH2Pd
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Figure S18. Solid-state CPMAS 31P NMR of compound 3. The two spectra (at spinning rates of 
10 kHz and 9 kHz, respectively) were used to differentiate the spinning sidebands (*) from the 
three isotropic shifts ($ = 53.4, 51.8 and 23.0 ppm). 
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Figure S19: FTIR spectrum for compound 3 with C-H peaks observable at 2982.86 cm-1 and 
2880.18 cm-1. 
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