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 Ligation of molecular hydrogen to transition metal complexes was first observed by Kubas and co-workers in 

1984. In this work, three-coordinate pincer ligands were employed in the preparation of square-planar d8 nickel and 

palladium dihydrogen complexes. The synthesis, isolation, characterization, and reactivity of these hydrogen-ligated 

group 10 complexes is reported. Solution nuclear magnetic resonance (NMR) spectroscopy was used to accurately 

determine the H-H distance in the ligand based on measurements of both T1 and 1JHD. Relevant to understanding the 

degree of bond activation occurring at a transition metal, these dihydrogen complexes can be models for important 

intermediates in homogeneous catalytic processes. Additionally, silylium (silyl arenium) cations were synthesized, 

characterized, and employed in the synthesis of the dihydrogen complexes. A crystal structure of the triethylsilane-

bound triethylsilylium ion, [(Et3Si)2H]+ is included.
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Chapter 1 :  Introduct ion to Dihydrogen Complexes 

 

1 .1 Impetus for Invest igat ion of Dihydrogen Complexes .  Annual US production of hydrogen is currently 

around 9 billion kilograms, primarily from the steam-reforming of methane.1  In this process, steam and methane (CH4, 

the primary component of natural gas) are heated to high temperatures (700 – 1100 °C) over a nickel-based catalyst. 

The highly endothermic reaction produces carbon monoxide and hydrogen (Figure 1-1: Summarized in Reaction 1). 

The carbon monoxide can then be combined with additional steam in a lower temperature exothermic water-gas shift 

reaction to produce more hydrogen (Summarized in Reaction 2).2 

 

Figure 1-1. Primary methods for the production of hydrogen in the United States, 2005. 

 

The energy-intensive steam-reforming process consumes non-renewable fossil fuels and produces the 

greenhouse gas carbon dioxide. The production of hydrogen comprises 1.5% of annual global energy usage.3 

Understanding the coordination and activation of hydrogen to transition metals has huge implications for the 

development and design of catalytic systems for the renewable and efficient production of hydrogen. Two primary 

desirable outcomes drive our research to better understand how small molecules, such as hydrogen, interact with 

transition metal centers: 

(1) Hydrogen is a clean chemical fuel that produces only water as a byproduct of combustion 

 H2 + O2     2 H2O 

 

Total Production = 9 billion kg H2! Steam Reforming!
!
Chemical Process Byproduct!
!
Electrolysis!

CH4 + H2O CO + 3 H2

CO + H2O CO2 +  H2130 oC

700-1100 oC
Reaction 1

Reaction 2
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As such, incorporating hydrogen into our energy landscape is a way to avoid use of carbon-based 

fuels that produce the greenhouse gas carbon dioxide (CO2) upon consumption. Moving toward a 

“hydrogen economy” requires having the capability to produce, store, transport, use, and regenerate 

the fuel from a renewable source. 

(2) The formation and cleavage of chemical bonds is at the heart of catalysis research. Dihydrogen, a 

molecule with two electrons shared between two hydrogen nuclei, is the simplest possible molecule. 

As a result, it is an interesting model for strong bond activation and formation studies. Learning to 

control the binding and activation of the H-H bond in dihydrogen complexes may result in 

fundamental knowledge applicable to systems with heavier elements (i.e., C-H or C-O, required for 

the preparation of fine chemicals from renewable chemical feedstocks, functionalization of 

hydrocarbons, and the defunctionalization of carbohydrates derived from biomass). Understanding 

the coordination of dihydrogen is fundamental to our understanding of the mechanism of bond 

activation at a transition metal center. 

 

1 .2 In i t ia l  d iscovery of d ihydrogen complexes . The first dihydrogen complexes were isolated and 

characterized by Kubas and co-workers in 1984.4 These complexes were characterized by X-ray diffraction, neutron 

diffraction, IR spectroscopy, and NMR spectroscopy. mer-trans-M(CO)3(PR3)2(H2) (M = Mo, W; R = Cy, iPr) (Figure 1-

2) were definitively determined to contain intact hydrogen molecules as ligands through location of the H atoms by 

neutron diffraction and observation of strong HD coupling in the partially-deuterated complex. 

 

Figure 1-2. Original “Kubas Complexes”. M = Mo, W; R = Cyclohexyl, iso-propyl. 

 

Since Kubas’ initial work, hundreds of dihydrogen complexes have been synthesized and identified. The vast 

majority of the known dihydrogen complexes have been observed at d6 metal centers (Mo0, W0, Fe2+, Ru2+, Os2+, Rh3+, 

Ir3+). This thesis concentrates on the less-studied d8 metal dihydrogen complexes. 

 

M

C
C

R3P
H--H

C

PR3O
O

O
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1 .3 Descr ipt ion of d ihydrogen coordinat ion.  Dihydrogen coordinates to a transition metal center to form a 3-

center, 2-electron interaction between the metal and two hydrogen atoms. The orbitals involved in σ-complexation 

can be depicted by a model similar to the Dewar-Chatt-Duncanson description of alkene coordination (Figure 1-3).5  

Specifically, electron density from the bonding σ1s orbital of the hydrogen ligand is donated to the metal center. Back-

donation of electron density from the metal d-orbitals into the σ*1s anti-bonding orbital can also occur. Both of these 

interactions serve to lengthen the H-H distance (dHH). 

 

Figure 1-3. Orbital description of σ- coordination of an H2 molecule to a transition metal. Electrons from the σ1s orbital 
of the ligand are donated to a metal orbital. The metal donates electron density into the σ*1s orbital on the ligand. 
Both of these interactions lengthen dHH. 

 

With variation of the electronic properties of the metal center, these complexes can be placed on a continuum 

of lengthening H-H bonds, ranging from dihydrogen complexes to dihydride complexes (Figure 1-4). True dihydrogen 

complexes (“Kubas complexes”) exhibit dHH < 1.0 Angstrom, where the H-H bond is still intact (a). Complexes with 

longer dHH may be perceived as an arrested oxidative addition of the H2 molecule to the metal center (resulting in 

elongated dihydrogen (b) or compressed dihydride (c) complexes). Complete oxidative addition of the ligand to the 

metal center results in a formation of a dihydride complex (d). 

σ1s!

σ*1s!
H

H

M
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Figure 1-4. Continuum from dihydrogen complex to a dihydride complex. (a) dihydrogen complex (b) elongated 
dihydrogen complex (c) compressed dihydride complex (d) dihydride complex 

 

1 .4 Determinat ion of the internuclear d istance in a d ihydrogen complex.  The interaction between the 

metal and the dihydrogen ligand is an important parameter to understand when rationally designing transition metal 

catalysts. dHH is an indication of the degree of activation of the bound ligand, but does not directly correlate to the 

thermodynamic acidity of the molecule.6 dHH can be estimated by a variety of methods described below. 

 

1 .4 .1 Crysta l  d i f f ract ion techniques .  

1 .4 .1a S ing le Crysta l  X-ray Dif fract ion. While generally an excellent tool for describing the structure of a 

molecule, X-ray diffraction is not a reliable method for determining dHH in a dihydrogen complex. The method relies 

on interpreting the pattern produced when X-rays are diffracted by the electrons in a molecule. The large amount of 

electron density of the transition metal center obscures and distorts the location of the electron density between the 

two hydrogen nuclei in all but the best data sets and does not provide accurate description of the hydrogen atom 

location.7 Further, anisotropic molecular motion and disorder in the ligand can impede correct interpretation of the 

results.4 

1 .4 .1b Neutron Dif fract ion. The location of the hydrogen nuclei can be accurately determined in a neutron 

diffraction experiment. The nuclei, not the electrons between them, diffract the neutron beam. This method provides 

definitive placement of the hydrogen atoms since hydrogen has a reasonable neutron scattering cross section.7 

Unfortunately, the technique requires a large, high-quality crystal, and there are only a few operational instrument 

facilities in the world capable of collecting the data. 

 

1 .4 .2 Sol id-state NMR exper iments .  The observation of a Pake pattern doublet in solid-state NMR experiments 

arises when two spin-1/2 nuclei are close together and have a large dipolar coupling.8 Deuteration of hydrogen atoms 

M
H

M
H

M
H

M
H

H H H H

a! b! c! d!



 5 

in the ancillary ligands of the sample gives a simple spectrum. The observed coupling is inversely proportional to the 

cube of the internuclear distance (dHH) (Equation and idealized observed spectrum shown in Figure 1-5).9 The pattern 

can also be observed when select soft pulses are applied to saturate the ancillary ligand resonances. The dHH estimate 

from these measurements is believed to be very accurate (on the order of ± 0.01 Angstrom) as a change in the 

coupling constant on the order of 10 kHz would result in significant changes to the estimated dHH. Another advantage 

of this measurement is that molecular motion and other relaxation pathways are taken into account. 

 

Figure 1-5. Pake pattern observed for dihydrogen ligand in solid-state NMR spectra. The observed dipolar coupling is 
inversely proportional to the internuclear distance. (γH = the gyromagnetic ratio for the proton, ħ is Planck’s 
constant/2π).  

 

1 .4 .3 Solut ion-state NMR exper iments .  Two completely independent solution-state NMR experiments can be 

utilized for the practical determination of dHH. Solution-state NMR experiments are a desirable method for finding dHH 

because no special instrumentation (beyond a standard NMR spectrometer) is required and the sample is not 

destroyed during data collection. 

1 .4 .3a .  T 1 re laxat ion t ime constant .  The rate at which a nucleus relaxes back to alignment with the bulk 

magnetic field can provide insight into the environment around that nucleus. Nuclei relax by a variety of pathways. 

When two hydrogen nuclei are very close together, dipole-dipole relaxation becomes the dominant pathway. At these 

short distances, the relaxation rate is proportional to the sixth order of the distance between the nuclei, making this a 

very sensitive technique (discussed further below). 

The T1 relaxation time constant of a given resonance is measured by delivering a 180-degree pulse, allowing a 

relaxation delay (tau) and then delivering a 90-degree pulse to the sample. This “inversion recovery” experiment is 

outlined in Figure 1-6.10 Varying the delay produces a series of spectra like the one shown in Figure 1-7. When the 

3D
2

3D
2
=
3 γH

2 
8 π 2 dHH

3
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recorded NMR spectrum has a null signal, tau0 has been determined. This is related to the time required for the 

nucleus to relax fully from a 90-degree pulse as shown in 
    

Equation 1-1. 

T1 (minimum) =
τ 0

ln 2     
Equation 1-1.

 

 

 

Figure 1-6. Schematic of an Inversion-Recovery NMR Experiment. The net magnetization of the bulk sample is initially 
aligned with the magnetic field. Following the 180° degree pulse, the net magnetization is inverted. A variable delay 
(tau) gives rise to results generalized by a-c. (a) If the delay is very short, almost no relaxation occurs prior to the 90° 
pulse. In this case, a negative signal is observed. (b) When the delay is equal to the time required for relaxation of the 
net magnetization back into the x-y plane, another 90° pulse will produce net magnetization in the –z direction, 
resulting in no signal detected in the x-y plane. (c) At infinitely long delays, a fully positive signal will be recorded. The 
net magnetization vector relaxes back into the +z dimension, followed by a traditional 90° pulse, resulting in a positive 
signal. 

 

The relaxation of the nuclei in a dihydrogen ligand is characteristically fast. T1 is generally observed to be on the 

order of 5-50 milliseconds for dihydrogen complexes.  This is in contrast to the 0.2-0.5 second T1 values observed for 

metal hydride resonances. T1 values for protons attached to carbon atoms are often on the order of seconds to 

minutes.  

180°!

90°!

(a) No delay!

(c) Long delay!

(b) Delay = 90° relaxation time!

negative!

null!

positive!

90°!

90°!
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Figure 1-7. Data acquired from an Inversion-Recovery Experiment.11 (a) Series of spectra with signal varying from fully 
negative to fully positive. (b) Plot of the integration of each signal against the delay time for that experiment. A fit of 
this data is used to accurately determine the T1 relaxation time constant for a given resonance. 

 

The rate of relaxation (T1
-1) of a given resonance is dependent on how rapidly the potential energy acquired 

following perturbation from the bulk magnetic field can be dissipated throughout the system (spin-lattice relaxation). 

(This can be imagined as the rate that the needle on a compass would return to North after manually pulling it to 

point East and then releasing it.) In NMR experiments, the energy gap between the excited and ground states is on the 

order of the rotational energy of a small molecule tumbling in solution. As such, the relaxation rate can be maximized 

(leading to the minimum T1 value) when the system is at a temperature providing the optimum energy transfer 

between the nuclei and rotational motion of the molecule. 

The minimum T1 value can then be related to dHH.   Equation 1-2 describes the relaxation of a 

proton resonance, where the dipole-dipole relaxation mechanism dominates.12 Care must be taken in the use of this 

equation, as there can be other contributions to relaxation (e.g., from metal ions). Note that   Equation 

1-2 differs from the equation originally published by Halpern. An additional term {(μ0/4�)2} equivalent to 1.0 

Gauss2cm3/erg must be included in order to correctly cancel units (but does not change the numerical value of the 

result).13 Differentiation of   Equation 1-2 with respect to τc gives      Equation 1-3. The minimum of this 

polynomial function is found by setting the result equal to zero (also in      Equation 1-3), and the minimum value of 
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the function describing molecular motion (τc) can be determined (  Equation 1-4). Using that value in  

 Equation 1-2 provides a relationship where the only variables are the Larmor frequency (ω), T1 (now 

minimum, due to the differentiation to determine τc), and dHH. Measurement of T1(minimum) at any magnetic field 

strength can be used to determine dHH. The simplified resulting relationship is given in 
   

 
Equation 1-5. (The derivation outlined here is described in Reference 12). 

 

  Equation 1-2. 

 

     Equation 1-3. 

 

τ cω = 0.6158; where ω = 2π γH B0( ) = 2π ν( )   Equation 1-4. 

 

dHH = 5.8173
T1(minimum)

ν
6

    
Equation 1-5. 

 

Data is recorded at multiple temperatures and often on multiple spectrometers with varying frequencies to 

accurately determine T1(min). T1(min) occurs at a higher temperature in stronger magnetic fields (the higher Larmor 

frequency is matched by faster tumbling in solution), making the practical collection of data simpler. Figure 1- 8 shows a 

sample data set with T1(min) determined at varying magnetic field strength.14  The approximate T1(min) values taken at 

each field strength (0.038, 0.052, and 0.065 seconds at 300, 400, and 500 MHz, respectively) are all in agreement when 

dHH is solved using 
    

Equation 1-5 (approximately 1.3 Angstroms). 
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Figure 1- 8. Plot showing T1 data acquired for the dihydrogen ligand of trans-[Os(H2)Cl(dppe)2]+ (dppe = diphenyl-
phosphinoethane) at several field strengths and temperatures.  The data demonstrate that T1 (minimum) occurs at 
higher temperatures in stronger magnetic fields. Data taken from Maltby, et al. J. Am. Chem. Soc.1996, 118, 5396-5407. 

 

1 .4 .3b 1JHD coupl ing constant .  The partially-deuterated form of dihydrogen gas (HD) appears as a 1:1:1 

triplet with 43 Hz coupling in a 1H NMR spectrum. When coordinated to a metal complex, a dihydrogen ligand (HD) 

maintains a strong, observable coupling constant. As the ligand binds more strongly to the metal center (i.e., elongating 

the dihydrogen bond), the coupling constant diminishes in magnitude and undergoes sign inversion. That is to say, the 

coupling is strong when dHH is short, and gets weaker as dHH increases. The empirical relationship was originally 

proposed by Morris and co-workers (     Equation 1-6).15 Heinekey and 

coworkers improved the fit by including only the dHH values determined by solid-state NMR experiments and neutron 

diffraction structures (     Equation 1-7).16 Another version of the equation 

applied some real-world parameters to the boundaries of the relationship,17,18 and finally, Heinekey and co-workers19 

once again tweaked the fit of the data to produce Equation 1-9. Equation 1-9 (using b = 0.494 and 2JHD = -3.04 Hz) is 

plotted in Figure 1-9 with experimental data points to demonstrate the accuracy of predicting dHH based on this 

empirical relationship. 
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dHH = 1.42 – 0.0167(1JHD)     Equation 1-6. 

 

dHH = 1.44 – 0.0168(1JHD)     Equation 1-7. 

!!!!" = 43 − 2 !!! !" !
!.!"!!!!

! + !!! !" !
!.!"!!!!

!
!
+ !!! !"    Equation 1-8. 

Equation 1-9. Function best describing dHH based on measured 1JHD coupling constants. Originally proposed by Hush,17 
Chaudret and co-workers published an equation where b = 0.404 and 2JHD = -2.8 Hz (based on calculations and 
literature precedent).18 Heinekey and co-workers published a later report amending the equation to best fit the 
available data (b = 0.494 and 2JHD = -3.04 Hz).19 

 

 

Figure 1-9. Plot of dHH vs. 1JHD for a variety of complexes along the dihydrogen – dihydride continuum. Data were taken 
from Chaudret, et al. J. Phys. Chem. A 1999, 103, 4752-4754. The fit line plotted is Equation 1-9, employing the values 
for b and 2JHD prescribed by Heinekey et al. 

 

1 .4 .4 Vibrat ional Spectroscopy. Infrared (IR) and Raman spectroscopy have limited utility in identification of 

dihydrogen complexes. IR spectroscopy relies on a change in the dipole of the molecule. As the dihydrogen ligand is 

non-polar and generally bound symmetrically, IR-signals are often weak and difficult to observe; however, if the ligand 

undergoes oxidative addition to form a dihydride, the M-H stretch is observable in the IR spectrum. Free H2 has a 

strong Raman signal, but this is silenced upon coordination to a metal. While solution observation is difficult, both 

dihydrogen and dihydride complexes have been studied by vibration spectroscopy extensively in matrix samples.20  
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1 .5 Organizat ion of th is  thes is .  This thesis seeks to develop the reader’s understanding of dihydrogen 

complexes, their discovery, and their characterization in Chapter 1. Chapter 2 focuses on a reagent originally used in 

our lab to generate dihydrogen complexes. Along the way, it became clear that the silylium ion had interesting solution 

chemistry. Chapters 3-4 discuss advances in pincer-ligated nickel chemistry, including dihydrogen complexes, dinitrogen 

complexes, and a possible agostic complex. Chapter 5 highlights the first palladium dihydrogen complex and discusses 

similarities amongst the group 10 dihydrogen complexes. 
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Chapter 2 :  [Et3S i]+ as a Usefu l  Reagent & Ins ights into the [(Et3S i)2H]+ Species 

 

2 .1 .1 Genera l  Introduct ion. Within the scientific literature, investigations of silylium ions ([R3Si]+) were first 

undertaken to investigate a heavier Group 14 analogue of the ubiquitous carbocation. In organic chemistry, heterolytic 

cleavage of a sp3C-X bond (where X- is a good leaving group) is described as the first step of the common SN1 reaction 

mechanism, resulting in formation of an [R3C]+ carbocation. This type of reaction mechanism, however, does not lead 

to formation of the corresponding planar [R3Si]+ silylium ions.1 

 

In theory, the larger size, increased polarizability, and decreased electronegativity of silicon relative to carbon 

should stabilize the silylium ion.2 Gas-phase mass-spectrometry methods showed that these ions exist,3 but their 

isolation in condensed phases has proved remarkably difficult. 

 

2 .1 .2 Determining the degree of coordinat ion between cat ion and anion.  The extent of coordination 

between a silylium ion and its counteranion can be determined using several methods:4 

2 .1 .2a Freezing point depress ion. The extent to which the freezing point of a solvent deviates from its 

known value indicates the molality of solute particles present in a solution. The change in freezing point would be twice 

as large for un-paired ions relative to tightly-paired species. 

2 .1 .2b Conduct iv i ty measurements .  The conductivity of a solution is increased as a function of the 

number of ions present. 

2 .1 .2c Sol id-state structures .  X-ray structures of crystalline silylium samples provide insight into the degree 

of coordination between cation and anion in the solid state, as well as any existing solvent coordination. Closest 

contacts within the range of the Van der Waals radii can indicate coordination. Additionally, silylium ions free of 

interaction with anion or solvent would be planar and the bond angles around silicon would sum to 360°. Both of 

these metrics can be used to determine if a silylium ion is truly “free”. 

Si
RR

RR R

R

carbocation! silylium!



 15 

2 .1 .2d Solut ion NMR Spectra .  A down-field 29Si chemical shift is related to the cationic character of the 

silicon nucleus. Silanes commonly have a chemical shift between 0 – 10 ppm, with increasingly cationic silicon nuclei 

shifted further downfield: Et3SiCl = 36 ppm;5 Me3SiClO4 = 47 ppm.6 Computational predictions estimate that a truly 

three-coordinate silicon cation would have a chemical shift greater than 200 ppm.7 This has been achieved for bulky 

triarylsilylium species such as trimesitylsilylium, which has a reported chemical shift of 226 ppm (29Si versus TMS),8 

corresponding nicely to the computationally predicted 226-230 ppm.9 Additionally, heteronuclear NMR spectra of the 

anion can be monitored for changes indicating coordination to the cation.10 

The discussion within this chapter will focus primarily on triethylsilylium ions, which are relevant to this thesis 

because they are helpful reagents for the synthesis of dihydrogen complexes (discussed below). Extensive literature 

discusses work with [Me3Si]+,11 protonated siloxanes,12 sterically bulkier cations,13 tethered cations,14 bissilylated 

halonium ions,15 and silyl-substituted rings where the cationic charge is displaced over the ring.16 

 

2 .2 Background on Tr iethy ls i ly l ium.  

Lambert and co-workers at Northwestern University reported the first isolated species utilizing a hydride-

transfer reaction to formally generate the silylium ion (Scheme 2-1).17 This type of reaction was initially described for a 

halogen-hydrogen exchange reaction by Bartlett, Condon, & Schneider,18 and was later applied to silicon chemistry by 

Corey & West.19 Corey first investigated the utility of hydride-transfer from a silane to a carbocation to generate 

silylium ions in solution while on sabbatical in Mislow’s Princeton laboratory in 1974-1975.20  

 

Scheme 2-1. As described by Lambert & coworkers, a hydride-transfer reaction resulting in formation of a formal 
silylium cation. 

 
Lambert and coworkers reported the crystal structure of the species generated from the reaction between 

[Ph3C][B(C6F5)4] and Et3SiH in Et3SiH as sovlent and recrystallized from toluene/hexanes. The resulting species, 

[Et3Si(C7H8)][B(C6F5)4], triethylsilylium(toluene) tetrakis(pentafluorophenyl)borate (2-1a) was reported to be the first 

non-coordinating silylium cation (Figure 2-1). Controversy ensued21 as to whether this was truly a non-coordinating 

silylium ion. 

HSi + C

3

Si + C

3

Hsolvent
solvent
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Figure 2-1. ORTEP22 of [Et3Si(toluene)][B(C6F5)4] (2-1a). All hydrogen atoms and the counteranion are omitted for 
clarity. The unit cell contains two cations (with bound toluene molecules), two non-coordinated anions, and three non-
coordinated toluene molecules (with some degree of disorder). The structure originally reported by Lambert & co-
workers was confirmed in our laboratory. File name: Heinekey/Samantha/sjc02. 

 
The X-ray structure showed that the shortest distance between the silicon atom and the toluene ring (2.17 

Angstroms) was short enough to suggest some degree of coordination. The coordination appeared to be intermediate 

to purely σ- or π- coordination. Sigma coordination of the silylium ion to the toluene ring would suggest that the 

coordinating carbon atom would be nearing sp3- and have 4-coordinate geometry, which would require distortion of 

the toluene molecule. Instead, the solvent molecule remained planar, and no significant changes to the bond lengths or 

angles were noted. Pi coordination would be indicated by the silylium ion binding orthogonal to the plane of the ring. 

This was not observed (Figure 2-2). Some coordination was established by the lack of planarity around the silicon 

atom. 

 

Figure 2-2. Depiction of arene-coordinated silylium ions, showing π-coordination, σ-coordination, and the geometry 
observed in the crystal structure of [Et3Si(C7H8)][B(C6F5)4] (2-1a). 
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In order to minimize the interaction between the silylium ion and the solvent, Reed & others utilized inert 

carborane anions.23 Extensive work into silylium chemistry produced crystal structures of several cations ([C6H7]+,24 

[Me3Si]+,25 and [iPr3Si]+ 26) with carborane anions. The synthetic roadblocks to achieving truly non-coordinated 

alkylsilylium cations have been discussed.26 

 

2 .3 Synthet ic ut i l i ty for the generat ion of LnM(H2) complexes .  Silylium ions are versatile reagents with 

multiple applications in the synthesis of transition metal dihydrogen complexes. In this research, triethylsilylium reagents 

have been used extensively to generate novel compounds via two different pathways. Both pathways rely on the 

strength of the Si-Cl bond (BDE = 109 kcal/mol) (Scheme 2-2).27 

 

Scheme 2-2. Two routes to dihydrogen complexes employing the silylium reagent. 

 

2 .3a Chlor ide Abstract ion to generate an open s i te at the meta l .  Triethylsilylium species can be 

used to generate dihydrogen complexes by utilizing the driving force from the formation of a strong Si-Cl bond. An 

open site is then available at the transition metal to bind a weakly-coordinating ligand such as dihydrogen. 

 

2 .3b Protonat ion of a meta l  hydr ide . If the ligand is free of any basic sites, protonation of a metal hydride 

bond can lead to a dihydrogen complex. The silylium reagent is useful for this purpose as it can be used to generate a 

strong acid in solution. Reaction of triethylsilylium species with HCl gas results in formation of chlorotriethylsilane and 

protonated solvent. This can result in formation of the desired H2 complex. 

 

2 .4 Orig ina l  character izat ion and scrut iny of proposed structure . Lambert describes the original 

preparation of the silylium species in the Organometallics paper28 that was published as a follow-up to the Science 

publication containing the structure of 2-1 .17 A neat reaction of colorless liquid Et3SiH with solid yellow 

Path 1: Open Site! Path 2: Protonation!

[Et3Si]+ + H2 [Et3Si]+ + HCl

- Et3SiCl - Et3SiClLnM - Cl H - MLnLnM

H--H
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[Ph3C][B(C6F5)4] results in the transformation of the yellow solid into a white solid over a period of days. While 

insoluble in Et3SiH, the white solid is soluble in arene solvents. 

Over 15 years later, Reed & Nava proposed that the cation generated was not [Et3Si]+, but instead that the 

solvent used for the reaction (Et3SiH) was, in fact, bound to the cation.29 The basis for this assignment came from IR 

spectroscopic data where a broad band associated with the Si-H-Si stretch was observed at ~1900 cm-1. (This stretch 

had been observed and assigned previously for the [(Me3Si)2H]+ cation with a carborane anion).30 This band did not 

decrease in intensity upon heating the sample in vacuo. Reed & Nava noted that dissolution of [(Et3Si)2H]+ in 

coordinating arenes resulted in the release of Et3SiH, and that the silane could be observed bubbling out of the 

solution.29 

Our laboratory speculated about the coordination of an equivalent of Et3SiH based on the results of some 

rhenium chemistry performed in the laboratory. Pons & Heinekey reported the reaction of Re(CO)5Cl with silylium 

ions in the presence of dihydrogen. If the white solid generated from the neat reaction of Et3SiH with [Ph3C][B(C6F5)4] 

was used, [Re(CO)5(Et3SiH)]+ was the observed product. However, if the silylium ion was generated with only one 

equivalent of Et3SiH in benzene, the dihydrogen complex ([(Re(CO)5(H2)]+) was the observed product of the reaction 

(Scheme 2-3).31 

 

Scheme 2-3. Rhenium dihydrogen and triethylsilane sigma-complexes generated with the use of silylium reagents. 

 

2 .5 Crysta l  Structure of [(Et3S i)2H][B(C6F5)4]  (2-2) .  The white solid generated from the reaction between 

[Ph3C][B(C6F5)4] and Et3SiH was isolated, washed with pentane, and dissolved in chlorobenzene. Layering the solutions 

with excess triethylsilane or alkane solvent precipitated X-ray quality crystals of [(Et3Si)2H][B(C6F5)4]. The structure is 

shown below in Figure 2-3. There are no pentane or arene solvent molecules in the unit cell, and the closest contact 

between the silylium ion and the counteranion exceeds 3.5 Angstroms. 

Re
C
C C

C

C

H--H

O
O

O

O

O

+

[Et3Si(C6H6)]+ / H2

- Et3SiCl

[(Et3Si)2H]+ / H2

- Et3SiCl
Re

C
C C

C

C
O

O

O

O

O

+

H--SiEt3

Re(CO)5Cl



 19 

 

Figure 2-3. ORTEP22 of [(Et3Si)2H][B(C6F5)4]. Ellipsoids are drawn at the 50% probability level. Hydrogen atoms (except 
for bridging hydrogen) and the anion have been omitted for clarity. Relevant distances and angles: Si-Si = 3.217(9) Å; Σ 
C-Si1-C = 347.4(4)°; Σ C-Si2-C = 349.2(4)°; Rint = 0.0573. File names: Heinekey/Samantha/sjc04 (twinned) and 
Heinekey/Samantha/sjc06 (some decomposition apparent). 

 
The Si-Si distance is greatly lengthened from that observed for disilanes. Generally, disilanes have a distance 

around 2.3 Å. In the solid state, [(Et3Si)2H][B(C6F5)4] exhibits an Si-Si distance over 3.2 Å, consistent with the distances 

reported in similar molecules (shown in Table 2-1)14. Because the hydrogen atom position is not fully refined in these 

structures (sjc04 and sjc06), the bond angle is depicted as linear in Figure 2-3. 

 

Si!
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Table 2-1. Bridging silylium species and selected metrics. # Value calculated from B3LYP/6-31G* level calculated 
structures. 

 

 

2 .6 Understanding the solut ion chemistry .  Dissolution of [(Et3Si)2H][B(C6F5)4] (2-2) in nominally unreactive 

solvents resulted in a 1H solution NMR spectrum containing a small broad signal and signals for an ethyl moiety. It was 

anticipated that the bridging hydride would appear as a multiplet with silicon satellites (similar to that observed in 

complexes a-b ,d above). As the silicon satellites were not observed, experiments were undertaken to understand the 

nature of the cation in solution. 

 

2 .6 .1 True chemica l  sh i f t  of the br idg ing hydr ide . It was anticipated that [(Et3Si)2H]+ reached an equilibrium in 

chlorobenzene and fluorobenzene solution where some of the triethylsilane was displaced by solvent to give free 

triethylsilane and the solvent-bound silylium species (Scheme 2-4). 

 

Scheme 2-4. Dissociation of complex 2-2 in arene solvents results in some displacement of Et3SiH to form the 
solvent-coordinated silylium ion. 

 
In order to investigate the equilibrium established upon dissolution of 2-2 in chlorobenzene, the true chemical 

shifts of the species needed to be identified. The bridging hydride is in equilibrium with Et3SiH in solution. The true 

chemical shift of Et3SiH is easily observed to be a septet with 29Si satellites at 3.76 ppm (Scheme 2-4). 
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Figure 2-4. 1H NMR spectrum of Et3SiH in chlorobenzene showing observed septet (3JHH = 3.4 Hz) and 29Si satellites 
(1JSiH = 177 Hz). 

 
2 .6 .2  Ethyl  reg ion of the 1H and 13C{1H} NMR spectra .  To investigate this equilibrium, the boundary NMR 

spectra for each of the species in solution had to be identified. The ethyl moieties have some variation between the 

species, but all signals are between 0.5 and 1.0 ppm in the 1H NMR spectrum. This resulted in very complicated and 

convoluted spectra. In addition, the magnitude of the coupling between the predicted CH3 quartet and CH2 triplet was 

on the same order as the chemical shift difference. This resulted in the observed spectra displaying second-order 

perturbations. Figure 2-5 shows the effect of increasing coincidence of the two signals for a simple ethyl group with no 

exchange reactions occurring as modeled by gNMR.32 
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Figure 2-5. Predicted 1H NMR spectra demonstrating the effect of nearing coincident chemical shifts on the appearance 
of an ethyl moiety: 500 MHz, 0.25 Hz Line Width. 

 

2 .6 .3 Determinat ion of K eq.  Cooling a solution of 2-2 in chlorobenzene to the freezing point of the solvent did 

not decoalesce of the observed bridging signal, so the chemical shift had to be estimated. If the dissociation described 

in Scheme 2-4 was not occurring, the observed signal for an in situ reaction between trityl cation and less than two 

equivalents of Et3SiH would have one observed chemical shift for the bridging hydride. The observation, however, is 

that the chemical shift moves as the amount of Et3SiH added increases. This continues with increasing amounts of 

Et3SiH added to isolated 2-2 as well (Figure 2-6). 
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Figure 2-6. 1H NMR spectra showing the change in chemical shift of the weighted average signal for the italicized 
protons in the reaction scheme shown with increasing amounts of Et3SiH. Spectra are from Experiments 5, 8, 14, & 16 
in SJC5_041613_1. 

 
KaleidographTM was used to fit the data resulting from both in situ experiments from trityl + Et3SiH and isolated 

2-2 , and it was determined that the true chemical shift for [(Et3Si)2H][B(C6F5)4] in chlorobenzene is 1.35 ± 0.12 ppm 

(Figure 2-7). Using this value, it was concluded that at room temperature, 2-2 undergoes approximately 30% 

dissociation in chlorobenzene solution. There is then rapid exchange between bound and free Et3SiH. Simulations32 

using gNMR suggest that the exchange must be faster than 200 sec-1 for the observed signal to lose all coupling to the 

bridging proton. Additionally, faster exchange will result in the complete coalescence of the signal for free Et3SiH and 

[(Et3Si)2H]+. 
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Figure 2-7. Compiled data for the observed 1H chemical shift of [(Et3Si)2H][B(C6F5)4] in chlorobenzene from reaction 
between [Ph3C][B(C6F5)4] and the indicated number of equivalents of Et3SiH. The solid line shows the fit from the 
KaleidographTM software used to determine the true chemical shift of the bridging H, independent of the exchange 
reaction with free Et3SiH. 

 

Figure 2-8. Ethyl region of 1H NMR spectra from reaction mixtures containing 2-1 with the number of additional 
equivalents of Et3SiH indicated. Spectra are from Experiments 5, 8, 14, & 16 in SJC5_041613_1. 

 

As shown in Figure 2-8, the region between 0.5 and 1.0 ppm of these 1H NMR spectra are quite complicated. 

In addition to the second-order effects described in Figure 2-5, the rapid exchange resulting in the coalesced bridging 

hydride signal will also produce complex spectra. To get a better handle on this, the 13C{1H} NMR spectra were 

obtained (Figure 2-9). 
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Figure 2-9. 13C{1H} NMR spectra recorded at 176 MHz in chlorobenzene-H5. The top spectrum shows the ethyl 
region of a reaction between [Ph3C][B(C6F5)4] and 1.0 equivalents of Et3SiH. This resulted in formation of Ph3CH and  
[Et3Si(ClC6H5)][B(C6F5)4] (2-1c) (shown). Additional equivalents of Et3SiH were added (indicated above) and the 
resulting spectra were recorded. The 13C{1H} spectra are simpler than those observed by 1H NMR. Spectra from 
experiments 4, 6, 8, 10, and 12 in SJC5_082213_1. 
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Species 2-1c shown in Figure 2-6 could be independently synthesized. Addition of 1.0 eq. of Et3SiH to 

[Ph3C][B(C6F5)4] in chlorobenzene resulted in complete loss of color from the reaction mixture. New signals associated 

with 2-1c were identified by 1H, 13C{1H}, and 29Si-1H HMQC NMR spectroscopy (Figure 2-10). This reaction also 

proceeds in benzene and toluene (described by Lambert). 

 

Figure 2-10. 29Si-1H HMQC 2D NMR Spectrum. Shows correlation between peak at 0.72 ppm (ethyl signals) and a 29Si 
signal at 117 ppm. The NMR tube contained a reaction mixture of [Ph3C][B(C6F5)4] and 1.0 equivalents Et3SiH in 
chlorobenzene-H5, affording [Et3Si(ClC6H5)][B(C6F5)4] (2-1c) as the primary product. Data from experiment 3 in 
SJC5_011813_3. 

 
As mentioned previously, the downfield-shifted 29Si NMR signal is indicative of the degree of the cationic 

character of the silicon species. The observed chemical shift of 2-1c is 117 ppm, which is further shifted than other 

arene-complexed cations, such as 2-1a and 2-1b and correlates nicely with a compound reported by Reed, where 

[iPr3Si]+ is complexed with a hexachlorocarborane anion (115 ppm).33 
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2 .7 Thermodynamics of solvent coordinat ion. 

The bond dissociation energies of triphenylmethane and triethylsilane provide some insight into the strength of 

the interaction between the silylium cation and the coordinated solvent molecule. The hydride abstraction reaction 

shown in Scheme 2-1 is endothermic by approximately 25 kcal/mol,34 indicating that the solvation of the silylium ion 

must provide at least that in order for the reaction to proceed. In fluorobenzene, combination of 1 eq. Et3SiH with 1 

eq. [Ph3C][B(C6F5)4] does not react to completion. This indicates that fluorobenzene coordination energy is not 

sufficient to drive the thermodynamics of reaction. 

The NMR resonance for the bridging H atom in a solution of 2-2 with several extra equivalents of Et3SiH in 

chlorobenzene can be monitored at varying temperatures. As the solution is cooled from room temperature to 240 K, 

the signal can be observed to be moving toward the true chemical shift of 2-2 , indicating that Keq is shifting toward 

association of the free Et3SiH to the silicon cation. Dissociation of Et3SiH from 2-2 to form the solvent complex 2-1c 

is an endothermic process (Figure 2-11). This is intuitive – Et3SiH is a better ligand for [Et3Si]+ than chlorobenzene, as 

2-2 is the primary observed product in a reaction mixture, even in nearly 10.0 M chlorobenzene. 

 

Figure 2-11. Signal for [(Et3Si)2H][B(C6F5)4] averaging with free Et3SiH in chlorobenzene at the temperature indicated. 
The signal shifts upfield as the temperature is lowered, indicating that the dissociation of Et3SiH from 2-2 to form 2-
1c decreases. The dissociation reaction is an endothermic process. The broadening of the signal is likely due to the 
decrease in the rate of exchange as the temperature drops. Data from experiments 1-4 in SJC4_080412_1. 
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2 .8 Cata lyt ic format ion of tetraethy ls i lane. Based on the crystal structure reported by Lambert (Figure 2-1), 

dissolution of 2-2 in toluene results in the release of triethylsilane, and the formation of the solvent complex, 2-1a . 

This reaction is accompanied by the evolution of a gas. As was mentioned previously, Reed & Nava29 proposed that 

this gas was triethylsilane. As the boiling point of Et3SiH is 108 oC, it will not vigorously bubble out of a room 

temperature solution. In this work, the gas has been identified as hydrogen by NMR spectroscopy. The other product 

was conclusively identified as tetraethylsilane. The mechanism of this reaction is not clear. Dissolution of 2-2 in 

benzene-d6 and toluene-d8 both produce HD gas as the observed product. Similarly, [(Et3Si)2D][B(C6F5)4] dissolved in 

protio-solvent also evolves HD gas. Our initial proposed mechanism involved deprotonation of 2-1 to produce a 

super-acid in solution capable of protonating Et3SiH, effecting release of hydrogen gas, and catalytically reforming the 

[Et3Si]+ species (Figure 2-12). This is consistent with the observation of additional gas evolution when additional 

equivalents of Et3SiH are added. 

The neutral product generated by this proposed catalytic cycle is the Et3Si-substituted arene. We have 

confirmed that Et3Si-substituted arenes are not observed products of the reaction by GC/MS and NMR spectroscopy. 

In fact, a reaction with 8 equivalents of Et3SiH resulted in a large amount of Et4Si (as confirmed by GC-MS and NMR 

spectroscopy). We now attribute this reactivity to a Lewis acid-catalyzed redistribution reaction.35 
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Figure 2-12. Initial proposed catalytic cycle resulting in the consumption of Et3SiH and production of hydrogen and a 
neutral triethylsilicon-containing product. The two mirrored pathways ((a) and (b)) demonstrate the production of HD 
in toluene or benzene solution found during isotopically-labelled experiments (where R = D, H, or CH3). This cycle is 
not observed, however, as the triethylsilylarene is not an observed product of the reaction. Authentic samples of 
triethylphenylsilane and triethyl-p-tolylsilane were synthesized and did not match the NMR spectra or GC-MS data for 
the neutral product of the catalysis.  
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2 .9 Decomposit ion in the sol id state .  These reaction mixtures have extreme water-sensitivity. In solution, 

silylium species readily react with trace water to form silanols and ultimately siloxanes. It should be noted that in the 

solid state, the cations have been shown to be unstable to long-term storage. Even the nominally non-reactive 

counteranion, [B(C6F5)4]-, is susceptible to activation by the highly Lewis-acidic cation. A solid sample of 2-2 stored for 

three weeks under argon darkened in color, and colorless crystals sublimed to the top of the vial. The sublimate was 

identified by X-ray crystallography to be (C6F5)BF2 (Figure 2-13). 

 

Figure 2-13. ORTEP22 of (C6F5)BF2. Ellipsoids are drawn at the 50% level. The geometry is planar around boron, with 
the phenyl ring tipped slightly out of the plane. Rint=0.0234. File name = Heinekey/Samantha/sjc10. 
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2 .10 Relevant NMR notes .  29Si nuclei are difficult to probe using direct detect experiments due to their low 

sensitivity, low natural abundance, and the low concentrations in the reaction mixtures discussed here. Commonly, 29Si 

nuclei are studied using INEPT pulse programs. INEPT (Insensitive Nuclei Enhancement by Polarization Transfer). 

These experiments rely on the scalar coupling between a more sensitive nuclide (generally 1H) and 29Si. We avoided 

use of the INEPT experiments as the appropriate scalar coupling was unknown for the bridging proton of 2-2 , and the 

other species do not have protons on the 29Si nucleus of interest. 

Due to the coincidence of ethyl signals between 0.5 and 1.0 ppm in the 1H NMR spectra for these species, two-

dimensional correlation experiments were employed. The pulse program utilized is a Heteronuclear Multiple Quantum 

Correlation (HMQC) experiment. This experiment detects 1H nuclei that are coupled (with a particular scalar coupling 

constant) to a heteronuclide (in this case, 29Si), and spreads the signals out in the second dimension according to the 

chemical shift of the heteronucleus. The coupling constant selected was that between the protons of the ethyl groups 

and the 29Si nucleus. The sensitivity of the HMQC experiment is increased relative to older HETCOR (heteronuclear 

correlation) experiments where proton magnetization was transferred to the lower gamma nuclide for detection. 

 

Figure 2-14. Simplified depiction of an HMQC pulse program. Pulse A delivers magnetization to the sample. The delay 
1/2J allows evolution of that magnetization to the heteronucleus according to the scalar-coupling constant. Pulses B & 
D allow separation of the signals in the X-dimension according to chemical shift. Pulse C decouples the 1H nuclei from 
the X-channel, and refocuses the non-correlated 1H nuclei via a spin-echo to allow elimination of those signals by 
phase cycling the detector. 

 
A simplified version of the pulse program is shown in Figure 2-14, and involves just four pulses. The top line 

contains the pulses delivered at the 1H frequency. For nuclei not interacting with the heteronucleus, pulses A and C 

provide a basic spin-echo experiment, where the magnetization from a 90-degree pulse is allowed to evolve for a time, 

is then pulsed 180 degrees, and then allowed to evolve for the same time. This can be visualized by imagining a horse 

race where the horses start in opposite directions at the starting line, run either direction until a second time (the 180 
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degree pulse) when they change direction. If the time between the start and the 180 degree pulse, and the 180 degree 

pulse and the end of the race, all of the horses will return the starting line at the same time (Figure 2-15).36 The spin-

echo experiment refocuses the magnetization to a detectable signal. To prevent these non-correlated protons from 

appearing in the HMQC experiment, the detector is phase cycled; meaning, on the first scan, the detector collects fully 

positive signal, and on the second scan, fully negative signal. The combination of these experiments results in a null 

signal for the non-correlated protons. 

 

 

Figure 2-15. Spin-echo pulse program visualized as a horse race.  A) Race begins. The horses begin in opposite 
directions. B) After some time (1/2J delay), the horses have moved away from the starting line at different (but steady) 
speeds. C) A 180-degree pulse instantaneously reverses the direction of the horses. D) The horses continue at the 
same steady speed, and will reach the starting/finish line at the same time (refocusing the magnetization of the 
experiment). 

 
The second line of the simplified HMQC pulse program shown in Figure 2-14 depicts the pulses delivered at 

the frequency of the heteronucleus. After the first 90-degree pulse (pulse A) is delivered in the 1H dimension, a delay 

time corresponding to 1/2J precedes a 90-degree pulse in the X dimension (pulse B). This delay allows the evolution of 

the magnetization, and then pulse B transfers coherence to the X nuclei. This is refocused and returned to the 1H 
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dimension with the second X-dimension pulse (Pulse D). Signal is then acquired in the 1H dimension. For the 1H nuclei 

attached to a heteronuclide, pulse C acts as a decoupling pulse. An example of a resulting 2D NMR spectrum from a 

29Si-1H HMQC experiment of a mixture of tetramethylsilane, tetraethylsilane, and chlorotriethylsilane is shown in Figure 

2-16. 

 

Figure 2-16. Sample of a 29Si HMQC 2D NMR spectrum showing tetramethylsilane, tetraethylsilane, and 
chlorotriethylsilane. 
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2 .11 Exper imenta l  Deta i ls .  

 

Genera l  Considerat ions .  The silylium species are remarkably water sensitive and it is imperative to thoroughly dry 

all glassware, reagents, and solvents. All experiments were carried out in an argon atmosphere using standard Schlenk 

techniques and a glove box. Solvents were dried over CaH2 and then stored over 4.0-Å activated molecular sieves 

(halogenated solvents and Et3SiH) or sodium metal (benzene/toluene/alkane solvents).37 All solvents were added to 

reaction mixtures by vacuum transfer immediately prior to use. 

 

S i ly lat ion of g lassware. All glassware was silylated following a procedure outlined by Rheingold, et al. 38 The 

passivation of the surface removed any water or hydroxyl groups by methylation. Teflon screw-top NMR tubes were 

charged with approximately 100 �L N,O-bis(trimethylsilyl)acetamide (purchased from Sigma-Aldrich) under argon or 

nitrogen purge. The liquid was degassed with three freeze-pump-thaw cycles, and then heated to reflux with a heat 

gun (8-10 minutes). No obvious changes to the visual characteristics of the glass or liquid were noted at this step. The 

NMR tubes were then rinsed three times with 2 mL portions of acetone. Ultimately, the acetone ran cleanly from the 

surface of the glass indicating that silylation was effective. The NMR tube was then evacuated on a Schlenk line for at 

least one hour prior to use. A similar procedure (with slightly more N,O-bis(trimethylsilyl)acetamide) was used for 

larger Teflon-stoppered flasks. Generally, flasks with ground-glass joints were avoided due to the extreme air-sensitivity 

of the reaction mixtures. 
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[Ph3C][B(C6F5)4] ,  Tr ity l  B(Ar)4F20.  

 

The following procedure was modified from several literature preparations.29,39 K[B(C6F5)4] was purchased from 

Boulder Scientific. Ph3CCl was purchased from Aldrich. A round-bottom flask was charged with K[B(C6F5)4] (0.720 g, 1 

mmole) and Ph3CCl (0.280g, 1 mmole) in an argon glove box. The solids were dissolved in dichloromethane (~100 

mL), and the reaction mixture was allowed to stir under an argon atmosphere. The solution became yellow-orange 

immediately. 

After stirring for 1 h, the solution was then filtered through Celite to remove KCl. The solvent volume was 

reduced to ~10 mL on a rotary evaporator to give a dark red oil. Addition of pentane resulted in yellow precipitate 

and a red oil. With sonication, the oil dispersed to give only yellow precipitate. The solid was isolated by filtration and 

dried in vacuo. 

Alternatively, the crude filtrate could be layered with pentane, and over the course of days to hours, crystalline 

product formed. Isolated yield: 0.703 grams, 76%. 

 

1H NMR  (CDCl3, 500 MHz, 298 K): 7.62 (d of d, 6H), 7.85 (t, 6H), 8.24 (t of t, 3H) 

   (C6H5F, 500 MHz, 298 K): 7.10 (d, 6 H), 7.34 (t, 6H), 7.71 (t, 3H) 

13C{1H} NMR (CDCl3, 125 MHz, 298 K): 130.8, 142,6, 143.8 (cation only) 

11B NMR  (CDCl3, 160 MHz, 298 K): -16 (s) 

  

ClC

3
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3
CH2Cl2

K[B(C6F5)4]     +
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 [Et3S i(C7H8)][B(C6F5)4]  (2-1a) .  

 

In a passivated NMR tube fitted with a Teflon screw-top cap, [Ph3C][B(C6F5)4] (0.020 g, 0.022 mmol) was 

exposed to a dynamic vacuum for approximately 30 minutes. Toluene (0.5 mL) was added by vacuum transfer. The 

[Ph3C][B(C6F5)4] did not completely dissolve in the toluene, but formed an orange solution above a dark orange oil. 

Et3SiH (2.5 mg, 0.0035 mL, 0.04 mmol) was added with a microliter syringe and steady argon counterflow. The 

biphasic solution became colorless upon mixing. The NMR spectra indicated the presence of triphenylmethane and a 

triethylsilicon-containing cationic product. Layering the solution with pentane or heptane precipitated X-ray quality 

crystals (yield of crystalline product ~35%). Powdered product could be obtained in higher yield (~ 55%) following 

addition of alkane solvent and mixing. 

 

1H NMR  (C7D8, 500 MHz, 298 K): Complex multiplet 0.5-1.0 ppm 

11B NMR   (C7D8, 160 MHz, 298 K): -16 (s) 

29Si NMR  (C7D8, 99 MHz, 298 K, 2D HMQC Experiment): 85 ppm 

 

 

Crystal structure first determined by Lambert & coworkers. Crystal grown and 

analyzed in this work shown in Figure 2-1. File Name: Heinekey/Samantha/sjc02 
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[Et3S i(C6H6)][B(C6F5)4]  (2-1b) .  

 

In a passivated glass flask fitted with a Teflon screw-top cap and charged with a Teflon-coated magnetic stir bar, 

[Ph3C][B(C6F5)4] (0.085 g, 0.092 mmol) was exposed to a dynamic vacuum for approximately 30 minutes. Benzene 

solvent (5 mL) was added by vacuum transfer. The [Ph3C][B(C6F5)4] did not completely dissolve, but formed an orange 

solution above a dark orange oil. 

Quantitative addition of Et3SiH (0.015 mL, 0.094 mmol (ca. 1.02 equivalent)) was accomplished by vacuum 

transfer of a small amount of Et3SiH into a pre-weighed vessel, determination the exact mass present, and then using 

the corresponding amount of [Ph3C][B(C6F5)4] to start the reaction. The solution became colorless almost immediately, 

and the oil remained deeply colored. Addition of pentane (5-10 mL) by vacuum transfer precipitated a white solid 

from the oil with stirring. The solid was allowed to settle, and the supernatant was removed by cannula. The solid was 

washed with pentane (via vacuum or cannula transfer) 2-3 times to remove all triphenylmethane. Isolated yield was 

generally ca. 85%. The product formed an oily layer in a benzene solution (10 mg in 0.5 mL), so fluorobenzene was 

used for NMR spectroscopic characterization. More dilute solutions in benzene had insufficient 29Si concentration for 

observation. 

 

1H NMR  (C6H5F, 500 MHz, 298 K): 0.4-1.0 ppm (complex multiplet) 

11B NMR   (C6H5F, 160 MHz, 298 K): -16 (s) 

29Si NMR  (C6H5F, 99 MHz, 298 K, 2D HMQC Experiment): 99 ppm 
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[Et3S i(C6H5Cl)][B(C6F5)4]  (2-1c) .  

 

In a passivated NMR tube fitted with a Teflon screw-top cap, [Ph3C][B(C6F5)4] (0.020 g, 0.022 mmol) was 

exposed to a dynamic vacuum for approximately 30 minutes. Chlorobenzene (0.5 mL) was added by vacuum transfer. 

The [Ph3C][B(C6F5)4] was very soluble in chlorobenzene, and no oily phase was observed. 

Et3SiH (2.5 mg, 0.0035 mL, 0.04 mmol) was added with a microliter syringe and steady argon counterflow. 

(Alternatively, a 1.0 M stock solution of Et3SiH in C6H5Cl can be added. These volumes are substantially larger, and 

result in a more precise addition). The solution was colorless following inversion. The NMR spectra indicated the 

presence of triphenylmethane and a triethylsilicon-containing cationic product. No pure solid products were isolated, 

as an oily solid generally formed upon removal of solvent in vacuo. 

 

1H NMR  (C6H5Cl, 500 MHz, 298 K): Complex multiplet 0.5-1.0 ppm 

13C{1H} NMR (C6H5Cl, 125 MHz, 298 K): 6.6 (s), 5.2 (s) 

11B NMR   (C6H5Cl, 160 MHz, 298 K): -16 (s) 

29Si NMR  (C6H5Cl, 99 MHz, 298 K, 2D Experiment): 117 ppm 

 

The ChemDraw structure of 2-1c is drawn with the chlorine atom coordinating to the silylium species based on 

crystal structures showing [Et3Si]+ coordinated to halogenated carborane anions in work by Reed & co-workers.30,40 
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[(Et3S i)2H][B(C6F5)4]  (2-2). 

 

In a passivated flask fitted with a Teflon screw-top cap and charged with a glass magnetic stir bar, 

[Ph3C][B(C6F5)4] ( 0.085 g, 0.092 mmol) was exposed to a dynamic vacuum for approximately 30 minutes.  

Et3SiH (3 mL, 19 mmol) was added to the reaction vessel by vacuum transfer. The [Ph3C][B(C6F5)4] did not 

dissolve in the neat Et3SiH. The yellow solid paled to off-white, and then white, over the course of 24-72 hours of 

stirring. The supernatant was removed by cannula transfer, and the solid was washed with pentane (via vacuum and 

cannula transfers) 2-3 times to remove triphenylmethane. Generally, isolated yield were nearly quantitative (95-98%). 

The solid was readily soluble in chlorobenzene and fluorobenzene. The product was recrystallized by dissolution 

of the crude product in minimal chlorobenzene. The solution was then layered with pentane or triethylsilane to 

precipitate crystals. Recrystallized yield was generally much lower (35-45%). These crystals were characterized by X-ray 

crystallography. The solid was dissolved in fluorobenzene and chlorobenzene for NMR characterization. 

 

1H NMR  (C6H5F, 500 MHz, 298 K): multiplet 0.5-1.0 ppm, 2.06 ppm (br s) 

11B NMR   (C6H5F, 160 MHz, 298 K): -16 (s) 

29Si NMR  (C6H5F, 99 MHz, 298 K, 2D Experiment): 57 ppm 

 

Crystal Structure shown in Figure 2-3. 

File Names: Heinekey/Samantha/sjc04 (twinned) and /sjc06 (small impurity) 
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[(Et3S i)2D][B(C6F5)4]  (2-2-d 1). 

 

In a passivated flask fitted with a Teflon screw-top cap and charged with a glass magnetic stir bar, 

[Ph3C][B(C6F5)4] ( 0.085 g, 0.092 mmol) was exposed to a dynamic vacuum for approximately 30 minutes.  

Et3SiD had been previously synthesized by the neat reaction between Et3SiCl and LiAlD4 after 24 h reflux. 

Several literature preparations41 of Et3SiD called for reaction in THF or with TMEDA to break up the polymeric LiAlD4, 

but it was difficult to completely separate byproducts of these reactions from the Et3SiD product. 

Et3SiD (3 mL, 19 mmol) was added to the reaction vessel by vacuum transfer. The reaction proceeded as 

described for the protio-compound. 
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Cata lyt ic react ions .  

The catalysis described was investigated by dissolving 2-2 (0.010 g,  0.011 mmol) in benzene (0.5 mL). The 

biphasic reaction mixture evolved gas. When 2-2 was dissolved in C6D6, HD gas was observed. Similarly, when 2-2-d 1 

was dissolved in C6H6, HD gas was still the observed product by NMR. Addition of additional equivalents of Et3SiH 

(observed up to 8 equivalents) produced more hydrogen gas. The same reactivity is observed in toluene. 

A second product is observed by 1H NMR and appeared to be a neutral silyl-containing product. Authentic 

samples of Et3SiPh and Et3SiTol were prepared for comparison (as suspected from the proposed mechanism shown in 

Figure 2-12), but did not match the species produced in the reaction. 

GC-MS experiments suggested that the neutral silicon product generated in the reaction was Et4Si. This was 

confirmed by 1H and 29Si-1H HMQC NMR experiments with addition of an authentic sample of Et4Si. To balance the 

stoichiometry, another silyl-containing product must be formed. While it is not apparent in the 1H or 29Si-1H HMQC 

NMR spectra, a heavier product is observed, but not identified, by GC-MS. 
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Chapter 3 :  Dihydrogen Complexes of Nickel 

 

3 .1 Genera l  Introduct ion. At the outset of this project, there was only one example of a nickel dihydrogen 

complex in the literature. As the reaction between hydrogen and first-row transition metals is fundamentally relevant 

to energy storage and use, we were interested in pursuing these molecules. We set out to identify a thermally stable 

nickel dihydrogen complex to aid our understanding of the interaction between hydrogen and first-row elements. 

 

3 .2 Nickel Hydrogenase Background. Hydrogenase enzymes are found in a wide range of anaerobic microbes.  

These enzymes facilitate the  reaction between protons and electrons to produce hydrogen gas, as well as the reverse 

reaction: 

2 H+ + 2 e- ↔ H2 

Understanding the reaction mechanism and efficiently replicating the chemistry would allow the global community and 

chemical enterprise to move away from using fossil fuels as our primary source of hydrogen.1 The [FeFe] enzyme 

consists of two iron centers bridged by a dithiolate ligand (Figure 3-1).2 The active site of the native species has been 

crystallographically identified,3 and several structural and functional models have been reported.4 No dihydrogen 

complexes with a similar structural motif have been observed, however. 

 

Figure 3-1. Active site of FeFe hydrogenase enzymes as determined by Peters (1.8 Angstrom resolution, Clostridium 
pasteurianum) & Fontecilla-Camps (1.6 Angstrom resolution, Desulfovibrio desulfuricans). It is anticipated that the ligated 
water molecule is displaced by H2 to enter the catalytic cycle. 

 

A second hydrogenase enzyme has been determined to have a dinuclear core containing a nickel atom and 

an iron atom, abbreviated [NiFe]. A high-resolution crystal structure was determined for the enzyme from Desulfovibrio 

gigas.5 This structure confirmed the presence of an iron atom and thiolate ligands in the active site. Several proposed 

mechanisms have been asserted for the operation of [NiFe] hydrogenase enzymes. Proton reduction and hydrogen 
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oxidation both occur depending on the H2 concentration, pH and redox state of the cell. The structures of some 

forms of the enzyme have been determined using FT-IR spectroscopy, EPR spectroscopy, electrochemical 

measurements, pH studies, crystallographic studies, and DFT calculations.6 Figure 3-2 shows one pathway for the 

subsequent protonation and reduction of the active site of the enzyme proposed by Ogata & coworkers.7 The 

formation and association of the hydrogen molecule is proposed to occur at the nickel center; nickel dihydrogen 

complexes are scarce in the scientific literature, however. 

 

Figure 3-2. A proposed mechanism for the interaction between protons, electrons, and hydrogen gas at the [NiFe] 
hydrogenase active site. Adapted from work by Ogata, Lubitz, and Higuchi.7 

 

The development of functional models of hydrogenase enzymes has been undertaken. A group at the Pacific 

Northwest National Lab working under DuBois and Bullock has engineered a system capable of performing the 

reversible reaction between protons and electrons.8 The general scaffold is shown in Figure 3-3. Electrochemical 
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reduction of the species readily evolves hydrogen gas at fairly low overpotentials. Alternatively, hydrogen gas can be 

transformed into metal hydrides and protons. The group has manipulated the first and second coordination spheres of 

the metal to control proton and electron delivery, achieving competent TONs and TOFs. It should be noted, however, 

that no nickel dihydrogen complexes have been observed in their careful mechanistic work. Instead, a NiIV dihydride 

intermediate was believed to form at the active site.9 Recent work from the group on similar Mn10 and Co11 species 

demonstrated the role of the pendant amine in the formation of the dihydrogen molecule. 

 

Figure 3-3. Schematic diagram of the generalized scaffold developed at the Pacific Northwest National Lab. The system 
is capable of catalyzing both the proton reduction and hydrogen oxidation reactions. The four 6-membered rings (one 
of which is highlighted in maroon) can take on boat or chair configurations to aid the proton relay to the active site. 

 

3 .3 Exist ing Nickel Dihydrogen Complexes .  

 

3 .3 .1 F irst  example of d ihydrogen complex of n ickel reported by Caulton. At the onset of this project, 

only one nickel dihydrogen complex was reported in the literature. Caulton’s group at Indiana University published a 

report on a nickel pincer complex, (PNP)NiCl where PNP =  [κ3-(tBu2PCH2SiMe2)2N]1-. Chloride-abstraction from the 

starting material afforded an open site at nickel capable of binding dihydrogen at low temperature (Scheme 3-1). 

However, as the temperature increased, the bound dihydrogen ligand was cleaved heterolytically to give a nickel 

hydride with an ammonium site in the ligand, [(PNP-H)NiH][B(3,5-(CF3)2C6H3)4] (Scheme 3-2).12 Interestingly, with no 

ligand present to fill the open site, the 3-coordinate nickel complex distorts: this intermediate (Scheme 3-1) was 

isolated and characterized by X-ray diffraction experiments, NMR spectrometry, and DFT calculations.13 
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Scheme 3-1. Reaction of (PNP)NiCl with Na[B(3,5-(CF3)C6H3)4] in dichloromethane affords a 3-coordinate nickel 
complex. Addition of H2 gives the first nickel dihydrogen complex reported in the literature (Caulton, et al.). The 
resulting complex is thermally unstable and reacts further upon warming of the solution above -60 oC. 

 

 

Scheme 3-2. As the temperature increases, Caulton & coworkers report heterolytic cleavage of the dihydrogen ligand 
to give a nickel hydride with a protonated ligand.12 

 

3 .3 .2 Examples from Peters and coworkers .  A few nickel dihydrogen complexes synthesized by Peters and 

coworkers have been reported over the course of this project. Scheme 3-3 shows a tetradentate ligand bound to a 

methyl complex of nickel. Protonation of the methyl ligand leads to loss of methane and the newly generated open site 

readily binds a dinitrogen ligand. Addition of hydrogen cleanly displaces the ligated nitrogen molecule, and the 

dihydrogen complex is observed.14 This cationic molecule is thermally stable in solution, but no crystalline material was 

isolated. More recently, an intermediate has been identified in a frustrated Lewis pair (FLP)-analogous reaction 

between a Ni-borane complex and H2.15 The identified species, (shown in Figure 3-4) is a rare d10 dihydrogen complex. 
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Scheme 3-3. Tsay and Peters reported these species, where protonation of a methyl ligand results in loss of methane 
in a nitrogen atmosphere. Addition of 1 atm H2 gas affords the dihydrogen complex. R = iPr, Cy.14 

 

 

Figure 3-4. Recent dihydrogen-ligated nickel complex reported by Peters, et al. This complex is unique as it is a d10-
metal (Ni0) dihydrogen complex. R = iPr.15 

 

3 .4 [( tBuPCP)Ni(H2)][B(C6F5)4]  (Complex 3-2) .  Concurrent to our work, Hazari & co-workers were working 

with pincer-ligated nickel compounds to electrocatalytically produce hydrogen.16 Their proposed catalytic cycle is 

shown in Scheme 3-4. Acetonitrile solvent immediately displaces the generated dihydrogen molecule. This complex 

then undergoes reduction and protonation to repeat the catalytic cycle. Our work confirms the plausibility of the 

dihydrogen complex. 
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Scheme 3-4. Proposed catalytic cycle for the electrocatalytic production of hydrogen from acidic solution reported by 
Luca, et al.16 The dihydrogen complex intermediate was not observed, likely due to the presence of the coordinating 
acetonitrile solvent. 

 

3 .4 .1 Synthet ic Strategy .  Our aim was to generate a thermally stable and isolable nickel dihydrogen species. This 

was accomplished with the use of well-characterized pincer complex starting materials and the reagent discussed in 

Chapter 2. 

3 .4 .1a Synthet ic Ut i l i ty of P incer L igands .  Moulton & Shaw first developed pincer ligands in 1976.17 

Named “pincer” ligands due to their crab-like grasp on a metal, these ligands have been utilized extensively in catalysis 

research.18 The tBuPCP ligand employed here, (tBuPCP = κ3-1,3-bis[(di-tert-butylphosphino)methyl]phenyl), is a ligand 

reported in the first communication from Moulton & Shaw. These ligands afford complexes that are more stable than 

their analogous mono-dentate ligated counterparts as the overall lability of the ligand is decreased, leading to reduced 

decomposition of the ligated complexes (Figure 3-5). It is synthetically straightforward to vary substituents on the 
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phosphines and the backbone of the phenyl ring (Figure 3-5), making these ligands ideal candidates for studying the 

effect of steric and electronic changes in the ligand on the coordination chemistry of nickel dihydrogen complexes. 

 

Figure 3-5. Generalized pincer ligand motif. The ligand framework has been called “pincer” in reference to the crab-like 
shape around the metal. The ligands are less labile than analogous mono-dentate ligands, and, therefore, the complexes 
are less prone to decomposition. Variations in the ligand at positions Y, Z, R, and R’ are synthetically accessible. 

 

3 .4 .1b Routes to Dihydrogen Complexes us ing S i ly l ium Species .  Using the silylium reagent 

described in Chapter 2, there are two synthetic routes to dihydrogen complexes. The silylium species can be used to 

generate a super acid in solution, capable of protonating a metal-hydride complex. Conversely, the reagent can be 

used to abstract a chloride ligand, resulting in an open site at the metal (Scheme 2-2).  

 

Scheme 3-5. Proposed synthetic routes to [(tBuPCP)Ni(H2)]+. Steps 1 & 2 (shown in aqua) show conversion to 
(tBuPCP)NiH, followed by protonation. Reaction 1 did not go to completion, resulting in multiple possible reaction 
pathways for the reagents in Step 2. Step 3 (shown in violet) shows chloride abstraction with the silylium ion 
(discussed in Chapter 2), followed by reaction with H2. Step 3 is the pathway used successfully in this report. 
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We postulated that we could improve the thermal stability of Caulton’s nickel dihydrogen complex by removing 

the basic site from the backbone of the ligand, preventing deprotonation of the dihydrogen complex. Initially, low 

temperature protonation of the metal hydride was undertaken. However, because first row metal hydrides are 

susceptible to conversion to chlorides in dichloromethane,19 and the preparation of the metal hydride gave incomplete 

conversion in our hands, the reaction between the silylium cation-generated super acid and nickel hydride was never 

clean. To circumvent these issues, the chloride-abstraction route was used (Scheme 3-5). 

 

3 .4 .2 Synthes is .  Combination of solid (tBuPCP)NiCl (3-1) and [(Et3Si)2H][B(C6F5)4] (2-1) in fluorobenzene under 

hydrogen afforded Et3SiCl, Et3SiH, and [(tBuPCP)Ni(H2)][B(C6F5)4] (3-2) (Scheme 3-6). A new signal is apparent in the 

31P{1H} NMR spectrum at 103 ppm. 

 

Scheme 3-6. Synthetic preparation of [(tBuPCP)Ni(H2)][B(C6F5)4] (3-2). Reaction was carried out in fluorobenzene 
solvent. 

 

3 .4 .3 Structure . Layering a solution of 3-2 in fluorobenzene with alkane solvent precipitated X-ray quality crystals. 

The structure of the cation is shown in Figure 3-6. The dHH apparent from the diffraction data is obviously too short (as 

is often the case from X-ray structures) (0.55 Å vs. 0.74 Å in free H2). Solution NMR spectroscopic methods were 

employed to confirm the dihydrogen ligand and determine dHH. 
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Figure 3-6. ORTEP20 of [(tBuPCP)Ni(H2)][B(C6F5)4] (3-2). Probability ellipsoids are set to the 50% level. Pincer ligand 
hydrogen atoms and the anion have been omitted for clarity. There are two cations, two anions, and 2 pentane 
molecules in the unit cell. File: Heinekey/Amanda/AZ0135. 

 

3 .4 .4 Character izat ion of the Dihydrogen L igand in [( tBuPCP)Ni(H2)][B(C6F5)4] .  

3 .4 .4a Measurement of T 1.  The 1H NMR spectrum of 3-2 features a broad singlet at -3.21 ppm. Inversion-

recovery (180-tau-90) experiments (described in Chapter 1.4.3a) indicate that the T1 relaxation time constant for this 

resonance is 13 ms at 298 K and decreases to 8 ms at 240 K (See data for all recorded temperatures in Table 3-1). 

Lower temperatures were not accessible, as the freezing point of fluorobenzene is 233 K. The minimum T1 could not 

be confirmed (Figure 3-7), but it is anticipated to be near the shortest observed value. Using T1 (240K) = 8 ms, it can 

be estimated that dHH is less than 0.92 Å. 
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Table 3-1. T1 data for the H2 ligand in [(tBuPCP)Ni(H2)][B(C6F5)4] (3-2) in C6H5F at 500 MHz. 

 

 

 

Figure 3-7. T1 data for the H2 ligand in [(tBuPCP)Ni(H2)][B(C6F5)4] (3-2) in C6H5F at 500 MHz. 

 

3 .4 .4b Observat ion of 1JHD. The short dHH was confirmed by measuring the 1JHD. In a partially deuterated 

sample, [(tBuPCP)Ni(HD)][B(C6F5)4] (3-2-d 1), 1JHD could be observed at 285 K to be 34 ± 1 Hz (Figure 3-8). As 

outlined in Chapter 1, this 1JHD corresponds to a dHH of 0.86 ± 0.02 Angstroms. 

The fact that the resonance for ligated HD in 3-2-d 1 is too broad to observe any coupling at 298 K suggests 

that the HD is exchanging rapidly with the small amount of free HD in solution (Figure 3-9). The species in smaller 

concentration experiences greater broadening, such that the low concentration of free HD in the low temperature 

spectra is not observable at 4.5 ppm. 

Temperature)(K)! Tau0)(ms)! T1)(ms)!

298! 9.2! 13.3!

280! 7.4! 10.7!

260! 5.8! 8.4!

240! 5.6! 8.1!
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Figure 3-8. 1H NMR spectra of [(tBuPCP)Ni(HD)][B(C6F5)4] (3-2-d 1) in C6H5F. (a) 300 MHz, 285 K. (b) 500 MHz, 273 
K. Some residual H2 complex is observed to be overlapping with these signals (distortion from 1:1:1 triplet expected 
for HD).  1JHD is determined to be 34 ± 1 Hz, corresponding to a dHH of 0.856 ± 0.015 Å. (a) Data from 
sjconnel/300/SJC4_051412_3/Experiment 3 (b) Data from sjconnel/500/SJC4_060812_1/Experiment 4. 

 

 

Figure 3-9. 1H NMR Spectrum of [(tBuPCP)Ni(HD)][B(C6F5)4] in C6H5F, 300 MHz, 298 K. At room temperature, the 
signal is broadened such that the HD coupling is not observable (relative to that observed in Figure 3-8 at 285 K). 
Cooling the sample slows down the exchange between free and complexed HD gas, such that the 1JHD is observable. 
Data from sjconnel/300/SJC4_051412_3/Experiment 2. 

 

  

(a) 300 MHz, 285 K! (b) 500 MHz, 273 K!
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3 .5 [( tBuPOCOP)Ni(H2)][B(C6F5)4]  (Complex 3-5) .  

 

3 .5 .1 Synthes is .  As above for 3-2 , the metal chloride was combined with a chloride-abstracting reagent in inert 

solvent under an atmosphere of H2 gas to afford the dihydrogen complex. Yellow (tBuPOCOP)NiCl (3-3) 

((tBuPOCOP) = κ3-1,3-bis[(di-tert-butylphosphinito)]phenyl) and colorless [(Et3Si)2H][B(C6F5)4] (2-1) were combined 

in equimolar quantities. Upon dissolution in fluorobenzene, a dark-colored solution was obtained (Intermediate 3-4 

(discussed in Ch. 4), which paled to yellow upon addition of H2 gas (Scheme 3-7). The resulting solution contained 

Et3SiH, Et3SiCl, and the desired product, [(tBuPOCOP)Ni(H2)][B(C6F5)4] (3-5). The 1H NMR spectrum contained a 

resonance for the dihydrogen ligand at -2.64 ppm, and a new signal at 220 ppm was observed in the 31P{1H} NMR 

spectrum. 

 

Scheme 3-7. Synthesis of [(tBuPOCOP)Ni(H2)][B(C6F5)4] (Complex 3-5). The triethylsilylium species (2-1) was 
employed as a chloride-abstracting reagent to generate an open coordination site at the metal. Intermediate 3-4 and 
hypotheses of its identity will be discussed further in Chapter 5. Addition of hydrogen gas resulted in formation of 
complex 3-5 . 

 

3 .5 .2 Structure .  Layering a solution of 3-5 with alkane solvent precipitated X-ray quality crystals. The asymmetric 

unit contains two nickel cations, their corresponding B(C6F5)4 anions, and a disordered fluorobenzene and pentane 

solvent molecule. Upon refinement, the Rint value = 0.0832 indicated the structure was of slightly less than average 

quality. The cation of 3-5 is shown in Figure 3-10.  
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Figure 3-10. ORTEP20 of the cation of [(tBuPOCOP)Ni(H2)][B(C6F5)4] (3-5) . Ellipsoids are set at the 50% probability 
level. Anion, fluorobenzene/pentane solvent molecules, and protons on the pincer ligand have been omitted for clarity. 
Data taken from Heinekey/Samantha/sjc13. 

 

3 .5 .3 Determinat ion of dHH. To confirm the presence of the dihydrogen ligand, NMR spectroscopic experiments 

were employed. 

 3 .5 .3a .  Measurement of T 1.  The 1H NMR signal for the H2 ligand of 3-5 was observed at -2.64 ppm. At 

298 K and 500 MHz, the T1 of the resonance was found to be 16 ± 1 milliseconds, confirming the characterization as a 

dihydrogen complex. The T1 was then recorded at decreasing temperature until the freezing point of the solvent was 

reached. Data was recorded on both 500 and 700 MHz spectrometers. The minimum value at 500 MHz (9.7 ± 1 ms) 

was recorded at 260 K, and the T1 value was observed to be increasing as the temperature was lowered further. The 

T1(minimum) recorded on the 700 MHz spectrometer was 13 ± 1 ms, recorded at 268 K. These values were included 

in Equation 1-5 to find dHH = 0.95 ± 0.015 Angstroms (This is consistent with both datasets). The data is plotted in 

Figure 3-11. As was discussed in Chapter 1.4.3a, the minimum T1 value is found at a higher temperature at higher field. 
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Figure 3-11. Plot of T1 values recorded on 500 and 700 MHz spectrometers at various temperatures for 
[(tBuPOCOP)Ni(H2)][B(C6F5)4] (3-5) in fluorobenzene-H5. Aqua squares represent the data points from the 700 MHz 
spectrometer. Red triangles represent data points recorded on the 500 MHz spectrometer. As is discussed in Chapter 
1, T1 (minimum) occurs at a higher temperature at higher field. Data from 700/sjconnel/SJC5_072713_1, 
700/sjconnel/SJC5_071813_5, and 500/sjconnel/SJC5_073013_1. 

 

 3 .5 .3b. Observat ion of 1JHD. The presence of an H2 ligand was confirmed through observation of HD 

coupling in the partially deuterated ligand. The 1H NMR spectrum of [(tBuPOCOP)Ni(HD)][B(C6F5)4] (3-5-d 1) shows a 

1:1:1 triplet at -2.66 ppm (Figure 3-12) with 1JHD = 35 ± 1 Hz. A smaller coupling to 31P atoms in the pincer ligand is 

also observable. Using Equation 1-8, dHH is estimated to be 0.84 ± 0.02 Angstroms. 

   

 

Figure 3-12. 1H NMR Spectrum of [(tBuPOCOP)Ni(HD)][B(C6F5)4] (3-5-d 1) in fluorobenzene-H5. Spectrum was 
recorded at 300 MHz and 298 K. Some residual H2 contributes to the broadness and intensity of the central line of the 
spectrum. The smaller coupling is to the phosphorous atoms of the ligand. The spectrum shows 1JHD = 35 ± 1 Hz, 
suggesting that dHH = 0.84 ± 0.02 Angstroms. Data taken from 301/sjconnel/SJC5_101912_1. 
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3 .5 .4 Discuss ion of the “Fast-Spinning” Regime. The dHH found from the T1(minimum) data presented above 

(0.95 ± 0.01 Angstroms) is substantially different from that determined from the 1JHD (0.84 ± 0.02 Angstroms). There 

has been extensive discussion of error in the T1 relationship due to fast rotation and hopping motions of the H2 

ligand.21 If we anticipate that the ligand was spinning (like a propeller) at an intermediate rate, then the two 

measurements could be considered to be in agreement. Based on the solid state structures, the tBuPOCOP ligand is 

“pulled back” slightly further from the fourth coordination site at the metal relative to tBuPCP, perhaps lowering the 

energy barrier for rotation of the dihydrogen ligand (Figure 3-13). 

 

3 .5 .5 Isotope Shi f t  in 31P{1H} NMR Spectra .  The partially deuterated sample (3-5-d 1) was prepared by 

introduction of HD gas to the dark colored solution resulting from dissolution of (tBuPOCOP)NiCl (3-3) and 

[(Et3Si)2H][B(C6F5)4] 2-1 in fluorobenzene. An independent sample of HD confirmed the gas was less than 10% H2, 

and contained almost no D2. Following the reaction with [(tBuPOCOP)Ni][B(C6F5)4] (3-4), the sample quickly (within 

15 minutes) reached a statistical distribution of hydrogen and deuterium atoms (25% H2, 50% HD, 25% D2). It is likely 

that this HD scrambling is catalyzed by small amounts of acid or base present in solution. The distribution is apparent 

in the 1H spectrum (free H2/HD) and can be observed in the 31P{1H} NMR spectrum as well (Figure 3-14). In the 

Figure 3-13. Comparison of P-Ni-P angles in [(tBuPCP)Ni(H2)]+ (3 -2) and [(tBuPOCOP)Ni(H2)]+ (3-5). The POCOP 
ligand has a smaller bite angle on the nickel, leaving the fourth coordination site slightly more exposed. If this leads to a 
smaller barrier to H2 rotation, it could explain the disparity between the T1- and 1JHD- predicted dHH values for 3-5. 
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31P{1H} NMR spectrum, a 50 ppb isotope shift is observed between a smaller signal and a larger signal. While three 

signals are not observed for the three species, the integrations suggest that the larger signal actually contains two 

signals. The isotope shift results from slightly different phosphorus environments depending on whether the pincer 

ligand has a H2, HD, or D2 coligand. Isotope shifts of this size are precedented.22 While often additive, isotope shifts are 

not strictly linear.23 

 

Figure 3-14. 31P{1H} NMR spectrum of [(tBuPOCOP)Ni(H2)]+ (202 MHz, 298 K, C6H5F). The H2 ligand is a mixture of 
H2, HD, and D2. The 1H NMR spectrum indicates statistical distribution of the isotopes. In this spectrum, the 
integration of the signals is approximately 3:1, suggesting that the larger signal masks a third signal. Data from 
Experiment 2 in sjconnel/499/SJC5_101912_3. 

 

3 .6 Comparison of Complexes .  This chapter covers the synthesis of two nickel dihydrogen complexes, 

(tBuPCP)Ni(H2)]+ (3-2) and (tBuPOCOP)Ni(H2)]+ (3-5). Both have nearly planar, four-coordinate geometry around the 

metal. The P-Ni-P angles differ slightly, as was shown in Figure 3-13. As is the case in the metal chloride compounds, 

the tBuPOCOP ligand is “pulled back” from the fourth coordination site, increasing the access to the metal by almost 

10°. 

 The tBuPOCOP ligand is also more electron-withdrawing than the tBuPCP ligand, as evidenced by the difference 

in the CO stretching frequencies. When the ligands are coordinated to iridium to give (pincer)Ir(CO) complexes, 

tBuPOCOP has a CO stretching frequency over 20 cm-1 higher than the analogous tBuPCP complex.24 The change in 

electron-density at the metal, however, is not carried into the degree of activation of the dihydrogen ligand on nickel. 

Coordination of H2 to the metal increases the bond length from 0.74 Angstroms in free H2 to 0.86 ± 0.02 Angstroms 
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(273 K) (3-2) and 0.84 ± 0.02 Angstroms (3-5). These values were determined from the decrease in the 1JHD coupling 

constant in the partially deuterated species: 34 ± 1 Hz Hz (3-2) and 35 ± 1 Hz (3-5), and are the same within error. 

 The only major difference noted between the two complexes in regards to hydrogen coordination is the rate of 

exchange between the ligand and free HD. In 3-2 , at room temperature, the exchange is occurring at a rate fast 

enough to broaden the HD signal, such that no HD coupling is observable, and the signal for free HD in solution is 

broadened into the baseline. In contrast, the HD coupling is observable, and a small signal for free HD is apparent in a 

solution of 3-5 at room temperature. 
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3 .7 Exper imenta l  Deta i ls .  

 

Genera l  Considerat ions .  All experiments were carried out under argon using Schlenk and glove box techniques 

unless otherwise noted. Solvents were dried and vacuum transferred immediately prior to use. N,O-

bistrimethylsilylacetamide was refluxed in glassware to silylate the surface prior to use with [(Et3Si)2H][B(C6F5)4]. 

[(Et3Si)2H][B(C6F5)4] (2-2) was prepared as described in Chapter 2. 

NMR spectra were recorded at 298 K (unless otherwise noted) on Bruker AV300, AV500, DRX500, or 

AV700 spectrometers. 1H NMR chemical shifts are reported relative to residual resonances of the solvent: C6D5H (δ = 

7.16), C6D4HF (δ = 6.96, 6.99, 7.17), CDHCl2 (δ = 5.32). Some 1H NMR spectra were recorded in protio-

fluorobenzene using a solvent suppression pulse program or acquisition of several hundred scans. 31P{1H} NMR 

chemical shifts were externally referenced to H3PO4 (85% in H2O) (δ = 0.00). 

The neutral alumina used for purification of the pincer metal chloride compounds was Alumina Neutral Super 

I, Catalog # 04589-25, Dynamic Adsorbants, Norcross, GA. It should be noted that the pincer metal chlorides 

synthesized here are completely stable to H2O. They can be purified, handled, and stored in air. 
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HD gas synthes is .  

 

HD gas was synthesized in a manner similar to the preparation described by Wender, et al.25 A Schlenk flask 

containing LiAlH4 (6.5 g, 170 mmol) and a stir bar was immersed in an ice bath (controls reaction rate). D2O ( 2 mL, 

100 mmol) was added via syringe through the septum. The reaction readily evolves HD gas, which is transferred 

through a vacuum manifold to a gas storage flask. Caut ion: calculations should be carried out so as not to generate 

more than ~4 atm of gas in the gas storage flask. Cooling the coconut charcoal-filled finger in liquid nitrogen promotes 

adsorption of the gas. Since the reaction is carried out with a deficiency of D2O, the LiAlH4 dries the generated gas. 
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( tBuPCP)NiCl (3-1) .  

 

 

 

The following preparation was only slightly modified from those published by Moulton & Shaw17 and Boro, et 

al.26 Reference 26b contains the crystal structure of this species. 

(tBuPCP)H (Aldrich) (0.300 g, 394.55 g/mol, 0.76 mmol) was dissolved in degassed ethanol (5 mL). A solution of 

NiCl2!6H2O (0.181 g, 237.69 g/mol, 0.76 mmol) in degassed water (1 mL) was added to the reaction mixture by 

cannula. The reaction was heated to reflux for 45 minutes, and then cooled in an ice bath. Yellow crystalline needles 

were precipitated. 

The supernatant was removed by cannula, and the yellow crystals were dissolved in ethanol. The yellow 

solution was filtered through neutral alumina, which removed NiCl2!6H2O, as well as unreacted ligand. The solvent 

was removed in vacuo, and a yellow solid was collected (0.170 g, 487.69 g/mol, 0.35 mmol, 46 % yield). In general, 

reproducible yields were between 40-55%. 

If the product appeared at all green after being exposed to vacuum, the solid was dissolved and filtered through 

alumina a second time to remove all NiCl2!6H2O. Crystalline product was obtained from a concentrated solution in 

alkane cooled to - 25 °C .  

 

CAS #  60426-33-7 

1H NMR  (C6D6, 500 MHz, 298 K) : 1.41 ppm (vt, 36H, tBu-CH3); 2.91 ppm (vt, 4H, CH2) 
     6.85 ppm (d, 2H, aromatic); 7.01 ppm (t, 1H, aromatic) 
31P{1H} NMR  (C6D6, 202 MHz, 298 K): 67.4 ppm 

 

NMR Data from sjconnel/500/SJC4_042412_1/ Expts 2 & 3 

Crystal structure reported by Boro, et al.26b  

NiP P

Cl t-But-Bu
t-Bu t-BuP P

t-But-Bu
t-Bu t-Bu

3-1(tBuPCP)H

NiCl2  6H2O

EtOH / H2O
(reflux, 45 min)
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[( tBuPCP)Ni(H2)][B(C6F5)4]  (3-2) .  

 

(tBuPCP)NiCl (50 mg, 487.69 g/mol, 0.10 mmol) was combined with [(Et3Si)2H][B(C6F5)4] (92 mg, 910.58 g/mol, 

0.11 mmol) in a silylated glass vessel with a magnetic stir bar. Fluorobenzene (~3 mL) was added by vacuum transfer, 

and a dark red-brown solution resulted. The solution was frozen (liquid nitrogen), the head space evacuated, and H2 

gas (1 atm) was introduced. Upon thawing, the solution became yellow-green with stirring. The solution was again 

frozen, the head space evacuated, and pentane (~25 mL) was added by vacuum transfer. A solid precipitated. After 

the precipitate settled, the solution was removed by cannula, and the solid was dried in vacuo. Isolated (crude): 55 mg, 

48% yield. 

 

CAS #  1417797-53-5 

1H NMR  (C6H5F, 500 MHz, 298 K): 1.05 ppm (vt, 36H, tBu-CH3); 3.13 ppm (s, 4H, CH2) 
-3.21 ppm (br, 2H, H2); (aromatics coincident with protio-solvent signals) 

31P{1H} NMR  (C6H5F, 202 MHz, 298 K): 103 ppm 

 

NMR data from sjconnel/500/SJC4_062512_2 / Expts 1 & 3. 

 

X-ray structural details available from the CCDC: Structure # 891930. Included here as 

Figure 3-6. Data from Heinekey/Amanda/AZ0135. 

  

NiP P

H-H t-But-Bu
t-Bu t-Bu

+

NiP P

Cl t-But-Bu
t-Bu t-Bu

[(Et3Si)2H]+ / H2

Fluorobenzene

+ Et3SiH

+ Et3SiCl

3-1 3-2
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( tBuPOCOP)H (L igand) .  

 

Synthesis was modified from the preparation originally reported for iridium complexes.27 A solution of NaH 

(0.24 grams, 24 g/mol, 10 mmol) in THF (~10 mL) was added to a solution of resorcinol (0.500 grams, 110.1 g/mol, 

4.5 mmol) in THF (~ 20 mL). The reaction mixture was brought to reflux for 1 hour, cooled, and then ClPtBu2 () was 

added via syringe. The reaction was refluxed for an additional hour. After cooling to room temperature, the reaction 

mixture was filtered through Celite to remove NaCl, and then the solvent was removed in vacuo. The product is an 

oily white solid that can be carried directly into the metallation reaction. Reproducible yields were approximately 90%.  

 

CAS #  33880-20-7 

1H NMR  (C6D6, 300 MHz, 298 K): 1.14 ppm (vt, 36H, tBu-CH3) 
 
31P{1H} NMR  (C6D6, 122 MHz, 298 K): 150 ppm 

 

NMR data from sjconnel/300/SJC4_091212_1/Expts 1 & 2. 

  

OO
P P

t-But-Bu
t-Bu t-Bu

(tBuPOCOP)H

1. 2 NaH, 1 hr. reflux, THF

2. 2 ClPtBu2, 1 hr. reflux, THFOHHO
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( tBuPOCOP)NiCl (3-3) .  

 

The following preparation was only slightly modified from that published previously.28 (tBuPOCOP)H (0.250 g, 

398.50 g/mol, 0.63 mmol) was dissolved in toluene (~ 20 mL). This solution was added to a suspension of NiCl2 (both 

the hexahydrate and the anhydrous compound were used in various preparations of this compound) (1 equivalent) in 

toluene (~10 mL). The mixture was refluxed overnight. The resulting suspension was filtered through Celite. Removing 

the solvent on a rotary evaporator produced a dark yellow solid. This product was further purified by dissolution in 

ethanol, filtering through neutral alumina, and removing the solvent in vacuo to produce a yellow solid. Reproducibly 

isolated clean product in approximately 50-60% yield. 

 

CAS #  1108747-38-1 

1H NMR  (CDCl3, 300 MHz, 298K): 1.49 ppm (vt, 36H, tBu-CH3); 
6.38 ppm (d, 2H, Ar); 6.92 ppm (t, 1H, Ar) 

31P{1H} NMR (CDCl3, 122 MHz, 298 K): 187 ppm 

 

NMR Data from sjconnel/300/SJC4_091812_2/Expts 1 & 2 

Crystal structure reported by Chakraborty, Krause, and Guan.28  

OO

NiP P

Cl t-But-Bu
t-Bu t-Bu

OO
P P

t-But-Bu
t-Bu t-Bu

3-3(tBuPOCOP)H

NiCl2  6H2O

toluene
(reflux, overnight)
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[( tBuPOCOP)Ni(H2)][B(C6F5)4]  (3-5) .  

 

(tBuPOCOP)NiCl (50 mg, g/mol, mmol) was combined with [(Et3Si)2H][B(C6F5)4] (92 mg, 910.58 g/mol, 0.11 

mmol) in a silylated glass vessel with a magnetic stir bar. Fluorobenzene (~3 mL) was added by vacuum transfer, and a 

dark red-brown solution resulted. The solution was frozen (liquid nitrogen), the head space evacuated, and H2 gas (1 

atm) was introduced. Upon thawing, the solution became yellow with stirring. The solution was again frozen, the head 

space evacuated, and pentane (~25 mL) was added by vacuum transfer. A solid precipitated. After the precipitate 

settled, the solution was removed by cannula, and the solid was dried in vacuo. Isolated (crude): 55 mg, 48% yield. 

 

1H NMR  (C6H5F, 500 MHz, 298 K): 1.10 ppm (vt, 36H, tBu-CH3); 
-2.62 ppm (br, 2H, H2); (aromatics coincident with protio-solvent signals) 

31P{1H} NMR  (C6H5F, 202 MHz, 298 K): 220 ppm 

 

NMR data from sjconnel/499/SJC4_091712_5 / Expts 1 & 2. 

 

X-ray structure included here as Figure 3-10. Data from Heinekey/Samantha/sjc13. 
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t-Bu t-Bu

[(Et3Si)2H]+
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Chapter 4 .  React iv i ty of Nickel P incer Complexes . 

 

4 .1 Introduct ion. Throughout our studies of the nickel dihydrogen complexes discussed in Chapter 3, we 

investigated several other nickel pincer complexes. This chapter will provide a summary of the reactivity of the 

dihydrogen complexes and the characterization data for a few novel compounds. 

 Nickel pincer complexes have been of increasing interest for homogeneous catalysis. Employing an earth-

abundant, inexpensive first-row metal is desirable. Additionally, the pincer ligands provide thermal stability to the 

catalyst. Further, functionalization of the backbone of the ligand provides a possible molecular tether.1 In addition to the 

hydrogen production work discussed in Chapter 3.4,2 Guan and co-workers have recently developed systems for the 

hydrosilylation of aldehydes and ketones,3 as well as CO2 reduction using Ni pincer complexes.4 

 

4 .2 Heterolyt ic Cleavage of the H2 l igand. The interaction between a dihydrogen molecule and a transition 

metal complex often activates the H2 toward heterolytic cleavage.5 The pKa of free H2 is around 35 in non-aqueous 

solvents,6 but ligation of H2 to a Lewis acidic metal center can significantly reduce the pKa. In our studies, we have 

shown that [(tBuPCP)Ni(H2)][B(C6F5)4] (3-2) readily protonates triethylamine (Scheme 4-1), indicating that the 

complex is more acidic that triethylammonium in fluorobenzene. The neutral nickel hydride complex, (tBuPCP)NiH (4-

1), was previously synthesized by treatment of (tBuPCP)NiH with 100-fold excess of NaBH4 in refluxing ethanol.7 

Alternatively, deprotonation of dihydrogen complex 3-2 cleanly forms 4-1 , and it can be isolated from the reaction 

mixture by removing the solvent in vacuo and extracting into pentane. The formation of the hydride species 4-1 was 

confirmed by 31P{1H} NMR spectroscopy and observation of the signal for the hydride at -10.0 ppm in the 1H NMR 

spectrum in C6D6. 

 

Scheme 4-1. Heterolytic cleavage of dihydrogen to generate (tBuPCP)NiH. Triethylamine is readily protonated by the 
dihydrogen complex, indicating that 3-2 is more acidic that [Et3NH]+. 

NiP P

H-H t-But-Bu
t-Bu t-Bu

+

3-2

Et3N

Fluorobenzene NiP P

H t-But-Bu
t-Bu t-Bu

4-1

+  [Et3NH]+
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4 .3 Din itrogen Complexes . Examples of NiII dinitrogen complexes are rare. The first examples could only be 

identified in situ by IR spectroscopy.8 Isolable and structurally characterized examples are limited to the tetrapodal 

cation described by Tsay & Peters in their dihydrogen chemistry9 and an NNN pincer complex characterized by 

Budzelaar10 (Figure 4-1).  

 

Figure 4-1. Structurally characterized NiII dinitrogen complexes (a) Peters,9 R = Ph, iPr  (b) Budzelaar,10 Ar = 2,6-
diisopropylphenyl. 

 

4 .3 .1 [( tBuPCP)Ni(N2)][B(C6F5)4]  (4-2) .  

 4 .3 .1a Synthes is .  In the work from Peters’ group, the dinitrogen complex is a synthetic intermediate in the 

dihydrogen complex preparation (Scheme 3-3). As such, we anticipated that treatment of 3-2 with dinitrogen would 

not displace the hydrogen ligand. Experimentally, a solution of 3-2 was degassed, and one atmosphere dry N2 was 

added to the headspace of the NMR tube. A new complex was observed to be in equilibrium with the dihydrogen 

complex by 31P{1H} NMR spectroscopy. The new signal at 90 ppm was attributed to [(tBuPCP)Ni(N2)][B(C6F5)4], (4-2). 

Despite the decrease in the amount of H2 present in the reaction mixture that resulted from degassing the solution, 

the solution contained 3-2 and 4-2 in approximately a 2:1 ratio. Figure 4-2 shows the 31P{1H} NMR spectrum 

following introduction of 1 atm N2, and over 24 hours to reach equilibrium. 

Ni
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R2P

N

N
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Figure 4-2. 31P{1H} NMR Spectrum at 298 K and 122 MHz of a fluorobenzene solution containing 
[(tBuPCP)Ni(H2)][B(C6F5)4] (3-2) in equilibrium with [(tBuPCP)Ni(N2)][B(C6F5)4] (4-2). The dihydrogen complex is 
observed at 103 ppm, and the dinitrogen complex is observed at 90 ppm. This sample also contains (tBuPCP)NiCl 
starting material (not pictured). Data from sjconnel/300/SJC4_042612_1. 

 

 Independent synthesis of the dinitrogen complex in a preparation analogous to that employed in the 

preparation of 3-2 resulted in isolation of complex 4-2 (Scheme 4-2). 

 

Scheme 4-2. Synthesis of [(tBuPCP)Ni(N2)][B(C6F5)4] (4-2).  

 

 4 .3 .1b Structure .  A solution of 4-2 in fluorobenzene was layered with alkane solvent, and crystals 

precipitated. The X-ray structure is shown in Figure 4-3. The dinitrogen ligand maintains a bond length nearly 

equivalent to that in free N2. In the absence of H2 ligand, the 31P{1H} NMR spectrum contains one sharp resonance at 

90 ppm. 
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31P{1H} NMR Spectrum, 298 K, 122 MHz!
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Figure 4-3. ORTEP11 of [(tBuPCP)Ni(N2)][B(C6F5)4] (4-2). The dinitrogen ligand is not activated. The N-N bond length 
is the same (within error) of free dinitrogen (1.099 Angstroms). Hydrogen atoms, the [B(C6F5)4] counteranion, and a 
disordered pentane solvent molecule have been omitted for clarity. Data from Heinekey/Samantha/sjc07. 

 

4 .3 .2 [( tBuPOCOP)Ni(N2)][B(C6F5)4]  (4-3) .  The procedure was repeated using (tBuPOCOP)NiCl (3-3) as the 
starting material. Reaction of [(Et3Si)2H][B(C6F5)4] (2-2) with 3-3 in fluorobenzene under one atmosphere dry N2 ( 

Scheme 4-3) resulted in the observation of NMR signals associated with a new species. The 31P{1H} NMR signal at 205 

ppm corresponded to signals for metallated t-butyl groups observed at 1.25 ppm in the 1H NMR spectrum (as 

assigned by 1H-31P HMQC 2D NMR spectroscopy). 
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Scheme 4-3. Synthesis of [(tBuPOCOP)Ni(N2)][B(C6F5)4] (4-3). 

 

 Contrary to that observed for the conversion of [(tBuPCP)Ni(H2)][B(C6F5)4] (3-2) to 4-2 , degassing of a 

solution of 3-5 followed by addition of N2 results in complete conversion to the dinitrogen species (4-3). Despite 

layering this solution with alkane solvent, no crystalline solid was obtained. 

 

4 .4 [( tBuPCP)Ni(CO)][B(C6F5)4]  (4-4) .  Moulton & Shaw reported the preparation of [(tBuPCP)Ni(CO)][BPh4] in 

1976.12 Treatment of an ethanol solution of (tBuPCP)NiCl with carbon monoxide and Na[BPh4] resulted in the carbonyl 

complex. We were optimistic that employing Na[BPh4] as a chloride-abstraction reagent would afford a reactive 3-

coordinate intermediate capable of cleanly generating complexes 3-2 and 4-2 , as well as other desired species. 

Instead, no reaction occurs without CO present, indicating that the reaction proceeds via an associative mechanism. 

 Addition of one atmosphere of carbon monoxide to the headspace of the reaction vessel rapidly and 

completely displaces H2 from 3-2 to form [(tBuPCP)Ni(CO)][B(C6F5)4] (4-4) (Scheme 4-4). The CO stretching 

frequency was obtained from a KBr pellet using FT-IR spectroscopy. The stretching frequency was decreased from 

2143 cm-1 in free CO to 2046 cm-1 when ligated. 

OO

NiP P

N t-But-Bu
t-Bu t-Bu

+

4-3
N

OO

NiP P

Cl t-But-Bu
t-Bu t-Bu

[(Et3Si)2H]+ / N2

Fluorobenzene

3-3



 78 

 

Scheme 4-4. Facile ligand exchange occurs when a solution of 3-2 is exposed to carbon monoxide. The carbonyl 
complex is observed as the only product. 

 

Dinitrogen and carbonyl stretching frequencies have been used to predict whether the transition metal fragment 

will bind H2 as a ligand or promote oxidative addition to generate the dihydride species. Morris & co-workers 

suggested that the ν(N2) for complexes that bind H2 is between 2060-2150 cm-1, and that the corresponding ν(CO) is 

approximately 1860-1960 cm-1.13 For our complex, the much higher CO stretching frequency (2065 cm-1) suggests 

back-bonding to the ligand is minimal, which is consisten with the fairly short dHH found in the H2 complex. 

 

4 .5 [( tBuPOCOP)Ni]+:  Ev idence for an Agost ic Complex. The interaction between an unsaturated metal 

center and a covalent C-H bond of its ligand is termed an “agostic” interaction.14 Many complexes of this nature have 

been identified by X-ray crystallography, neutron diffraction experiments, and NMR spectroscopy.15 These complexes 

often form highly-colored solutions. In addition, the interaction can be characterized by diminished C-H coupling 

constants. Crystallographically, metal-carbon distances of approximately 2.5 – 3.0 Angstroms can indicate the presence 

of an agostic interaction.16  

 If no small molecule ligand is introduced following chloride abstraction from (tBuPOCOP)NiCl (3-3), the 

solution is very dark red in color. Alternatively, thoroughly degassing a solution of [(tBuPOCOP)Ni(H2)]+ 3-5 results in a 

similarly dark-colored solution (Scheme 4-5). 
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Scheme 4-5. Chloride abstraction from (tBuPOCOP)NiCl (3-3) or throroughly degassing a solution of 
[(tBuPOCOP)Ni(H2)]+ (3-5) both result in a dark-colored solution with matching 31P{1H} NMR spectra. F/P/T = 
freeze/pump/thaw cycle, a common procedure for degassing solutions. 

 

 

Figure 4-4. 31P{1H} NMR spectrum at 298 K (202 MHz) for a reaction mixture containing intermediate 3-4 . Data from 
sjconnel/499/SJC5_100312_2/Experiment 2. This sample also contains a signal for [(tBuPOCOP)Ni(H2)][B(C6F5)4] (3-5) 
(further degassing removed this signal), some (tBuPOCOP)NiCl (3-3) starting material, and an unidentified 31P{1H} 
NMR signal at 85 ppm. Data from 499/sjconnel/SJC5_100312_3, Experiment 2. 

 

 The 31P{1H} NMR spectra of these solutions show a second order doublet of doublets (Figure 4-4). This 

spectrum is attributed to two chemically inequivalent phosphorous atoms coupled to one another. We believe this 

species to be an agostic complex where a C-H bond of a t-butyl substituent on the tBuPOCOP ligand is interacting with 

the fourth coordination site of nickel (Figure 4-5). 
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Figure 4-5. Proposed structure of intermediate 3-4 . To account for the 2 inequivalent phosphorous signals in the 
31P{1H} NMR spectrum, an agostic interaction between the open coordination site at the metal with one set of the t-
butyl substituents is proposed. It is anticipated that there is fast (on the NMR time scale) exchange between C-H 
bonds of the t-butyl substituents, but that exchange from “side to side” between the t-butyl groups is slow on the 
NMR time scale. 

 

 The phosphorous atoms would then be chemically inequivalent (resulting in a different chemical shift), and each 

would be capable of coupling to the other (resulting in the observed doublet). The spectrum was simulated using 

gNMR software to determine the actual coupling constant between the two 31P nuclei (JPaPb) is approximately 300 

Hz.17 This suggests the phosphorous atoms remain trans to one another. JPP’ for phosphorous atoms cis to one another 

are generally much smaller (~ 50 Hz or smaller), but trans phosphorous atoms exhibit large coupling constants (> 250 

Hz).18 In the example from Caulton & coworkers, where the pincer ligand distorts to make the phosphorous atoms 

inequivalent (Figure 4-6), The JPP’ coupling constant is diminished to 38 Hz, indicating that the phosphorous arms are no 

longer trans to one another. 

 

Figure 4-6. Three-coordinate NiII pincer complex reported by Caulton and co-workers.18 The two phosphorous atoms 
have been shown crystallographically to be no longer trans to one another, resulting in a decreased JP’P’’ of 38 Hz. This 
is much smaller than the > 250 Hz expected if the phosphorous atoms were still trans to one another. 

 

 H. Mayer & co-workers reported an Ir(pincer) complex which has been crystallographically shown to have a 

close contact between the metal and C-H bond of the t-butyl substituent (Figure 4-7). By NMR spectroscopy, the 

phosphorous atoms are chemically inequivalent, but remain mutually trans to one another. Similar to our complex, the 
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31P nuclei couple with JPP’ = 350 Hz.19 Also consistent with our complex, no separate resonances are observed for a 

proton interacting closely with the metal center. We anticipate this is due to fast exchange between all of the t-butyl 

protons. There is precedent for C-H agostic complexes of tBuPCP ligands with exchange so rapid such that the 31P 

nuclei are equivalent at room temperature.20 

 

Figure 4-7. Agostic complex reported by H. Mayer & co-workers.19 One t-butyl substituent cyclometallates to the 
iridium, but the second just forms an agostic complex, where the C-H bond is not cleaved. 

 

 Complex 3-4 was never synthesized in 100% purity. As such, overlapping signals from tBu substituents in 

impurities were present, and no identification of decreased C-H coupling constants or new signals for C-H!!!M could 

be identified by 1H NMR spectroscopy. Crystalline material could not be isolated.  

Ir
Cl

P
P(tBu)tBu

(H3C)2C

C(CH3)2
C
H2

H



 82 

4 .6 Exper imenta l  Deta i ls .  

 

Genera l  Considerat ions .  All experiments were carried out under argon by using Schlenk and glove-box 

techniques. Solvents were dried and vacuum transferred immediately prior to use. Reagents and compounds not 

synthesized elsewhere in this thesis were obtained from commercial sources and used as received. 

 NMR spectra were recorded at 298 K (unless otherwise noted) on Bruker AV500 or DRX500 spectrometers. 

1H NMR chemical shifts are reported relative to residual resonances of the solvent : C6D5H (7.16 ppm), C6D4HF (6.96, 

6.99, 7.17 ppm). Some 1H NMR spectra were recorded in protiofluorobenzene by using a solvent-suppression pulse 

program. 31P{1H} NMR chemical shifts were externally referenced to H3PO4 (85 % in H2O; 0.00 ppm). 
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( tBuPCP)NiH (4-1) .  

 

 

 Compound 4-1 was previously prepared by Boro, et al.7 The synthetic procedure requires multiple additions of 

large excesses of NaBH4. Our preparation demonstrated that the dihydrogen ligand is activated toward heterolytic 

cleavage (relative to free H2), and gave complete and clean conversion of the dihydrogen complex to 4-1 . 

 Triethylamine (1 mg, 0.010 mmol, 0.0015 mL) was added to a solution of 3-2 (0.010 g, 0.009 mmol) in 

fluorobenzene (0.5 mL). The solution paled considerably to a buttery yellow. The solvent was removed in vacuo. The 

resulting solid was extracted with pentane (sonication was required). The solution was isolated from the 

triethylammonium salt. Removing the pentane in vacuo isolated 4-1 .  

 

1H NMR  (500 MHz, C6H5F, 298 K): 3.38 ppm (s, 4H, CH2), 1.29 (vt, 36H, tBu-CH3, apparent JPH = 5Hz), 
      -10.1ppm (t, JPH = 53Hz, 1H, Ni-H) 
31P{1H} NMR (202 MHz, C6H5F; 298 K): 99 ppm 

 

Crystal structure of 4-1 reported by Boro, et al.7 
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[( tBuPCP)Ni(N2)][B(C6F5)4]  (4-2) .  

 

 

(tBuPCP)NiCl (3-1) (15 mg, 30 mmol) was combined with [(Et3Si)2H][B(C6F5)4] (2-2) (28 mg, 30 mmol) in a 

silylated glass vessel. Fluorobenzene (ca. 0.5 mL) was added by vacuum transfer, and a dark red brown solution 

resulted. The solution was frozen (liquid nitrogen), the headspace evacuated, and N2 gas (1 atm) was introduced. 

Upon thawing, the solution became golden yellow. The solution was again frozen, the headspace evacuated, and 

pentane (ca. 1 mL) was added by vacuum transfer. Block crystals precipitated over 24–48 hours at room temperature. 

The solution was removed by cannula, and the solid was dried briefly in vacuo. Isolated yield (crystalline): 21 mg, 61 %. 

 

1H NMR (500 MHz, C6H5F; 298 K):  3.03 ppm (s, 4H, CH2), 1.14 ppm (vt, 36H, tBu-CH3) 

31P{1H} NMR (202 MHz C6H5F; 298 K):  90 ppm 

 

Crystal structure included as Figure 4-3. Data in Heinekey/Samantha/sjc07. 
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[( tBuPOCOP)Ni(N2)][B(C6F5)4]  (4-3) .  

 

(tBuPOCOP)NiCl (3-3) (10 mg, 0.02 mmol) was combined with [(Et3Si)2H][B(C6F5)4] (2-2) (18 mg, 0.02 mmol) 

in a silylated glass vessel. Fluorobenzene (ca. 0.5 mL) was added by vacuum transfer, and a dark red brown solution 

resulted. The solution was frozen (liquid nitrogen), the headspace evacuated, and N2 gas (1 atm) was introduced. 

Upon thawing, the solution became golden yellow. No solid could be isolated from the reaction mixture. Layering with 

alkane solvent resulted in an oily product. 

 

1H NMR (500 MHz, C6H5F; 298 K):  1.25 ppm (vt, 36H, tBu-CH3), aromatics under solvent signal 

31P{1H} NMR (202 MHz C6H5F; 298 K):  205 ppm 

 

NMR data from 300/sjconnel/SJC4_092412_1, Experiments 3 & 4 

 

  

OO

NiP P

N t-But-Bu
t-Bu t-Bu

+

4-3
N

OO

NiP P

Cl t-But-Bu
t-Bu t-Bu

[(Et3Si)2H]+ / N2

Fluorobenzene

3-3



 86 

[( tBuPCP)Ni(CO)][B(C6F5)4]  (4-4) .  

 
 

[(tBuPCP)Ni(H2)][B(C6F5)4] (3-2) (15 mg, 13 mmol) was dissolved in fluorobenzene. The solution was frozen, 

evacuated, and the headspace was filled with CO (1 atm). Upon shaking, the solution paled to light yellow. Addition of 

alkane solvent with shaking precipitated a pale yellow solid. Isolated yield (crude): 10 mg, 66%. 

 

1H NMR (500 MHz, C6H5F, 298 K):  3.25 ppm (s, 4H, CH2), 1.08 ppm (vt, 36H, tBu-CH3) 

31P{1H} NMR (202 MHz, C6H5F, 298 K):  106 ppm 

IR (KBr): νCO    2065 cm-1 

 

 
 

Alternatively, Moulton & Shaw12 reported the preparation of cation 4-4 by chloride abstraction from 3-1 with 

Na[BPh4] in ethanol. This reaction only proceeds in the presence of carbon monoxide, however, indicating the reaction 

proceeds via an associative mechanism, and that the chloride is not labilized by dissolution in polar solvent alone. 
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[( tBuPOCOP)Ni][B(C6F5)4]  (3-4) .  
 

 
 

(tBuPCP)NiCl (3-1) (15 mg, 30 mmol) was combined with [(Et3Si)2H][B(C6F5)4] (2-2) (28 mg, 30 mmol) in a 

silylated glass vessel. Fluorobenzene (ca. 0.5 mL) was added by vacuum transfer, and a dark red brown solution 

resulted. The solution freeze/pump/thaw cycled to remove any hydrogen present from decomposition of 2-2 . The 

solution remained very highly colored. 

 

1H NMR (500 MHz, C6H5F; 298 K):  (not assigned as 1H NMR showed evidence of an exchange reaction) 

31P{1H} NMR (202 MHz C6H5F; 298 K):  228 ppm, 232 ppm (roofed pair of doublets, JPP’ = 300 Hz) 

 

The same product was observed by 31P{1H} NMR when solutions of either 3-5 or 4-3 were thoroughly degassed. 

Addition of a small molecule to these reaction mixtures resulted in formation of primarily one 31P{1H} singlet (small 

impurities present. 
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Chapter 5 :  A Dihydrogen Complex of Pa l lad ium 

 

5 .1 Introduct ion. Palladium is extensively used in homogeneous catalysis to effect organic transformations. Various 

phosphine-ligated species are responsible for a seemingly endless collection of cross-coupling reactions.1 Palladium has 

been used extensively in hydrogenation catalysis as well. In industrial practices, palladium and platinum are widely 

employed for hydrogenation and dehydrogenation processes.2 Despite this, there have been no reports of palladium 

dihydrogen complexes in the literature. In order to explore the differences in the group 10 metals, we set out to 

synthesize the palladium analogue of our nickel dihydrogen species. 

 

5 .2 The paucity of d 8 d ihydrogen complexes .  Since Kubas’ discovery of the first dihydrogen complex in 1984, 

the vast majority of complexes studied have been d6 metal complexes: Cr0, Mo0, W0, Mn1+, Re1+, Fe2+, Ru2+, Rh3+, and 

Ir3+. These complexes were studied extensively,3 and it was anticipated that the d6 electron configuration lent some 

stability to the dihydrogen complex. The increased electron density of d8 transition metal complexes was generally 

found to lead to oxidative addition of the hydrogen ligand to form octahedral d6 dihydride complexes.4 At the onset of 

our research, the d8 metal dihydrogen complexes in the literature were limited to the following: 

 

5 .2 .1 .  Group 9 d 8 Meta l  Dihydrogen Complexes .  

 5 .2 .1a Cobalt( I)  Dihydrogen Complexes .  Previous work in the Heinekey group by Hebden & St. John 

reported the first cobalt dihydrogen complex.5 The complex, (tBuPOCOP)Co(H2), could not be synthesized by simple 

chloride-abstraction from the metal-halide complex. The synthesis was achieved using a sodium amalgam to abstract 

the halide from the metal center and reduce the complex. Interestingly this formed a bridging Co-Hg-Co species, 

identified by X-ray crystallography. Addition of H2 then resulted in formation of the dihydrogen complex. Increased 

pressures of hydrogen led to formation of a CoIII (d6) dihydrogen-dihydride complex, stable only at low temperatures 

(Scheme 5-1). 
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Scheme 5-1. Synthesis of the first reported cobalt dihydrogen complexes. The intermediate species in the preparation 
is a rare mercury-bridged dimer. Increased pressures of hydrogen result in oxidative addition of the ligand to give a 
dihydrogen-dihydride species. 

 

 Subsequent work by Peters, et al. developed cobalt complexes similar to those they reported for nickel (Figure 

5-1).6a The silyl-ligated complex is diamagnetic and was characterized using standard NMR techniques. In contrast, the 

boryl-ligated species is paramagnetic. EPR spectroscopy confirmed the identity of the species, and the complex was 

characterized in the solid state by X-ray crystallography. Additionally, Peters and co-workers have reported 

hydridoborate complexes of cobalt that may be in equilibrium with dihydrogen-ligated species, as 2 equivalents of 

hydrogen can be reversibly added to the complex.6b 

 

 

Figure 5-1. Cobalt dihydrogen complexes reported by Peters and coworkers. The silyl-ligated complex is diamagnetic, 
but the boryl-ligated species is a very rare paramagnetic dihydrogen complex. It was characterized using EPR 
spectroscopy, observation of the paramagnetic-shifted NMR spectrum, as well as X-ray crystallography. 
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 In 1988, Bianchini and coworkers reported the characterization of a dihydrogen complex.7 Strong HD coupling 

was observed, and the system was proposed to be a rapidly equilibrating between a dihydrogen and dihydride 

complex. Instead, later work by Heinekey & co-workers confirmed that the resulting complex was a dihydride species. 

T1(min) for the hydride resonance was near 100 milliseconds.8 Despite this correction to the literature, later reports by 

Peters6a and Beller9 both incorrectly identify Bianchini’s complex as a dihydrogen complex. 

 5 .2 .1b Rhodium ( I)  Dihydrogen Complexes .  Moving down Group 9, there are a handful of 

rhodium(I) dihydrogen complexes characterized in the literature. A 1983 report from the Kaska and coworkers10 (prior 

to Kubas’ work) suggests that dihydrogen may be interacting with a rhodium pincer complex, but this was not fully 

characterized until 1997.11  The complex, (tBuPCP)Rh(H2), was definitively assigned to have a dihydrogen ligand by 

solution NMR spectroscopy. Other examples of rhodium dihydrogen complexes include the cationic 

[(tBuPNP)Rh(H2)]+,12 [(tBuPONOP)Rh(H2)]+,13 and a PCP-pincer complex where the ipso-carbon atom is sp3-hybridized, 

(sp3-PCP)Rh(H2)14  where tBuPNP = 2,6-bis-[di-t-butylphosphino)methyl]pyridine, tBuPONOP = 2,6-(tBu2PO)2C5H3N, 

sp3-PCP = CH(CH2CH2P(tBu))2 (Figure 5-2). 

 

Figure 5-2. Rhodium dihydrogen complexes (of ligands other than tBuPCP) reported in the literature. 

 

 5 .2 .1c Ir id ium(I) Dihydrogen Complexes . Iridium(I) dihydrogen complexes are extremely limited. A 

series of pincer complexes was determined to exist as an equilibrium mixture of the dihydrogen complex and a 

dihydride-solvent complex in solution.15 The tBuPOCOP ligands were substituted with electron-withdrawing 

substituents at the para-position of the phenyl ring. Only the most electron-deficient complex disfavored formation of 

the dihydride complex (Figure 5-3). 
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Figure 5-3. The composition of a solution of (tBuPOCOP-X)IrH2 was determined to be solvent and temperature 
dependent. The species exists as an equilibrium mixture between a dihydride-solvent complex and a dihydrogen 
complex for X = H, MeO, Me, F, C6F5, and 3,5-(CF3)2-C6H3. Only the 3,5-(CF3)2-C6H3-substituted species favored the 
dihydrogen complex. 

 

5 .2 .2 Group 10 d 8 Meta l  Dihydrogen Complexes .  As was discussed in Chapter 3, dihydrogen complexes of 

Group 10 metals were exceedingly rare prior to the start of this work. 

 5 .2 .2a Nickel( I I )  and Pal lad ium(I I)  Dihydrogen Complexes .  Chapter 3 discusses the only nickel 

dihydrogen complex in the literature prior to 2012,16 those developed for this thesis,17 as well as those reported in the 

past couple of years.18 This chapter (Chapter 5) will discuss the first dihydrogen complex of palladium, as well as a 

prior, unsuccessful attempt. 

 5 .2 .2b Plat inum(I I)  Dihydrogen Complexes .  In the mid- to late- nineties, a few dihydrogen complexes of 

platinum were reported. These complexes all contained two phosphine ligands and a dihydrogen ligand trans to an X-

type ligand (hydride,19,20 methyl,19b phenyl19b). These complexes are shown in Figure 5-4. [(Cy3P)2PhPt(H2)]+ is closely 

related to a pincer platinum dihydrogen complex reported in 2002, [(tBuPCP)Pt(H2)]+.21 These complexes are 

compared in Table 5-1. 

 

Figure 5-4. Non-pincer platinum dihydrogen complexes and their reported 1JHD coupling constants. 
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Table 5-1. Comparison of pincer and non-pincer dihydrogen complexes of platinum. 

 Pincer Platinum Dihydrogen Non-pincer Platinum Dihydrogen 

Cat ion 

  
1JHD 33.4 Hz 33.6 Hz 

T1 (minimum) 14 milliseconds (-80 oC) 20 milliseconds (-65 oC) 
Chemical Shift of (H2) ligand resonance 0.18 ppm -1.9 ppm 

 

 The chemical shift of the dihydrogen ligands is somewhat intriguing. Common d6 metal dihydrogen complexes 

have chemical shifts significantly upfield of zero, but these group 10 complexes are all close to zero, and, in the cases of 

[(tBuPCP)Pt(H2)]+ and [(tBu3P)2Pt(H2)H]+, are actually downfield of zero. The chemical shifts and 1JHD coupling constants 

for dihydrogen complexes of Pt and Ni are included in Table 5-2. 

 

Table 5-2. Chemical Shifts of the dihydrogen ligand in selected diphosphine Group 10 complexes. 

 Chemical Shift (ppm) 1JHD (Hz) Reference 

trans-[(PtBu3)2Pt(H)(H2)]+ 1.12 34.7 19a 

trans-[(PCy3)2Pt(H)(H2)]+ -0.28 31 19b 

trans-[(PCy3)2Pt(Me)(H2)]+ -2.35 30.5 19b 

trans-[(PCy3)2Pt(Ph)(H2)]+ -1.9 33.6 19b 
[(tBuPCP)Pt(H2)]+ 0.18 33.4 21 

[(tBuPCP)Ni(H2)]+ -3.21 35 17a and Chapter 3 
 

5 .3 [( tBuPCP-H)PdCl]+ (5-2) .  The first palladium pincer complexes were reported in 1976. Despite nearly 40 

years of chemistry, the basicity of these species has not been explored. If protonation occurs at the metal, a 5-

coordinate, Pd(IV) hydride complex would result. While Pd(IV) hydrides are often cited as intermediate species in 

catalytic cycles,22 the only identified palladium(IV) hydrides have been empirically and theoretically predicted in mass 

spectrometry studies.23,24 Palladium(IV) compounds number far fewer than their platinum(IV) analogues. Of the known 

palladium(IV) compounds in the literature, most contain halides, alkyl, or bidentate nitrogen-containing ligands.25 The 

phosphine-ligated complexes were primarily characterized by NMR spectroscopy; only a few were stable enough at 
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room temperature for X-ray crystallographic characterization.26 Relevant to the pincer chemistry discussed here, Szabó 

and coworkers have recently proposed that a Heck reaction promoted by [(PhPOCOP)Pd]+ reacts via a Pd(IV) 

intermediate.27 Similar Pd(IV) transformations have been promoted by NCN pincer ligands28 and reductive elimination 

from Pd(IV) ONC pincer ligands has been observed.29 

 

5 .3 .1 Synthes is  and structure .  (tBuPCP)PdCl (4-1) was prepared according to literature procedures. The addition 

of a strong acid to a solution of 4-1 resulted in a dramatic color change from colorless to orange (Scheme 5-2). 

 

Scheme 5-2. Addition of strong acids to a solution of (tBuPCP)PdCl (4-1) resulting in formation of a cationic species. 

 

 Layering the orange solution with alkane solvent precipitated crystalline material. The structure was determined 

by X-ray diffraction (Figure 5-5). The protonation did not occur at the metal, and the formal oxidation state of the 

metal remains Pd(II). Interestingly, the pincer ligand is no longer planar, and the phenyl rings is bent out of the P-Pd-P 

plane (Figure 5-6). The ipso-carbon atom is observed to be protonated, displaying apparent sp3-hybridization. The C-

H-M distances found in the crystal structure are short, suggesting an agostic interaction between the metal and the C-

H bond (agostic interactions were discussed in Chapter 4.5). 
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Figure 5-5. ORTEP30 of [(tBuPCP-H)PdCl][B(C6F5)4] (5-2). The counteranion and pincer ligand hydrogen atoms have 
been omitted for clarity. R = 0.0441. Data from Heinekey/Samantha/sjc16. 

 

Figure 5-6. ORTEP30 (Side View) of [(tBuPCP-H)PdCl][B(C6F5)4] (5-2). Anion and pincer ligand hydrogen atoms have 
been omitted for clarity. 
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5 .3 .2 NMR Spectroscopic Character izat ion. The NMR spectrum of this complex is interesting because the 

protonation lowers the symmetry of the molecule. The tert-butyl groups and methylene protons on the protonated 

face of the molecule are chemically inequivalent to those on the opposite face. As a result, two t-butyl signals and two 

methylene signals are observed in the 1H NMR spectrum (Figure 5-7). In contrast, the phosphorous atoms and 

methylene carbon atoms remain equivalent and are observed as one resonance each, respectively, in the 31P{1H} and 

13C{1H} NMR spectra. 

 

Figure 5-7. 1H NMR Spectrum (500 MHz, 298 K) of [(tBuPCP-H)PdCl][B(C6F5)4] in CD2Cl2. The protonation of the 
ipso-carbon has resulted in a decrease in the symmetry of the molecule. As such, the methylene and t-butyl resonances 
have different chemical shifts. It remains unknown which of the two t-butyl virtual triplets and which of the two 
methylene signals correspond to which face of the molecule. The spectrum is assigned according to color/shape 
symbol as pictured. Data from sjconnel/499/SJC6_011414_3, Experiment 1. 

 

 A 13C-1H HMQC experiment confirms the correlation between the proton observed at 6.3 ppm and the 

carbon atom observed at 91 ppm (Figure 5-8). The protonation of the ipso-carbon has resulted in a dramatic upfield 

shift in the 13C{1H} signal, away from the chemical shift common to aromatic, sp2-hybridized carbon atoms, and toward 

that characteristic of sp3-hybridized carbon atoms. Additionally, one-bond coupling constants for aromatic carbon-

proton species are generally between 150-160 Hz. In this case, the coupling constant is found to be 125 ± 2 Hz. This 

confirms the bond activation observed in the crystal structure and indicates that this is a C-H agostic complex, where 

the proton, carbon, and palladium atoms form a 3-center, 2-electron sigma bond.  
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Figure 5-8. 1H - 13C HMQC 2D NMR Experiment, 298 K. Horizontal and vertical traces are internal projections. The 
upper horizontal trace is the 1D 1H NMR spectrum of the same sample. Aromatic region is removed as the sample 
was in protiofluorobenzene. Unknown impurity is marked with #. The scalar coupling constant for this experiment was 
set to 125 Hz. 
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5 .3 .3 Comparison to other p incer-H complexes .  Pincer ligands are often considered to be innocent ligands in 

complexes where the metal center facilitates catalysis. Methylene deprotonation (and loss of aromaticity) of PNP 

ligands are the exception to this, and complexes of this sort have been recently exploited for catalysis.31 In contrast, 

there are few examples with structures similar to that in 5-2 .32 Structurally similar species were achieved via arrested 

metallation of the ligand.32b-f A rhodium carbonyl example from Milstein readily metallated following addition of a base. 

Addition of a strong acid regenerated the agostic complex (Scheme 5-3).32b In the metallation of ruthenium bis-pincer 

complexes, the C-H activation step did not proceed for the second pincer ligand (Scheme 5-4).32e-f A report of 

platinum and iridium sp3-hybridized PCP complexes also offers structurally similar examples. Further, these species can 

be obtained from the protonation of the pincer complex (Scheme 5-5).32a 

 

Scheme 5-3. Protonation of the ipso-carbon of a pincer ligand reported by Milstein.32b The cationic complex was 
originally obtained following incomplete metallation of the ligand. 

 

Scheme 5-4. Arrested metallation of a ruthenium bis-pincer complex. 
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Scheme 5-5. Protonation of a pincer complex results in an agostic interaction between the ipso-carbon-hydrogen bond 
and the metal center in platinum and iridium examples reported by Gelman.32a 

 The NMR spectra of [(tBuPCP-H)Rh(CO)]+ features a 1H NMR signal for the agostic proton at 4.13 ppm. The 

doublet (JRhH = 18 Hz) indicates that the proton is interacting with the rhodium metal. The 13C{1H} NMR signal for the 

ipso-carbon is shifted upfield from 131 ppm in the free ligand to 111 ppm. Further, the coupling constant between the 

ipso-carbon and the proton has diminished substantially. Aromatic proton-carbon coupling constants in the ligand are 

over 160 Hz; but after the interaction with the metal is established, the coupling constant is measured to be 123 Hz. In 

our complex (5-2), the carbon atom is further shifted upfield (90 ppm); whereas the proton experiences a smaller 

shift (6.3 ppm). The 1JCH coupling constant (125 Hz vs. 123 Hz) is approximately the same between 5-2 and [(tBuPCP-

H)Rh(CO)]+.  

 

5 .4 [( tBuPCP)Pd(H2)][B(C6F5)4]  (Complex 5-3) .  In order to complete the series of group 10 metal 

[(tBuPCP)M(H2)]+ complexes, we set out to synthesize the palladium analogue. This complex, 

[(tBuPCP)Pd(H2)][B(C6F5)4] (Complex 5-3), is the first reported palladium dihydrogen complex. Its synthesis had been 

previously attempted by Bullock’s group at PNNL, by protonation of the hydride in dichloromethane. Metal hydrides 

are known to activate carbon-chlorine bonds in dichloromethane, forming the metal chloride.33 We anticipate that this 

may have contributed to the difficulty in synthesizing the desired platinum complex. Additionally, the ether molecule 

released during the reaction may facilitate displacement of the hydrogen ligand. 

 

5 .4 .1 Synthes is .  Our synthesis employed the silylium cation discussed in Chapter 2. Combination of solid 

[(Et3Si)2H][B(C6F5)4] (2-2) and (tBuPCP)PdCl (5-1), followed by dissolution in fluorobenzene under an atmosphere of 

hydrogen afforded Et3SiH, Et3SiCl, and the desired complex, [(tBuPCP)Pd(H2)][B(C6F5)4] (5-3) (Scheme 5-6). 
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Scheme 5-6. Synthesis of [(tBuPCP)Pd(H2)][B(C6F5)4] (5-3). 

 

5 .4 .2 Determinat ion of dHH. The complex was identified by NMR spectroscopy. The internuclear distance of the 

hydrogen ligand, dHH, was determined by two solution NMR methods. The measurements confirmed that complex 5-3 

is present in solution, and that the dihydrogen ligand is intact. 

 5 .4 .2a Measurement of T 1.  The resonance for the dihydrogen ligand in the 1H NMR spectrum is shifted 

downfield of most dihydrogen and metal hydride complexes, in line with observations for other group 10 complexes 

(Table 5-2). The signal is observed to be a broad line at 1.57 ppm. At room temperature, the T1 value is short. It 

continues to decrease as the temperature of the sample is dropped, but the line width increases, making conclusive 

measurement of T1(minimum) difficult. The collected data for temperatures 298, 288, 278, and 268 K are shown in 

Table 5-3. While these values do not allow determination of a T1(minimum), they are short enough to confirm the 

presence of a dihydrogen ligand. 

 

Table 5-3. T1 Data for [(tBuPCP)Pd(H2)][B(C6F5)4] (5-3). 

Temperature (K) T 1 (mi l l i seconds)  

298 21 ± 1 

288 15 ± 3 

278 15 ± 5 

268 15 ± 5 

258 and below signal too broad 
 

 5 .4 .2b Observat ion of 1JHD. The sample was prepared under HD gas to afford the partially deuterated 

complex, [(tBuPCP)Pd(HD)][B(C6F5)4] (5-3-d 1). Within 15 minutes, the scrambling of the HD gas to give 25% H2, 50% 

HD, and 25% D2 had occurred. This is likely catalyzed by adventitious base (Scheme 5-7). The 1H NMR spectrum at 
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300 MHz distinguishes the H2 and HD ligands (Figure 5-9). The 1JHD coupling constant is also apparent from the 2H 

NMR spectrum at 107 MHz (Figure 5-10). The measured value (37 ± 1 Hz) is one of the largest observed 1JHD 

coupling constants for any dihydrogen complex, and suggests dHH = 0.81± 0.02 Angstroms. This indicates that the 

dihydrogen bond is only weakly activated upon coordination to the [(tBuPCP)Pd]+ fragment. 

 

Scheme 5-7. Mechanism of HD scrambling catalyzed by adventitious base. 

 

 

Figure 5-9. 1H NMR Spectrum (298 K, 300 MHz) of [(tBuPCP)Pd(HD)][B(C6F5)4] (5-3-d 1). The apparent 1JHD = 37 Hz. 
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Figure 5-10. 2H NMR Spectrum (298 K, 76.8 MHz) of [(tBuPCP)Pd(HD)][B(C6F5)4] (5-3-d 1). 1JHD = 37 Hz is confirmed. 

 

5 .4 .3 Structure .  A crystal suitable for an X-ray diffraction experiment was obtained from a solution of 5-3 in 

fluorobenzene layered with excess triethylsilane and pentane. The structure was of very high quality (Rint = 0.0241) and 

contained two components (A & B). Component A, the major component of the mixture, comprised 83% of the 

sample. This was the expected dihydrogen complex 5-3. Component B comprised only 17% of the sample, but 

showed an interesting product. 

 5 .4 .3a Major Component .  The major component comprised 83% of the sample and was the expected 

dihydrogen complex (Figure 5-11). As is generally the case, the X-ray diffraction structure underestimated the dHH for 

the dihydrogen complex. 
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Figure 5-11. ORTEP30 of [(tBuPCP)Pd(H2)][B(C6F5)4] (Component A) (5-3). R = 0.0241. The unit cell contains one 
cation, one anion, and one disordered fluorobenzene molecule. The anion, solvent molecule, and hydrogen atoms on 
the pincer ligand have been omitted for clarity. Data from Heinekey/Samantha/sjc15. 

 

 5 .4 .3b Minor Component .  The minor component (17% of the sample) showed a metal hydride complex 

(Figure 5-12). The species appears to have transferred a proton from the dihydrogen ligand to the metal-carbon bond. 

The “plane” of the pincer ligand has been disrupted, and the phenyl is offset from the P-Pd-P plane (Figure 5-13). 

Figure 5-14 shows the differences in bond angles and lengths between the major and minor components of the 

sample. The palladium-carbon bond is lengthened substantially (nearly 0.5 Angstroms) between the two structures, and 

the bond distances in the “arms” of the pincer ligand have elongated slightly to accommodate the change. The phenyl 

ring of the ligand remains planar and mostly maintains aromaticity (within error). 
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Figure 5-12. ORTEP30 (Top View) of [(tBuPCP-H)PdH][B(C6F5)4] (Minor component). (5-3). The anion, solvent 
molecule, and hydrogen atoms on the pincer ligand have been omitted for clarity. Data from Heinekey/Samantha/sjc15. 

  

Figure 5-13. ORTEP30 (Side View) of [(tBuPCP-H)PdH][B(C6F5)4] (Minor component). The anion, solvent molecule and 
pincer ligand hydrogen atoms have been omitted for clarity. Data from Heinekey/Samantha/sjc15. 
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Figure 5-14. Comparison of bond lengths and angles in the major and minor component of the crystals obtained by 
layering a solution of 4-1 with triethylsilane and pentane. Component A is the dihydrogen complex. Component B 
shows activation of the dihydrogen ligand to protonate the Pd-C bond. The distances and angles listed in color vary 
(beyond error) from the distance or angle in the other component. 

 

 5 .4 .3c Comparison between 5-2 and 5-3b. The structure of 5-3b is remarkably similar to that observed 

for [(tBuPCP-H)PdCl][B(C6F5)4] (5-2) (See Figure 5-6 and Figure 5-13). Both phenyl rings are bent substantially out of 

the plane of the P-Pd-P bond, and the ipso-carbon has been protonated. We anticipate that the dihydrogen ligand has 

sufficient acidity to partially protonate the Pd-C bond, resulting in the formation of species 5-3b. 

 To investigate the basicity of these complexes, [H(OEt2)][B(C6H3(CF3)2)4] was combined with (tBuPCP)PdH. As 

expected, the dihydrogen complex (5-3) was observed in solution by NMR. Addition of HD gas readily incorporated 

deuterium into the structure, and the 2H NMR spectrum closely matches that observed for the HD complex 

generated by chloride abstraction. Lowering the temperature of these solutions did not result in any changes to the 

1JHD coupling constant, and no additional hydride resonances were observed. As such, it is postulated that any 5-3b in 

solution is very rapidly equilibrating with 5-3 . 5-3 should be more stable than an HCl complex (the expected 

analogue in the protonated metal-chloride chemistry), and we anticipate that this is the reason protonation at the ipso-

carbon of the metal chloride is so readily observed (5-2). 
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5 .5 Comparison of Group 10 [( tBuPCP)M(H2)]+ Complexes .  A goal of this project was to synthesize 

analogous dihydrogen complexes for all of the group 10 metals. Table 5-4 outlines the similarities and differences 

between these species. In all cases, the metal is in its +2 oxidation state with 8 d-electrons. The complexes are all 

stable for days at room temperature. The dihydrogen ligands are labile (can be exchanged for HD), and there is no 

clear trend for activation of the dihydrogen ligand. All complexes have short dHH indicated by short T1 values and strong 

1JHD coupling constants. 

 

Table 5-4. Comparison of Group 10 (tBuPCP)M(H2)]+ species. #Reported by Bullock and co-workers.21 

Metr ic [( tBuPCP)Ni(H2)]+ [( tBuPCP)Pd(H2)]+ [( tBuPCP)Pt(H2)]+# 

 

   
Oxidation State +2 +2 +2 

1JHD (Hz) 34 ± 1 37 ± 1 33 
T1(minimum) 
(milliseconds) < 8 < 15 < 14 ms 

Chemical Shift of 
H2 ligand (ppm) -3.21 1.57 0.18 

 

 There are remarkably few examples of other complete triads of dihydrogen complexes in the literature available 

for comparison.3 The Group 6 triad for the original Kubas complexes, (PR3)2(CO)3M(H2) where M = Cr, Mo, W, has 

been completed, with H2 lability decreasing down the group. The reported dHH values (based on 1JHD = 35, 34, 33.5) 

steadily increase from 0.84 Angstroms to 0.89 Angstroms, Cr to W. The chemical shifts of these dihydrogen ligands are 

-7.65 ppm, -3.13 ppm, -14.21 ppm (Cr, Mo, W respectively).34,35 Similar to that observed in our triad, the dihydrogen 

ligand on the 2nd row metal is much further downfield-shifted than the other ligand chemical shifts. 

 

5 .6 Attempted Syntheses of tBuPOCOP and tBuPNP Pd Dihydrogen Complexes .  Two alternate pincer 

ligands were employed in an attempt to generate additional palladium dihydrogen complexes for comparison. In both 

cases, a precipitate resulted from the reaction between [(Et3Si)2H][B(C6F5)4] (2-1) and the pincer metal chloride in 

fluorobenzene under H2 gas (Scheme 5-8). This was somewhat anticipated for the tBuPNP ligand, as the resulting 
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dihydrogen complex would be a rare dicationic species. Other solvents will be employed in pursuit of these 

complexes. 

 
Scheme 5-8. Attempted syntheses of two additional dihydrogen complexes of palladium. Both led to precipitation. 
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5 .7 Exper imenta l  Sect ion.  

 

Genera l  Considerat ions .  All experiments were carried out under argon using Schlenk and glove box techniques 

unless otherwise noted. Solvents were dried and vacuum transferred immediately prior to use. N,O-

bistrimethylsilylacetamide was refluxed in glassware to silylate the surface prior to use with [(Et3Si)2H][B(C6F5)4]. 

[(Et3Si)2H][B(C6F5)4] (2-2) was prepared as described in Chapter 2. Reagents not synthesized elsewhere in this thesis 

were commercially available and used as received. 

NMR spectra were recorded at 298 K (unless otherwise noted) on Bruker AV300, AV500, DRX500, or 

AV700 spectrometers. 1H NMR chemical shifts are reported relative to residual resonances of the solvent: C6D5H (δ = 

7.16), C6D4HF (δ = 6.96, 6.99, 7.17), CDHCl2 (δ = 5.32). Some 1H NMR spectra were recorded in protio-

fluorobenzene using a solvent suppression pulse program or acquisition of several hundred scans. 31P{1H} NMR 

chemical shifts were externally referenced to H3PO4 (85% in H2O) (δ = 0.00). 

The neutral alumina used for purification of the pincer metal chloride compounds was Alumina Neutral Super 

I, Catalog # 04589-25, Dynamic Adsorbants, Norcross, GA. It should be noted that the pincer metal chlorides 

synthesized here are stable to H2O and O2. They can be purified, handled, and stored in air. 
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( tBuPCP)PdCl (5-1) .  

 

 The procedure was slightly modified from that reported by Moulton & Shaw.36 (tBuPCP)H (Aldrich) 0.250 g, 

394.55 g/mol, 0.63 mmol) was suspended in 2-methoxyethanol (15 mL). Pd(PhCN)2Cl2 (0.243 g, 383.57 g/mol, 0.63 

mmol) was added, and the mixture was heated to reflux for 30 minutes. The solvent was removed in vacuo, and the 

precipitate was dissolved in ethanol. The solution was filtered through neutral alumina. The volume of colorless 

solution was reduced, and cooling the solution to -25 oC produced crystalline material. Alternatively, removal of the 

solvent in vacuo left powdered product. Reproducible yields of pure product: ~70%.  

 
 

1H NMR  (500 MHz, C6H5F, 298 K):  1.39 ppm (vt, 36 H, tBu), 3.12 ppm (vt, 4 H, CH2);  

31P{1H} NMR  (202 MHz, C6H5F, 298 K): 73 ppm  

 
NMR Data from SJC5_081513_1 Experiments 1 & 2. 
  

PdP P

Cl t-But-Bu
t-Bu t-BuP P

t-But-Bu
t-Bu t-Bu

5-1(tBuPCP)H

Pd(PhCN)2Cl2

2-methoxyethanol
reflux (30 min)
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[( tBuPCP-H)PdCl][B(C6H3(CF3)2)4]  (5-2) 

 

 

 tBuPCPPdCl (5.8 mg, 535 g/mol, 11 mmol) and [HOEt2][B(C6H3(CF3)2)4] (12.2 mg, 11 mmol) were combined in 

a Teflon screw-top NMR tube. CD2Cl2 was added by vacuum-transfer. Upon thawing, the solution became orange in 

color. The product could be isolated by layering the solution with alkane to precipitate crystals. 

 

1H NMR   (500 MHz, CD2Cl2, 298 K): 1.35, 1.58 ppm (vt, 18 H each, tBu); 3.14, 3.70 (d-vt, 2 H each, CH2); 
          6.3 ppm (s, 1H, Pd-H-C); 7.31 (m, 2 H, aromatic); 7.96 (t, 1H, p-H) 
31P{1H} NMR  (202 MHz, CD2Cl2, 298 K): 4.7 ppm 

 

[( tBuPCP-H)PdCl][BF4] (5-3) 

 

 

 Analogous to the procedure for tBuPCPPdCl (4.8 mg, 535 g/mol, 9 mmol) was dissolved in CD2Cl2, and 

[HOEt2][BF4] (85% solution in ether, 9 mmol) was added via microliter pipette. Upon thawing, the solution became 

orange in color. The product could be isolated by layering the solution with alkane to precipitate crystals. The NMR 

spectra matched that with the BArF
4 counterion. 

 

X-ray Structure included here as Figure 5-5. Data from Heinekey/Samantha/sjc16. 
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[( tBuPCP)Pd(H2)][B(C6F5)4]  (5-3) .  

 

(tBuPCP)PdCl (8 mg, 535 g/mol, 15 mmol) was combined with [(Et3Si)2H][B(C6F5)4] (14 mg, 910.58 g/mol, 15 

mmol) in a silylated NMR tube with Teflon screw top. Fluorobenzene (~0.5 mL) was added by vacuum transfer, and a 

dark orange solution resulted. The solution was frozen (liquid nitrogen), the head space evacuated, and H2 gas (1 atm) 

was introduced. Upon thawing, the solution became lighter orange. The solution was again frozen, the head space 

evacuated, and pentane (~25 mL) was added by vacuum transfer. A solid precipitated. After the precipitate settled, the 

solution was removed, and the solid was dried via hydrogen purge. Yield by NMR was near quantitative. Isolated 

(crude): 11 mg, ~50% yield. Isolated (crystalline): 4.5 mg, ~20% yield. 

 

1H NMR  (C6H5F, 500 MHz, 298 K): 1.03 ppm (vt, 36H, tBu-CH3); 3.08 ppm (s, 4H, CH2) 
1.59 ppm (br, 2H, H2); (aromatics coincident with protio-solvent signals) 

31P{1H} NMR  (C6H5F, 202 MHz, 298 K): 95 ppm 

 

X-ray Structure included here as Figure 5-11. Data from Heinekey/Samantha/sjc15. 
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A.1 Abbreviat ions .  

Abbreviation Long Hand 

Me methyl 

Et ethyl 

iPr iso-propyl 

tBu tert-butyl 

Cy cyclohexyl 

Ph phenyl 

Ar aryl 

Mes mesityl 

tBuPCP 1,3-bis-[(di-t-butylphosphino)methyl]phenyl 

tBuPOCOP 1,3-bis-(di-t-butylphosphinito)phenyl 

PhPOCOP 1,3-bis-(di-phenylphosphinito)phenyl 

tBuPNP 2,6-bis-[di-t-butylphosphino)methyl]pyridine 

tBuPONOP 2,6-bis-(di-t-butylphosphinito)pyridine 

F/P/T freeze/pump/thaw cycle (for degassing solutions) 

NMR Nuclear Magnetic Resonance 

FT-IR Fourier Transform – Infrared 

EPR Electron Paramagnetic Resonance 

GC-MS Gas Chromatography – Mass Spectrometry 

ORTEP Oakridge Thermal Ellipsoid Plot 
 

  



 117 

A.2 L ibrary of Numbered Compounds.  

 

# Formula Structure 

2-1a [Et3Si(C7H8)][B(C6F5)4] 

 

2-1b [Et3Si(C6H6)][B(C6F5)4] 

 

2-1c [Et3Si(C6H5Cl)][B(C6F5)4] 

 

2-2 [(Et3Si)2H][B(C6F5)4] 

 

2-3 F2B(C6F5) 

 

Si

+

Si

+

Si

Cl

+

SiHSi

+

B

F

F

F

F

F

F

F
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# Formula Structure 

3-1 (tBuPCP)NiCl 

 

3-2 [(tBuPCP)Ni(H2)][B(C6F5)4] 

 

3-3 (tBuPOCOP)NiCl 

 

3-4 [(tBuPOCOP)Ni][B(C6F5)4] 

 

3-5 [(tBuPOCOP)Ni(H2)][B(C6F5)4] 

 

Ni

Cl
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H H
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O O
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# Formula Structure 

4-1 (tBuPCP)NiH 

 

4-2 [(tBuPCP)Ni(N2)][B(C6F5)4] 

 

4-3 [(tBuPOCOP)Ni(N2)][B(C6F5)4] 

 

4-4 [(tBuPCP)Ni(CO)][B(C6F5)4] 
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# Formula Structure 

5-1 (tBuPCP)PdCl 

 

5-2 [(tBuPCP-H)PdCl][B(C6F5)4] 

 

5-3 [(tBuPCP)Pd(H2)][B(C6F5)4] 

 

5-3b [(tBuPCP-H)PdH][B(C6F5)4] 
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Figure 1-2. Original “Kubas Complexes”. 2 

Figure 1-3. Orbital description of σ- coordination of an H2 molecule to a transition metal. 3 

Figure 1-4. Continuum from dihydrogen complex to a dihydride complex. 4 

Figure 1-5. Pake pattern observed for dihydrogen ligand in solid-state NMR spectra. 5 

Figure 1-6. Schematic of an Inversion-Recovery NMR Experiment. 6 

Figure 1-7. Data acquired from an Inversion-Recovery Experiment. 7 
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