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The non-ionic, super-basic phosphorus of proazaphosphatranes has been extensively 

studied as organic catalysts and stoichiometric bases. They are commercially available and have 

been used as ligands for palladium cross-coupling reactions. Despite this utility, a fundamental 

understanding of proazaphosphatranes as ligands in coordination chemistry and transition metal 

catalysis has not been thoroughly investigated. Herein, modification of proazaphosphatrane 

compounds with pyridine, thiophene, and furan groups expand its chelating ability beyond its 

monodentate frame. The coordination chemistry of modified and unmodified proazaphosphatranes 

with various transition metal ions is explored, specifically investigating their electron donating 

properties and transannular interactions. Additionally, the reactivity of these transition metal 

azaphosphatrane complexes with small molecules (CO2, H2, and O2) is examined. A 

multidisciplinary approach is employed to study these transition metal azaphosphatrane 

complexes, founded on the design and synthesis of organic ligands and the development of metal 

complexes. Reactivity studies and inorganic, organic, and analytical characterization methods are 

carried out. 
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Chapter 1 describes the electronic and steric parameters of azaphosphatranes using the Tolman 
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Chapter 3 describes the experimental and computational investigation of the varying degree of 
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molecules such as H2, O2, and CO2. 
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INTRODUCTION 

0.1. Proazaphosphatranes (Verkade’s Superbases) 

 Proazaphosphatranes are powerful non-ionic organic bases. Proazaphosphatranes have 

demonstrated great utility and versatility in synthetic chemistry, and have been used as 

stochiometric bases,1-17 organic catalysts18-46 and ligands in organometallic reactions.47-60 

Pioneered by the late John G. Verkade, the “molecular football” shaped compound is commonly 

known as Verkade’s Superbase.61-63 The term “Superbase” is given to organic compounds whose 

basicity is greater than that of 1,8-bis(dimethylamino)naphthalene (proton sponge), which have a 

pKa of 18.6 (conjugate acid form) in acetonitrile.64 The pKa of the protonated form of 

proazaphosphatranes ranges from 31.6 to 33.6 in acetonitrile depending on the substituents 

attached to the equatorial nitrogen atoms (R) (Chart 0.1). The most basic site on 

proazaphosphatrane is the phosphorus center,65 which owes its extreme basicity to the electron 

donation from its three neighboring equatorial nitrogen atoms, and the potential formation of a 

stable three-centered four-electron transannular interaction between P and Nax.66, 67 

Chart 0.1. Protonation of proazaphosphatranes (Verkade’s Superbases) with a generic proton. The 
pKa values of the conjugate acid shown in the table to the right, with various R groups.  
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0.2. Expanding the Use of Proazaphosphatranes  

 Outside of Verkade’s work on proazaphosphatranes in the 1990s and early 2000s, most 

groups have been using proazaphosphatranes as stochiometric bases, particularly in inorganic 

chemistry.8, 9, 12, 13 The recent development of proazaphosphatranes outside of their use as 

stochiometric bases started in the 2010s, with effort from Martinez and coworkers. The design of 

a molecular cage,68-71 that incorporated the azaphospahtrane system is established (Figure 0.1) for 

the catalytic conversation of CO2 into cyclic carbonates.72 The “Cage Effect” found by Martinez 

and coworkers described an increase in stability of the organocatalyst by protecting the 

azaphosphatrane framework from potential deactivation pathways.72  In addition, Martinez and 

coworkers expanded the use of their azaphosphatrane caged systems to encapsulate anions from 

water.71 

 

Figure 0.1. Chemical structures of the work done by (left) Stephan’s group, (middle) Krempner’s 
group and (right) Martinez’s group on expanding the use of azaphosphatranes. 
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 Krempner et al., along with work by Stephan et al. have been investigating 

proazaphosphatranes as strong Lewis bases in frustrated Lewis acid-base pair systems. They noted 

the ability of proazaphosphatranes to activate Si-H and Si-C bonds in Verkade’s previous work,18, 

73 and subsequently examined the activation of H-H bond of H2 and C=O bond of CO2 (Figure 

0.1). Krempner et al. demonstrated  the frustrated Lewis acid-base pair, with isopropyl-

proazaphosphatrane as the Lewis base and 9-hexyl-borobicyclo[3.3.1]nonane as the Lewis acid 

could not only activate H2, but could also catalyze the hydrogenation of imines.74 Stephan et al. 

demonstrated the smaller sterically constrained methyl-proazaphosphatrane cooperatively 

activated CO2 with B(C6F5)3.75 Furthermore, the classical Lewis adduct of the methyl-

proazaphosphatrane/B(C6F5)3 activated other small molecules in the same way as fully frustrated 

Lewis acid-base pair systems.  

 More recently, the successful use of proazaphosphatranes as ligands in organometallic 

cross-coupling reactions have prompted the laboratory of Martinez and Johnson to explore the 

coordination chemistry of proazaphosphatranes (Figure 0.2).76, 77 Martinez’s group structurally 

characterized a gold-azaphosphatrane complex by applying a synthetic approach similar to that for 

gold-N-heterocyclic carbene (NHC) complexes. Martinez concluded by stating that  

proazaphosphatrane should make interesting alternatives to NHC, due to their shared properties, 

such as high basicity, efficiency as organic catalysts, strong electron donating ability and the 

similarities between the azaphosphatrane salts and imidazolium salts as pre-ligands (precursors). 

Johnson’s group structurally characterized several palladium-azaphosphatrane complexes, and 

investigated the effects of the transannular interaction in azaphosphatranes during palladium 
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catalyzed cross-coupling reactions.77 From these two studies, proazaphosphatranes are found to 

display unique properties as ligands. Yet, complexation studies with various transition metals have 

been lacking. In addition, the ligand design of proazaphosphatranes have been limited to alkyl 

substituents, thereby restricting its growth as ligands in organometallic catalysis. A modular 

synthetic pathway can help expand the proazaphosphatrane beyond its mono-dentate framework 

and increase its stability as a ligand through the chelate effect.  

 

Figure 0.2. Chemical structures of transition metal complexes of isobutyl-azaphosphatrane by 
(left) Martinez’s group and (right) Johnson’s group. 
 
0.3. Research Goals 

 The research presented in this dissertation is a synthetic inorganic approach to advancing 

the design of proazaphosphatranes as ligands in inorganic and organometallic chemistry. The facile 

modification of proazaphosphatranes will be utilized to increase the denticity and flexibility of the 

framework. Structural characterization of inorganic complexes with modified 

proazaphosphatranes will reveal the unique coordination environment and properties of the 

proazaphosphatrane ligands. Small molecule activation, such as CO2, H2 and O2 will be explored, 

along with attempted stabilization of high valent transition metal ions.     
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 The chapters of this dissertation follows the schematic outline in Chart 0.2, where Chapter 

1 reveals the strong donor-ability of proazaphosphatranes (outlined in purple in Chart 0.2), Chapter 

2 presents the facile modification of proazaphosphatrane incorporating pyridine and other 

functional donors (outlined in blue in Chart 0.2), Chapter 3 displays the coordination mode and 

unique transannular interaction of the modified azaphosphatrane (outlined in red and green in 

Chart 0.2), Chapter 4 demonstrates the reactivity of transition metal azaphosphatrane complexes 

with small molecules (outlined in orange in Chart 0.2). 

Chart 0.2. Proazaphosphatrane Framework with Various Donor Groups and Transition Metal Ions 
Employed in this Research.  
 

 

 Data found in this dissertation were collected using nuclear magnetic resonance (NMR), 

ultraviolet-visible (UV-vis), infrared (IR) and electron paramagnetic resonance (EPR) 

spectroscopies, mass spectrometry, elemental analysis, X-ray crystallography and cyclic 

voltammetry.  
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CHAPTER 1 

 

The Electronic and Steric Tolman Parameters of 

Proazaphosphatrane: Synthesis, Characterization, and 

Measurements 
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1.1. Motivation and Specific Aims 

Proazaphosphatranes are widely utilized as ligands in organometallic catalysis, but a 

fundamental understanding of why these proazaphosphatranes are good ligands is lacking. Insights 

into the properties of the proazaphosphatranes can be obtained by measuring their steric and 

electron parameters. Key elemental steps in organometallic catalysis, such as oxidative addition 

and reductive elimination are highly dependent on the electronic and steric parameters of the 

ligand. This chapter describes the experimental determination of the Tolman electronic parameters 

(TEP) and cone angles for a series of substituted proazaphosphatrane ligands. Tolman parameters 

of phosphine ligands are classically determined by the synthesis of their respective Ni(LR)(CO)3 

complexes and evaluating their steric parameters and CO vibrational frequencies. The complexes 

Ni(LMe)(CO)3 (1), Ni(LiPr)(CO)3 (2), Ni(LiBu)(CO)3 (3) and Ni(LBz)(CO)3 (4) are synthesized and 

their properties are compared to previously described Ni(phosphine)(CO)3 complexes.  

1.2. Background 

Phosphines are ubiquitous ligands in transition metal synthesis1 and catalysis,2, 3 as their 

steric and electronic properties can be easily tuned via substituent modification.4 The relative 

stereoelectronic effects between phosphine ligands are most commonly evaluated by the Tolman 

electronic parameter (TEP) and cone angle (Figure 1.1).5  
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Figure 1.1. Chemdraw depicting the Tolman Electronic (TEP) and Steric Parameter (cone angle 
Θ) of a generic Ni(phosphine)(CO)3.5 
 

Proazaphosphatranes are monodentate phosphines that serve as ligands in organometallic 

catalysis. Recently, mechanistic insights were provided with Pd catalyzed C-C cross-coupling 

reactions utilizing the isobutyl version of proazaphosphatrane.7 Although prior studies suggested 

that proazaphosphatranes (colloquially known as Verkade’s Superbases) are strong electron donor 

ligands,8-10 the Tolman parameters had never been measured. In this chapter, experimental 

measurements of the TEP and cone angle for a series of proazaphosphatranes (L) with various 

functionalities (LR , R = Me, iPr, iBu, and Bz) are presented. The corresponding Ni(LR)(CO)3 

complexes were synthesized, shown in Chart 1.1 as complexes 1-4. The TEP was evaluated by the 

infrared vibrational stretching frequencies of the CO bonds,11 and the cone angle was measured 

using X-ray crystallographic analysis of complexes 2-5.12 The Tolman electronic parameters for 

the proazaphosphatranes place them among the most electron donating phosphine ligands. The 

TEPs are comparable to P(tBu)3, the most donating phosphine measured by Tolman, and only 

recently exceeded by a series of imidazolin-2-ylideaminophosphines.13 The cone angles are also 

PR3

Ni
C

C

C
O

O

O

P

Ni
C

C

C
O

O

O

R
R R

Tolman Electronic
Parameters (TEP)

Tolman Cone
Angle (θ)

θ



 

15 

 

larger compared to the equivalently substituted trialkyl phosphines. The combined electron donor 

strength and large steric size of proazaphosphatranes is likely an important factor in their 

successful use as ligands in Pd and Pt catalyzed C–C,14-17 C–N,9, 18-23 and C–Si24 bond coupling 

reactions. 

Chart 1.1. Series of Ni(CO)x (x = 2 or 3) complexes of Verkade’s Superbases. Reproduced by 
permission of The Royal Society of Chemistry. 
 

 

1.3. Results and Discussion 

1.3.1. Synthesis and Structure of Ni(LR)(CO)3 Complexes (1-4) 

Bis(1,5-cyclooctadiene)nickel(0) was added to a solution of LR (L = P(RNCH2CH2)3N, R 

= Me, iBu, iPr and Bz) in THF. After stirring for 1 hour, CO gas (1 atm) was added and the 

respective products were isolated by recrystallization to furnish Ni(LMe)(CO)3 (1), Ni(LiPr)(CO)3 

(2), Ni(LiBu)(CO)3 (3), and Ni(LBz)(CO)3 (4) in 84, 87, 74 and 93% yield, respectively. Complexes 

1-4 were analyzed by 1H, 13C, and 31P NMR spectroscopies (shown in Experimental Details), and 

their purity was confirmed by elemental analysis.  
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Solution infrared spectra of 1-4 in CH2Cl2 displayed two CO vibrational stretches assigned 

to the A1 and E vibrational modes (Figure 1.2). The A1 resonances for 1-4 are at 2057.0, 2054.6, 

2054.9, and 2059.1 cm-1, and the E resonances are at 1977.7, 1974.7, 1975.3, and 1981.1 cm-1, 

respectively. The values are also listed in Table 1.1. 

 

Figure 1.2. IR spectra of (purple) Ni(LMe)(CO)3 (1), (green) Ni(LiPr)(CO)3 (2), (red) Ni(LiBu)(CO)3 
(3) and (brown) Ni(LBz)(CO)3 (4) in CH2Cl2. Reproduced by permission of The Royal Society of 
Chemistry. 
 

Single crystals suitable for X-ray analysis were grown from slow evaporation of pentane 

solutions of 2-4. Crystallographic data and selected bond distances and angles are given in Tables 

1.2 and 1.3, respectively. The structures are shown in Figure 1.3 and are used to determine the 

cone angles for LR. 
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Table 1.1. CO vibrational frequencies (in CH2Cl2) and cone angle of complexes 1-4 and selected 
Ni(CO)3(PR3) complexes. Reproduced by permission of The Royal Society of Chemistry. 

Complex     ṽco 

A1 (cm-1) 

     ṽco 

E (cm-1) 

Cone Angle (°) 

Ni(CO)3(LMe)  (1) 2057.0 1977.7 152a 

Ni(CO)3(LiPr)   (2) 2054.6 1974.7 179 
Ni(CO)3(LiBu)  (3) 2054.9 1975.3 200 
Ni(CO)3(LBz)   (4) 2059.1 1981.1 207 
Ni(CO)3(P(tBu)3)b 2056.1 1971 182 
Ni(CO)3(P(Me)3)b 2064.1 1982 118 
Ni(CO)3(P(iPr)3)b 2059.2 1977 160 
Ni(CO)3(P(iBu)3)b 2059.7 -------- 143 
Ni(CO)3(P(Bz)3)b 2066.2 1986 165 

a. Cone angle is measured from crystal structure of 5. 
b. TEP values taken from Tolman et al.5  
 

Most Ni(phosphine)(CO)3 complexes prepared by Tolman were not structurally 

characterized. Instead, cone angles were determined by a space-filling CPK (Corey–Pauling–

Koltun) model based on a tetrahedral coordination geometry and a P–Ni bond length of 2.28 Å.25 

Consistent with this model, the structures of 2-4 display near ideal tetrahedral geometries with τ4 

values of 0.977, 0.955, and 0.968, respectively, where τ4 = 1 represents a tetrahedral geometry and 

τ4 = 0 represents a square planar geometry.26 The P–Ni distances of 2-4 are 2.2680(5), 2.2519(3) 

and 2.2424(5) Å, respectively. Although the P–Ni distances are slightly shorter, Tolman remarked 

that variations of up to 0.1 Å “seldom change the cone angle by more than 3 or 4°”.5 Therefore, 

the structurally determined cone angles are consistent with the parameters originally reported by 

Tolman using the CPK model. The values for the P–Ni bond lengths in 2-4 display an inverse 

relationship with Tolman’s cone angle parameters. Additionally, more electronegative substituents 

on the proazaphosphatranes (R = Bz > iBu > iPr)27 results in shorter P–Ni bond lengths. The 
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observed trend is consistent with Tolman’s observation that more electronegative substituents 

increase the phosphorus s orbital character, which shortens the bond.5 

1.3.2. Synthesis and Structure of Ni(LMe)2(CO)2 Complex (5) 

Complex 5 was synthesized and crystallized in a similar fashion as complexes 2-4, in order 

to experimentally measure the cone angle of LMe. Ni(LMe)2(CO)2 (5) was synthesized from a 2:1 

ratio of LMe and bis(1,5-cyclooctadiene)nickel(0) in THF under an atmosphere of CO gas. Upon 

exposure to CO the color changed from dark orange to colorless. The crude product was 

recrystallized from CH2Cl2 to give the product in 62% yield. Complex 5 was characterized by 1H, 

13C, and 31P NMR and IR spectroscopies (shown in Experimental Details), and the purity was 

confirmed by elemental analysis. Single crystals suitable for X-ray analysis were grown from slow 

evaporation of a diethyl ether solution. The structure of 5 shown in Figure 1.3, displays a 

tetrahedral geometry around Ni with τ4 values of 0.971.26 Crystallographic data and selected bond 

distances and angles are given in Tables 1.2 and 1.3, respectively. 
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Figure 1.3. Crystal structure of Ni(LiPr)(CO)3 (2), Ni(LiBu)(CO)3 (3), Ni(LBz)(CO)3 (4) and 
Ni(LMe)2(CO)2 (5). Thermal ellipsoids are drawn at 80% probability; hydrogen atoms are omitted 
for clarity. Carbon atoms from the minor part of a disorder in 3 are also omitted. Reproduced by 
permission of The Royal Society of Chemistry. 
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Table 1.2. Crystallographic data and refinement parameters for complexes 2-5. Reproduced by 
permission of The Royal Society of Chemistry. 

Complex 2 3 4 5 
Formula C18H33N4O3PNi C21H39N4O3PNi C30H33N4O3PNi C20H42N8O2P2Ni 
Molar Mass 443.16 485.24 587.28 547.27 
Crystal System Monoclinic Monoclinic Monoclinic Monoclinic 
Space Group P2(1)/n P2(1)/n P2(1)/n P2(1)/n 
T[K] 133(2) 88(2) 133(2) 133(2) 
a[Å] 9.4521(6) 10.4524(5) 9.7263(8) 8.5551(5) 
b[Å] 16.0515(11) 17.9047(8) 23.412(2) 19.4034(12 
c[Å] 14.5677(10) 13.5993(6) 12.5881(11) 15.9663(1) 
α[°] 90.00 90.00 90.00 90.00 
β[°] 93.8772(8) 97.2348(6) 99.3160(10) 104.7970(10) 
γ[°] 90.00 90.00 90.00 90.00 
V[Å3] 2205.2(3) 2524.8(2) 2828.6(4) 2562.5(3) 
Z 4 4 4 4 
D(calcd) [Mgm-3] 1.335 1.277 1.379 1.419 
μ(Mo-Kα) [mm-1] 0.977 0.859 0.781 0.916 
Index Range -12 ≤ h ≤ 12 

-21 ≤ k ≤ 21 
-19 ≤ l ≤ 19 

-14 ≤ h ≤ 13 
-23 ≤ k ≤ 23 
-18 ≤ l ≤ 18 

-13 ≤ h ≤ 13 
-32 ≤ k ≤ 31 
-16 ≤ l ≤ 17 

-11 ≤ h ≤ 11 
-25 ≤ k ≤ 25 
-21 ≤ l ≤ 21 

Reflection Collected 24569 31264 70276 62910 
Independent Reflections 5360 6479 7270 6562 
Data/Restraints/Parameters 5360 / 0 / 250 6479 / 0 / 431 7270 / 0 / 352 6562 / 0 / 304 
R1, wR2 [I > 2σ(I)] 0.0359, 0.0749 0.0272, 0.0665 0.0400, 0.1283 0.0232, 0.1097 
R1, wR2 [all data] 0.0544, 0.0810 0.0341, 0.0701 0.0470, 0.1393 0.0242, 0.1122 
GOF 1.220 1.029 1.168 1.056 

 

Table 1.3. Selected distances and angles of 2-5. Reproduced by permission of The Royal Society 
of Chemistry. 

Complex      2      3      4      5a                                  
P-Ni        (Å) 2.2680(5) 2.2519(3) 2.2424(5) 2.2320(3) 
P•••N1     (Å) 3.330 3.435 3.317 3.478 
P-N2       (Å) 1.6927(14) 1.6899(11) 1.6879(13) 1.6892(9) 
P-N3       (Å) 1.6900(14) 1.6885(11) 1.6824(13) 1.6902(9) 
P-N4       (Å) 1.6894(14) 1.6876(11) 1.6890(13) 1.6939(9) 
C-O1       (Å) 1.140(2) 1.1385(17) 1.146(2) 1.1500(15) 
C-O2       (Å) 1.143(2) 1.1447(18) 1.140(2) 1.1506(14) 
C-O3       (Å) 1.133(2) 1.1404(18) 1.142(2) ------------- 
N2-P-Ni   (°) 114.59(5) 113.93(4) 112.74(5) 112.92(3) 
N3-P-Ni   (°) 113.96(5) 113.77(4) 114.01(5) 120.25(3) 
N4-P-Ni   (°) 115.05(5) 115.12(4) 115.49(5) 113.12(3) 
N4-P-N3  (°) 103.34(7) 104.00(5) 105.32(6) 102.74(5) 
N3-P-N2  (°) 104.07(7) 104.18(5) 103.78(6) 103.10(5) 
N2-P-N4  (°) 104.46(7) 104.64(5) 104.32(6) 102.71(4) 

aone of the two LMe measurements in complex 5 
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1.3.3. Tolman Electronic Parameters and Cone Angles of Ni(LR)(CO)3 Complexes (1-4)  

The electronic and steric properties of the strongest electron donating trialkyl substituted 

phosphines measured by Tolman5 are used as a comparison to the proazaphosphatranes 

summarized in Table 1.1 and shown in Figure 1.4. Complexes of 1-3 display CO vibrational 

frequencies similar to those reported for the most donating alkyl-phosphine ligand, P(tBu)3 

(Ni(P(tBu)3)(CO)3, ṽco = 2056.1 cm−1), while the CO vibrational frequency of complex 4 is closer 

to those observed for the acyclic triaminophosphine ligand (Ni(P(NMe2)3)(CO)3, ṽco = 2061.9 

cm−1).5 The trend in electron donor properties of the trisubstituted proazaphosphatrane follows the 

same trend as the trialkyl substituted phosphines originally measured by Tolman (stronger donor 

> weaker donor: iPr ≥ iBu > Me > Bz). However, the overall strength of electronic donation for 

the proazaphosphatranes is greater than that of the equivalently substituted tertiary phosphine. 

 

Figure 1.4. Comparison of Tolman electronic parameter (TEP) and cone angles. Red dots (●) 
represent proazaphosphatranes measured herein and black dots (●) represent phosphines 
measured by Tolman.5 Reproduced by permission of The Royal Society of Chemistry. 
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The greater overall donor strengths of the proazaphosphatranes are primarily due to the 

replacement of the alkyl functionalities on the phosphine with alkyl-substituted amine donors. 

Amine substituents are known to increase the strength of electron donation when bound to 

phosphorus ligands. A prior study by Woollins et al. systematically investigated this effect on 

acyclic phosphines and determined that the strength of phosphorus electron donation increases 

after the first and second P–C bonds are replaced by P–N bonds.28, 29 However, the replacement of 

the third P–C bond with a P–N bond results in a decrease in the electron donor strength because 

the effect of a stronger σ donor is outweighed by the electron-withdrawing character of the more 

electronegative nitrogen atoms due to steric constraints. This phenomenon is observable in the X-

ray crystal structure of acyclic tris(dialkylamino)phosphine ligands, where two of the nitrogen 

atoms are nearly planar (sum of angles at nitrogen ∼360°) and one of the nitrogens is not (sum of 

the angles at nitrogen <350°) (Figure 1.5).30-32 As a result, the two planar nitrogen atoms can 

donate electron density to the phosphorus through their lone pairs, which are nearly orthogonal to 

the phosphorus lone pair. However, the third nitrogen only contributes electron-withdrawing 

character due to its orientation (anti) to the lone pair on phosphorus (Figure 1.5).33 In contrast, 

structural characterizations of the cyclic proazaphosphatrane ligands in this chapter (Figure 1.3) 

demonstrate that all three nitrogens bound to the phosphorus are nearly planar (sum of angles at 

nitrogen = 358 to 360°). Verkade et al. hypothesized that the rigid bicyclic framework of the 

proazaphosphatrane molecule constrains all three nitrogens to adopt this geometry, resulting in 

stronger overall electron-donating character compared to the previously studied acyclic 

tris(dialkylamino)phosphines.8 
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Figure 1.5. Proposed electronic properties of a generic tri(dialkylamino)phosphine and the 
metrical parameters observed from crystal structures. 
 

Overall, the proazaphosphatranes exhibit greater cone angles compared to the equivalent 

trialkyl substituted phosphines. In fact, LBz displayed a cone angle close to the highest cone angle 

(P(mesityl)3 = 212°) measured by Tolman.5 The TEP vs. cone angle for LR in 1-4 (using Tolman 

cone angle measured from the structure of 5 for 1) are graphed along with comparable phosphines 

in Figure 1.4, which demonstrates that while the cone angle of proazaphosphatranes are highly 

substituent dependent, they all maintain their strong electron donating character. 

1.4. Conclusion 

 The first experimentally measured Tolman electronic parameters and cone angles for a 

series of proazaphosphatranes are presented. The proazaphosphatranes in this study display lower 

TEPs and greater cone angles compared to equivalently substituted trialkyl phosphines. The unique 

cyclic structure of the proazaphosphatranes contributes to its high donor strength, which is also 

greater than comparable acyclic triaminophosphines. Another interesting feature of the 
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proazaphosphatranes is the large effect that alkyl substitution plays on the cone angle while having 

a negligible effect on the electron donor strength. This property allows the steric bulk to be 

independently tuned. The quantification of Tolman parameters for proazaphosphatranes permits 

the rational modification of steric and electronic properties for this synthetically modular class of 

ligands. 

1.5. Experimental Details  

General Considerations 

The complexes described below are air- and moisture-sensitive, and must be handled under 

an inert atmosphere of nitrogen using standard glovebox and Schlenk techniques. Unless 

otherwise noted, all procedures were performed at ambient temperature (21-24 °C). All 

solvents were sparged with argon and dried using a solvent purification system. 

Tetrahydrofuran, pentane, diethyl ether, and dichloromethane were passed through two 

columns of neutral alumina. Compounds 2,8,9-tribenzyl-2,3,8,9-tetraaza-1-

phosphabicyclo[3,3,3]undecane (LBz), and 2,8,9-triisopropyl-2,3,8,9-tetraaza-1-

phosphabicyclo[3,3,3]undecane (LiPr)34 were synthesized according to established 

procedures. C6D6 was freeze-pump-thawed three times and dried over molecular sieves. 

2,8,9-trimethyl-2,3,8,9-tetraaza-1-phosphabicyclo[3,3,3]undecane (LMe) was purchased 

from Sigma-Aldrich with unspecified purity; therefore further extraction with pentane was 

necessary to obtain the product in high purity. 2,8,9-triisobutyl-2,3,8,9-tetraaza-1-

phosphabicyclo[3,3,3]undecane (LiBu), bis(1,5-cyclooctadiene) nickel(0) (98%), and 

carbon monoxide (100%) were purchased from commercial sources and used without 

further purification.  
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Physical Methods 

Nuclear Magnetic Resonance (NMR) Spectroscopy: Nuclear magnetic resonance 

(NMR) spectra were recorded on a Bruker DRX500 spectrometer fitted with a TCI 

cryoprobe (13C) or a DRX400 with a switchable QNP probe (1H and 31P) in dry, degassed 

solvents. 1H NMR spectra were referenced to (tetramethylsilane) TMS using the residual 

proteo impurities of the solvent; 13C NMR spectra were referenced to TMS using the natural 

abundance 13C of the solvent; 31P NMR spectra were referenced to H3PO4 using the Ξ scale 

with the corresponding 1H spectra. All chemical shifts are reported in the standard δ 

notation in parts per million; positive chemical shifts are to a higher frequency from the 

given reference.  

Infrared (IR) Spectroscopy: Infrared (IR) absorption measurements of the solution of 1-

5 in CH2Cl2 was taken in a OMNI-Cell CaF2 sealed cell (1.00 mm) on a Thermo Scientific 

Nicolet iS5 spectrophotometer with an iD1 transmission attachment.  

Elemental Analysis (EA): Elemental analyses were performed on a PerkinElmer 2400 

Series II CHNS elemental analyzer or on an Exeter Analytical, Inc. CE-440 Elemental 

Analyzer. 

X-ray Crystallography (XRC): X-ray diffraction studies were carried out at the UCI 

Department of Chemistry X-ray Crystallography Facility on a Bruker SMART APEX II 

diffractometer. Data was collected at 88K for 3 and 133K for 2, 4, and 5 using Mo Ka 

radiation (λ = 0.71073 Å). A full sphere of data was collected for each crystal structure. 

The APEX2 program suite was used to determine unit-cell parameters and for collection. 

(30 sec/frame scan time for a sphere of diffraction data). The raw frame data were processed 
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and absorption corrected using the SAINT and SADABS programs, respectively, to yield 

the reflection data files. Structures were solved by direct methods using SHELXS and 

refined against F2 on all data by full-matrix least squares with SHELXL-97. The analytical 

scattering factors for neutral atoms were used throughout the analysis. All non-hydrogen 

atoms were refined anisotropically. Hydrogen atoms were placed at geometrically 

calculated positions and refined using a riding model, and their isotropic displacement 

parameters were fixed at 1.2 (1.5 for methyl groups) times the Ueq of the atoms to which 

they are bonded. For structure 3, carbon atoms C(16), C(17) and C(18) were disordered and 

modeled using multiple components with partial site-occupancy-factors.  

General Synthesis of Ni(LR)(CO)3 Complexes 

In the glove box, a solution of bis(1,5-cyclooctadiene)nickel(0) (1 equiv.) in 5 mL of 

tetrahydrofuran was added to a solution of LR (1 equiv.) in 5 mL of tetrahydrofuran. The 

solution was stirred for 1 hour at room temperature. The solution was then transferred to a 

100 mL Schlenk flask and brought out of the glove box and filled with CO gas (1 atm). The 

solution was stirred overnight under a CO atmosphere, after which the solution became 

colorless. The solvent was removed under reduced pressure and the resulting light yellow 

solid was brought back into the glove box and dissolved in diethyl ether or pentane. 

Colorless crystals were grown from slow evaporation of diethyl ether (1) or pentane (2-4).  
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Ni(LMe)(CO)3 (1): LMe (74.5 mg, 0.345 mmol) and bis(1,5-cyclooctadiene)nickel(0) (94.8 

mg, 0.345 mmol). 84% Yield. 1H NMR (C6D6, 400 MHz) δ = 2.39 (br, 9H, CH3NP), 2.47 

(s, 6H, NCH2CH2NP), 2.50 (s, 6H, NCH2CH2NP). 13C{1H} NMR (C6D6, 126 MHz) δ = 

35.8 (CH3NP), 50.4 (NCH2CH2NP), 50.6 (NCH2CH2NP), 199 (CO). 31P NMR (C6D6, 162 

MHz) δ = 136. FTIR (CH2Cl2): ṽ = 2057.0 (CO-A1), 1977.7 (CO-E). Analytical Calculation 

for C12H21N4NiO3P: C, 40.15; H, 5.90; N, 15.61 Found: C, 39.67; H, 5.99; N, 15.15.  

 

 

Figure 1.6. 1H NMR spectrum of Ni(LMe)(CO)3 (1) in C6D6.  
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Figure 1.7. 13C NMR spectrum of Ni(LMe)(CO)3 (1) in C6D6. 

 

Figure 1.8. 31P NMR spectrum of Ni(LMe)(CO)3 (1) in C6D6. 
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Ni(LiPr)(CO)3 (2): LiPr (194 mg, 0.647 mmol) and bis(1,5-cyclooctadiene)nickel(0) (178 

mg, 0.647 mmol). 87% Yield. 1H NMR (C6D6, 400 MHz) δ = 1.04 (d, J = 6.6 Hz, 18H, 

NCH(CH3)2), 2.55-2.69 (A2B2, 12H, CH2CH2NP), 3.90 (septet, J = 6.7 Hz, 3H, 

NCH(CH3)2). 13C{1H} NMR (C6D6, 126 MHz) δ = 22.7 (NCH(CH3)2), 39.9 (CH2CH2NP), 

49.7 (NCH(CH3)2), 54.8 (CH2CH2NP), 199 (CO). 31P NMR (C6D6, 162 MHz) δ = 137. 

FTIR (CH2Cl2): ṽ = 2054.6 (CO-A1), 1974.7 (CO-E). Analytical Calculation for 

C18H33N4NiO3P: C, 48.79; H, 7.51; N, 12.64 Found: C, 48.75; H, 7.39; N, 12.58.  

 

Figure 1.9. 1H NMR spectrum of Ni(LiPr)(CO)3 (2) in C6D6. 
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Figure 1.10. 13C NMR spectrum of Ni(LiPr)(CO)3 (2) in C6D6. 

 

Figure 1.11. 31P NMR spectrum of Ni(LiPr)(CO)3 (2) in C6D6. 
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Ni(LiBu)(CO)3 (3): LiBu (195 mg, 0.569 mmol) and bis(1,5-cyclooctadiene)nickel(0) (157 

mg, 0.569 mmol). 74% Yield. 1H NMR (C6D6, 400 MHz) δ = 0.94 (d, J = 6.7 Hz, 18H, 

NCH2CH(CH3)2), 2.06 (septet, J = 6.9 Hz, 3H, NCH2CH(CH3)2), 2.55 (t, J = 4.8 Hz, 6H, 

CH2CH2NP), 2.82-2.67 (br, 12H, NCH2CH2NP, NCH2CH(CH3)2). 13C{1H} NMR (C6D6, 

126 MHz) δ = 21.1 (NCH2CH(CH3)2), 28.8 (NCH2CH(CH3)2), 48.2 (NCH2CH2NP), 50.3 

(NCH2CH2NP), 55.4 (NCH2CH(CH3)2), 199 (CO). 31P NMR (C6D6, 162 MHz) δ = 141. 

FTIR (CH2Cl2): ṽ = 2054.9 (CO-A1), 1975.3 (CO-E). Analytical Calculation for 

C21H39N4NiO3P: C, 51.98; H, 8.10; N, 11.55 Found: C, 51.56; H, 7.94; N, 11.86.  

 

Figure 1.12. 1H NMR spectrum of Ni(LiBu)(CO)3 (3) in C6D6. 
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Figure 1.13. 13C NMR spectrum of Ni(LiBu)(CO)3 (3) in C6D6. 

 

Figure 1.14. 31P NMR spectrum of Ni(LiBu)(CO)3 (3) in C6D6. Resonances around 20 ppm are 
due to oxidized LiBu.35  
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Ni(LBz)(CO)3 (4): LBz (146 mg, 0.328 mmol) and bis(1,5-cyclooctadiene)nickel(0) (90.0 

mg, 0.328 mmol). 93% Yield. 1H NMR (C6D6, 400 MHz) δ = 2.45 (t, J = 4.8 Hz, 6H, 

NCH2CH2NP), 2.68 (br, 6H, NCH2CH2NP), 4.31 (br, 6H, PhCH2NP), 7.14 (m, 3H, p-Ph), 

7.30 (t, J = 7.7 Hz, 6H, m-Ph), 7.40 (d, J = 7.3 Hz, 6H, o-Ph). 13C{1H} NMR (C6D6, 126 

MHz) δ = 46.7 (NCH2CH2NP), 49.9 (NCH2Ph), 50.7 (NCH2CH2NP), 128 (Ph), 128 (Ph), 

129 (Ph), 139 (Ph), 198 (CO). 31P NMR (C6D6, 162 MHz) δ = 143. FTIR (CH2Cl2): ṽ = 

2059.1 (CO-A1), 1981.1 (CO-E). Analytical Calculation for C30H33N4NiO3P: C, 61.36; H, 

5.66; N, 9.54 Found: C, 61.02; H, 5.64; N, 9.48.  

 

Figure 1.15. 1H NMR spectrum of Ni(LBz)(CO)3 (4) in C6D6. 
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Figure 1.16. 13C NMR spectrum of Ni(LBz)(CO)3 (4) in C6D6. 

 

Figure 1.17. 31P NMR spectrum of Ni(LBz)(CO)3 (4) in C6D6. 
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Ni(LMe)2(CO)2 (5): In the glove box, a solution of bis(1,5-cyclooctadiene)nickel(0) (26.2 

mg, 0.093 mmol) in 5 mL of tetrahydrofuran was added to a solution of LMe (41.2 mg, 0.191 

mmol) in 5 mL of tetrahydrofuran. The solution was stirred for 1 hour at room temperature. 

The solution was transferred to a 100 mL Schlenk flask, brought out of the glove box, and 

filled with CO gas (1 atm). The solution was stirred overnight under a CO atmosphere, 

during which time the color changed from dark orange to colorless. The solvent was 

removed under reduced pressure and the resulting light yellow solid was brought back into 

the glove box and washed with pentane. Colorless crystals of 5 were grown from slow 

evaporation of dichloromethane to give the product in 62% yield. 1H NMR (C6D6, 400 

MHz) δ = 2.61 (s, 18H, CH3NP), 2.74 (d, J = 8.7 Hz, 24H, NCH2CH2NP). 13C{1H} NMR 

(C6D6, 126 MHz) δ = 36.2 (CH3NP), 50.6 (NCH2CH2NP), 51.1 (NCH2CH2NP), 204 (CO). 

31P NMR (C6D6, 162 MHz) δ = 144. FTIR (CH2Cl2): ṽ = 1976.8 (CO), 1909.3 (CO). 

Analytical Calculation for C20H42N8NiO2P2: C, 43.90; H, 7.74; N, 20.48 Found: C, 43.51; 

H, 7.79; N, 20.49. 
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Figure 1.18. 1H NMR spectrum of Ni(LMe)2(CO)2 (5) in C6D6. 

 

Figure 1.19. 13C NMR spectrum of Ni(LMe)2(CO)2 (5) in C6D6.  
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Figure 1.20. 31P NMR spectrum of Ni(LMe)2(CO)2 (5) in C6D6. 

 

Figure 1.21. IR spectrum Ni(LMe)2(CO)2 (5) in CH2Cl2. 
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CHAPTER 2 

 

Expanding the Denticity of Proazaphosphatrane: 

Ligand Synthesis 

 

 

 

 

 

 

 

 

 

 

 

 

 

Portions of this chapter have been published:  

Thammavongsy, Z.; Khosrowabadi Kotyk, J. F.; Tsay, C.; Yang, J. Y. Inorg. Chem. 2015, 54, 
11505-1151 



 

42 

 

2.1. Motivation and Specific Aims 

Proazaphosphatranes are strong, non-ionic bases that are easily modifiable. However, the 

functionalization of proazaphosphatranes outside of simple alkyl groups is lacking in the literature. 

Current interest in proazaphosphatranes has expanded their use outside of simple acid/base 

chemistry, highlighting the multilateral utility of this electron rich molecule. In this chapter, the 

facile synthesis of proazaphosphatrane that incorporates heteroatom donors, (2-pyridine, 3-

pyridine, 4-(2-pyridinyl-benzene), furan and 2-methylthiophene) for use as ligands in inorganic 

complexes with primary and secondary coordination effects is reported (Chart 2.1). 

Chart 2.1. Series of Proazaphosphatrane Compounds with Various Functional Groups. 

 

1H, 13C, and 31P NMR spectra, along with high resolution mass spectra of these compounds are 

presented. A solid state structure from X-ray crystallographic analysis of protonated ([tris(2-

pyridylmethyl)proazaphosphatrane-H]chloride) and the unprotonated form (tris(3-pyridylmethyl)-

proazaphosphatrane) are also included. 
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2.2. Background 

There are numerous publications highlighting the properties6-10 and utility11, 12 of 

proazaphosphatranes. The majority of proazaphosphatranes used in these studies have alkyl 

substituents, due to their commercial availability (Chart 2.1).2, 40, 42, 43, 45 However, there have been 

recent efforts to expand and develop the design of proazaphosphatranes, for use in anion binding,46 

enhanced organic47 and organometallic39 catalysis, and immobilization on solid silica support (See 

Introduction).48, 49 In addition, proazaphosphatranes are highly modular, with facile synthetic 

approaches to incorporate various functional groups. This chapter seeks to advance the 

proazaphosphatrane framework, by incorporate multi-donor atom sites, for the purpose of 

increasing chelating stability and/or potential secondary coordination effects in inorganic 

complexes. 

In this chapter, the facile synthesis of symmetric proazaphosphatranes bearing heteroatoms 

donors, (2-pyridine, 3-pyridine, 4-(2-pyridinyl-benzene), furan and 2-methylthiophene) is reported 

(Chart 2.1).  

2.3. Results and Discussion 

2.3.1. Synthesis of Tri-Substituted Tris(2-aminoethyl)amines 

The compounds, tris[[((2-pyridyl)methyl)-amino]ethyl]-amine (1a), tris[[((3-

pyridyl)methyl)-amino]ethyl]-amine (2a), tris[[((furan)methyl)-amino]ethyl]-amine(3a) and 

tris[[((2-methylthiophene))methyl)-amino]ethyl]-amine (5a) were synthesized with slight 

modifications from previously published procedures.54-56 The new compound tris[[(4-(2-

pyridyl)benzyl)-amino]ethyl]-amine (4a) is synthesized via the Schiff-base condensation of a 3:1 
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ratio of 4-(2-pyridyl)benzaldehyde to tris(2-aminoethyl)-amine in methanol, followed by 

hydrogenation with H2 gas and a Pd/C catalyst (Scheme 2.1). After work-up, a waxy white solid 

(4a) was isolated in a 79.1 percent yield. Spectroscopic and ESI-MS data confirmed the identity 

of 4a. This general synthesis works well with aldehydes, providing easy access to various donor 

groups (R in Scheme 2.1), albeit, only neutral donors have so far been incorporated. 

Scheme 2.1.  Synthesis of tri-substituted tris(2-aminoethyl)amine. 

 

2.3.2. Synthesis of Protonated Tri-Substituted Azaphosphatranes 

The addition of excess bis(dimethylamino)chlorophosphine to 1a-5a yielded the 

protonated azaphosphatrane compounds 1b-5b along with the by-product, dimethylamine 

(Scheme 2.2). The latter can be removed by excessive washing with tetrahydrofuran. Drying the 

resulting solid under reduced pressure overnight furnishes [HP((2-PyrCH2)-NCH2CH2)3N][Cl] 

(1b) as a white solid in 61.9 percent yield. The compounds 2b-5b were not fully characterized due 

to high levels of impurities of the by-product, dimethylamine. However, the 31P{1H} NMR spectra 

of 2b-5b confirmed the presence of one phosphorus atom around -10.0 ppm, corresponding to the 

product. The 31P{1H} NMR spectrum of 1b features a singlet at -10.0 ppm, which appears as a 
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doublet in the 31P NMR spectrum with a J-coupling of 506 Hz, consistent with previously 

published protonated azaphosphatranes (see Experimental Details).6  

Scheme 2.2. Synthesis of protonated tri-substituted azaphosphatranes. 

 

Single crystals suitable for X-ray analysis were grown by layering diethyl ether over a 

solution of 1b in acetonitrile. The solid-state structure of compound 1b displayed a P–N1 distance 

of 1.971(16) Å and a P–H distance of 1.24(2) Å (Figure 2.1). These bond distances are similar to 

previously reported protonated forms of Verkade’s Superbases.2, 18 The significant Brönsted 

basicity of Verkade’s superbase (pKa of protonated superbase = 32.9 in CH3CN)4 is attributed to 

electron donation from the trans nitrogen atom (Nax, or N1 in structure of 1b) to the phosphorus, 

which stabilizes the protonated form. This strong interaction between the P and Nax has been 

observed in prior structural characterization of protonated versus non-protonated bases.5 When 

protonated, the P–Nax distances are typically 2.0 Å or less, while the corresponding free bases have 

P–Nax distances of over 3.0 Å. 
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Figure 2.1. Crystal structure of [HP((2-PyrCH2)-NCH2CH2)3N][Cl] (1b). Thermal ellipsoids are 
drawn at 50% probability; hydrogen atoms except for H1, which is located in the difference map 
and refined freely, and Cl- anion were omitted for clarity. Adapted with permission from 
Thammavongsy, Z.; Khosrowabadi Kotyk, J. F.; Tsay, C.; Yang, J. Y. Inorg. Chem. 2015, 54, 
11505-11510. Copyright 2015 American Chemical Society. 
 
2.3.3. Synthesis of Tri-Substituted Proazaphosphatranes 

After the isolation of the protonated azaphosphatrane compounds 1b-5b, excess KOtBu is 

added to deprotonate the protonated azaphosphatranes, providing the symmetric tri-substituted 

proazaphosphatrane compounds 1c-5c, in 85.4, 55.7, 79.1, 59.1 and 59.1 percent yield (Scheme 

2.3). The presence of the dimethylamine by-product in 2b-5b does not hinder the deprotonation 

step. Compounds 1c-5c were characterized by 1H, 13C{1H}, and 31P{1H} NMR spectroscopies. 

The composition of 1c-5c was confirmed through electrospray ionization mass spectrometry.  

 

 

 



 

47 

 

Scheme 2.3. Synthesis of Tri-Substituted Proazaphosphatranes 

 

The 31P NMR spectra of 1c-5c displayed shifts at 126.4, 127.1, 126.9, 127.3 and 125.7 

ppm, respectively. Compound 1c-5c were performed in C6D6 in order to compare the 31P NMR 

shifts to the alkyl-substituted proazaphosphatranes (Table 2.1), measured by Verkade co-workers.2, 

34, 41-43 The 31P {1H} NMR shifts of 1c-5c in C6D6 are in the range of the symmetric benzyl 

substituted proazaphosphatranes (127.9 ppm in Table 2.1), likely due to the aromatic ring system. 

Compound 1c-5c are downfield shifted relative to the symmetric methyl (120.8 ppm), ethyl (119.4 

ppm) and isopropyl-substituted (118.7 ppm) proazaphosphatranes, except for the symmetric 

isobutyl-substituted (130.9 ppm) proazaphosphatrane (Table 2.1). Interestingly, the upfield trend 

observed in the 31P NMR shift from methyl to isopropyl-substitution of Verkade’s Superbases does 

not continue with the isobutyl group. Instead, a downfield shift (D12.2 ppm going from isopropyl 

to isobutyl-substituted proazaphosphatrane) is observed. This trend is opposite to what is seen with 

alkyl phosphines.57 However, the trend observed for Verkade’s asymmetric proazaphosphatranes 

(where isobutyl groups are replaced with benzyl groups) does fall in line with the expected 

observation of an upfield 31P NMR shift, due to a less electron donating group. 
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Table 2.1. 31P NMR values of 1c-5c and various alkyl- and benzyl-substituted 
proazaphosphatranes in C6D6 reported by Verkade et al. Greyed out rows represent asymmetric 
proazaphosphatranes.   
 

 

 

 

 
 
 

 

 

 

 

In addition, an X-ray quality crystal of compound 2c was grown from a concentrated 

sample of 2c in tetrahydrofuran/pentane mixture at -35°C. The crystal structure of 2c displayed a 

P1-N6 distance of 3.322 Å, similar to other previously published proazaphosphatranes (Figure 

2.2).18, 20, 24, 58-60 All three P-Neq distances are close, measuring 1.696, 1.697 and 1.702 Å for P1-

N1, P1-N2, and P1-N4, respectively. In addition, the sum of angles at nitrogen (N1, N2, and N4) 

is ∼360°, due to the rigid cage frame of proazaphosphatrane.34 The combination of these two 

metrics indicate all three equatorial nitrogen atoms donate their electron density to the phosphorus 

contributing to its donor strength. 

R1 R2 R3 31P NMR d (C6D6) 
1 1 1 126.4 
2 2 2 127.1 
3 3 3 126.9 
4 4 4 127.3 
5 5 5 125.7 

CH3 CH3 CH3 120.82 
Et Et Et 119.442 
iPr iPr iPr 118.742 
H iPr iPr 110.541 
H H iPr 101.443 

iBu iBu iBu 130.943 
iBu iBu Bz 130.034 
iBu Bz Bz 128.934 
Bz Bz Bz 127.934 

N

N
N

NR1
R3

R2
P
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Figure 2.2. Crystal structure of [P((3-PyrCH2)-NCH2CH2)3N] (2c). Thermal ellipsoids are drawn 
at 50% probability; hydrogen atoms were omitted for clarity. 
 
2.4. Conclusion 

The design of proazaphosphatranes expanded to incorporate heteroatom donors for use as 

ligands in inorganic complexes. Incorporation of the N, O, and S donors involved a facile synthesis 

of amine precursors, which goes through a well-known Schiff-based reaction, followed by 

hydrogenation. Coordination studies of the tris(2-pyridylmethyl)-azaphosphatrane (1c) ligand with 

transition metal ions will be focused on in Chapter 3. 

2.5. Experimental Details  

General Considerations 

Compounds 1c-5c described below are moisture-sensitive, and must be handled under an 

inert atmosphere of nitrogen using standard glovebox and Schlenk techniques. Unless 

otherwise noted, all procedures were performed at ambient temperature (21-24 °C). All 

solvents were sparged with argon and dried using a solvent purification system. 
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Tetrahydrofuran, pentane, diethyl ether, and dichloromethane were passed through two 

columns of neutral alumina. Compounds tris[[((2-pyridyl)methyl)-amino]ethyl]amine, 

tris[[((3-pyridyl)methyl)-amino]ethyl]amine, tris[[((furan)methyl)-amino]ethyl]amine and 

tris[[((2-methylthiophene))methyl)-amino]ethyl]amine were synthesized according to 

established procedures.54-56 C6D6 and CD3N were freeze-pump-thawed three times and 

dried over molecular sieves. Furfural, 3-methyl-2-thiophenecarboxyaldehyde, 3-

pyridinecarboxyaldehyde, 2-pyridinecarboxyaldehyde, 4-(2-pyridyl)benzaldehyde, 

bis(dimethylamino)chlorophosphine, Pd/C (10%) and potassium tert-butoxide were 

purchased from commercial sources and used without further purification. 

Physical Methods 

Nuclear Magnetic Resonance (NMR) Spectroscopy: Nuclear magnetic resonance (NMR) 

spectra were recorded on a Bruker DRX500 spectrometer fitted with a TCI cryoprobe (1H and 

13C), a Bruker AVANCE 600 MHz (1H, 13C, and 31P) or a DRX400 with a switchable QNP probe 

(1H and 31P). 1H NMR spectra were referenced to (tetramethylsilane) TMS using the residual 

proton signal of the solvent; 13C NMR spectra were referenced to TMS using the natural abundance 

13C of the solvent; 31P NMR spectra were referenced to an internal H3PO4 sample in D2O or to 

H3PO4 using the Ξ scale with the corresponding 1H spectra. All chemical shifts are reported in the 

standard δ notation in parts per million. 

Mass Spectrometry (MS): High resolution mass spectra (HR-MS) and electrospray ionization 

mass spectra (ESI-MS) were obtained on a Micromass LCT and collected at the University of 

California-Irvine Mass Spectrometry Facility.  
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X-ray Crystallography (XRC): X-ray Crystallography. X-ray diffraction studies were carried out 

at the UCI Department of Chemistry X-ray Crystallography Facility on a Bruker SMART APEX 

II diffractometer. Data were collected at 296 K for 1b and 88 K for 2c using Mo Kα radiation (λ = 

0.710 73 Å). A full sphere of data was collected for each crystal structure. The APEX2 program 

suite was used to determine unit-cell parameters and to collect data. The raw frame data were 

processed and absorption corrected using the SAINT and SADABS programs, respectively, to 

yield the reflection data files. Structures were solved by direct methods using SHELXS and refined 

against F2 on all data by full-matrix least-squares with SHELXL-97. All non-hydrogen atoms were 

refined anisotropically. Hydrogen atoms other than H1 in 1b were placed at geometrically 

calculated positions and refined using a riding model, and their isotropic displacement parameters 

were fixed at 1.2 (1.5 for methyl groups) times the Ueq of the atoms to which they are bonded. H1 

in 1b was located in the difference map and refined freely. For the structure of 1b, checkCIF 

reports three level B alerts (PLAT230_ALERT_2_B) due to unequal anisotropic displacement 

parameters (ADPs) along chemical bonds, which can signify an incorrect atom type assignment. 

However, we are confident in our assignments, as all three alerts involve bonds within a pyridine 

ring of the TPAP ligand whose identity has been confirmed through other spectroscopic 

techniques. An additional level B alert (PLAT411_ALERT_2_B) was reported for this structure 

due to a short nonbonding intermolecular H···H distance between two ligand hydrogen atoms (H21 

and H23); this is likely a result of crystal packing. For the structure of 2c, a finalized structure is 

yet to be collected. All values are reported using preliminary data. 
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Tris[[(4-(2-pyridyl)benzyl)-amino]ethyl]amine (4a): 4-(dimethylamino)benzaldehyde (1.00 g, 

5.46 mmol) was added to a stirred solution of tris(2-aminoethyl)-amine (266 mg, 1.82 mmol) in 

60 mL of dry methanol. A 10% palladium on activated carbon (500 mg) was added and the reaction 

was brought outside the glovebox and put under one atmosphere of H2 for 12 h at room 

temperature. The reaction mixture was filtered off using a Büchner funnel and washed with 15 mL 

of dry methanol. The filtrate was dried under reduced pressure at 50 oC, producing a waxy solid in 

79.1% yield. 1H NMR (CDCl3, 500 MHz) δ = 1.75 (b, 3H, NH), 2.62 (t, 6H, CH2CH2N), 2.72 (t, 

6H, NCH2CH2), 3.81 (s, 6H, PhCH2N), 7.17 (t, 3H, Py), 7.35 (d, 6H, Ph),  7.62 (m, 6H, Py), 7.88 

(d, 6H, Ph), 8.65 (d, 3, Py). 13C{1H} NMR (CDCl3, 126 MHz) δ = 47.39, 53.98, 54.44, 120.6, 

122.1, 127.1, 128.6, 136.8, 138.1, 141.6, 149.8, 157.4. ESI-MS (m/z): [M+H]+ calcd for C42H45N7: 

647.37, Found: 648.59. 
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Figure 2.3. 1H NMR spectrum of tris[[(4-(2-pyridyl)benzyl)-amino]ethyl]amine (4a) in CDCl3. 
 

 
Figure 2.4. 13C{1H} NMR spectrum of tris[[(4-(2-pyridyl)benzyl)-amino]ethyl]amine (4a) in 
CDCl3. 
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[HP((2-PyrCH2)-NCH2CH2)3N][Cl] (1b): In the glovebox, a solution of 1a (200 mg, 0.476 

mmol) in 5 mL of tetrahydrofuran was added to a solution of bis(dimethylamino)-chlorophosphine 

(111 mg, 0.715 mmol) in 10 mL of tetrahydrofuran. The mixture was stirred overnight, at which 

time a white solid precipitated out of solution. The solution was filtered through a medium fritted 

funnel, the precipitate was washed with tetrahydrofuran, and the solvent was removed on the high 

vacuum line to afford a white solid in 61.9% yield. Single crystals suitable for X-ray analysis were 

grown by layering diethyl ether over a solution of 1b in acetonitrile. 1H NMR (CD3CN, 400 MHz) 

δ = 3.16 (m, 6H, PNCH2CH2N), 3.25 (m, 6H, PNCH2CH2N), 4.25 (d, J = 19.1 Hz, 6H, PyrCH2N), 

5.84 (d, J = 506 Hz, 1H, P-H), 7.23 (m, 3H, Pyr), 7.28 (d, J = 7.8 Hz, 3H, Pyr), 7.70 (td, J = 7.7, 

1.9 Hz, 3H, Pyr), 8.51 (d, J = 5.5 Hz, 3H, Pyr). 13C{1H} NMR (CD3CN, 126 MHz) δ = 40.25, 

47.91, 53.39, 122.6, 123.4, 137.87, 150.5, 159.2. 31P{1H} NMR (CD3CN, 162 MHz) δ = −10.00. 

31P NMR (CD3CN, 162 MHz) δ = −10.00 (d, 1JP−H = 506 Hz). ESI-MS (m/z): [M − Cl]+ calcd for 

C24H31N7P, 448.27; Found, 448.23. 
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Figure 2.5. 1H NMR spectrum of [HP((2-PyrCH2)-NCH2CH2)3N][Cl] (1b) in CD3CN. 
 
 

 
Figure 2.6. 31P{1H} NMR spectrum of [HP((2-PyrCH2)-NCH2CH2)3N][Cl] (1b) in CD3CN. 
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Figure 2.7. 31P NMR spectrum of [HP((2-PyrCH2)-NCH2CH2)3N][Cl] (1b) in CD3CN. 
 
 
 
 

 
Figure 2.8. 13C{1H} NMR spectrum of [HP((2-PyrCH2)-NCH2CH2)3N][Cl] (1b) in CD3CN. 
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General Synthesis of 1c-5c: In the glove box, ~1.5 equivalents of 

bis(dimethylamino)chlorophosphine was added to a solution of 1a-5d in 10 mL of 

dichloromethane. The mixture was stirred for 1 day. Diethyl ether was added to this solution, 

producing a white precipitate. The mixture was filtered through a medium fritted funnel to afford 

a white solid. The white solid was taken to the next step without further purification. In the glove 

box, ~2 equivalents of potassium tert-butoxide were added to a suspension of the white solid in 10 

mL of tetrahydrofuran. The mixture was stirred for 1 day, during which time a white solid (KCl) 

precipitated out of solution. The solution was filtered through a medium fritted funnel. The filtrate 

was collected and the solvent was removed under reduced pressure. The solid was re-dissolved in 

acetonitrile and once again filtered through a medium fritted funnel in order to separate out excess 

potassium tert-butoxide and KCl. Acetonitrile was removed under reduced pressure and the solid 

was re-dissolved in dry tetrahydrofuran and layered with dry pentane. After 1 day of standing, the 

solution was filtered from crystalline KCl and the solvents from the filtrate were removed under 

reduced pressure to obtain products (1c-5c). 
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[P((2-PyrCH2)-NCH2CH2)3N] (1c): Potassium tert-butoxide (148 mg, 0.132 mmol) was added 

in this step of the reaction producing a white solid in 85.4% yield. 1H NMR (CD3CN, 400 MHz) 

δ = 2.76 (m, 6H, PNCH2CH2N), 2.84 (m, 6H, PNCH2CH2N), 4.29 (d, J = 10.8 Hz, 6H, PyrCH2N), 

7.19 (m, 3H, Pyr), 7.47 (m, 3H, Pyr), 7.71 (td, J = 7.6, 1.8 Hz, 3H, Pyr), 8.49 (m, 3H, Pyr). 13C{1H} 

NMR (CD3CN, 126 MHz) δ = 47.2, 51.7, 55.8, 122.8, 122.9, 137.5, 150.0, 162.5. 31P{1H} NMR 

(CD3CN, 162 MHz) δ = 126.6. 31P{1H} NMR (C6D6, 243 MHz) δ = 126.6. ESI-MS (m/z): [M + 

H]+ calcd for C24H31N7P, 448.27; Found, 448.27. 

 

 
Figure 2.9. 1H NMR spectrum of [P((2-PyrCH2)-NCH2CH2)3N] (1c) in CD3CN. 
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Figure 2.10. 31P NMR spectrum of [P((2-PyrCH2)-NCH2CH2)3N] (1c) in CD3CN. 
 

 
Figure 2.11. 31P{1H} NMR spectrum of [P((2-PyrCH2)-NCH2CH2)3N] (1c) in C6D6. 
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Figure 2.12. 13C{1H} NMR spectrum of [P((2-PyrCH2)-NCH2CH2)3N] (1c) in CD3CN. 
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[P((3-PyrCH2)-NCH2CH2)3N] (2c): Bis(dimethylamino)chlorophosphine (0.690 mg, 0.446 

mmol) and 2a (122 mg, 0.290 mmol) were mixed in the first step. Potassium tert-butoxide (0.066 

mg, 0.58 mmol) was added in the second step of the reaction producing a white solid in 55.7% 

yield. Colorless crystals were grown from a concentrated sample of tetrahydrofuran/pentane 

mixture at -35°C. 1H NMR (CD3CN, 500 MHz) δ = 2.75 (s, 12H, CH2CH2N), 4.19 (d, 6H, 

PyrCH2N), 7.29 (m, 3H, Py), 7.71 (m, 3H, Py), 8.45 (m, 3H, Py), 8.53 (m, 3H, Py). 13C{1H}NMR 

(CD3CN, 126 MHz) δ = 46.08, 50.81, 51.37, 124.3, 136.5, 137.5, 149.2, 150.5. 31P{1H}NMR 

(C6D6, 243 MHz) δ = 127.1. HR-ESI-MS (m/z): [M+H]+ calcd for C24H30N7P 448.2; found 448.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

62 

 

 

 
Figure 2.13. 1H NMR spectrum of [P((3-PyrCH2)-NCH2CH2)3N] (2c) in CD3CN. 
 

 
Figure 2.14. 31P{1H} NMR spectrum of [P((3-PyrCH2)-NCH2CH2)3N] (2c) in C6D6. 
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Figure 2.15. 13C{1H} NMR spectrum of [P((3-PyrCH2)-NCH2CH2)3N] (2c) in CD3CN. 
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[P((Furan-CH2)-NCH2CH2)3N] (3c): Bis(dimethylamino)chlorophosphine (0.51 mg, 0.33 

mmol) and 3a (137 mg, 0.211 mmol) were mixed in the first step. Potassium tert-butoxide (.048 

mg, 0.43 mmol) was added in the second step of the reaction producing a white solid in 59.1% 

yield. 1H NMR (CD3CN, 600 MHz) δ = 2.82 (m, 12H, CH2CH2N), 4.28 (d, 6H, PhCH2N), 7.27 

(m, 3H, Py), 7.48 (d, 6H, Py), 7.80 (m, 6H, Ph), 8.01 (m, 6H, Ph), 8.63 (m, 3H, Py). 13C{1H}NMR 

(CD3CN, 151 MHz) δ = 46.48, 51.56, 53.24, 121.1, 123.2, 127.6, 129.4, 137.9, 138.8, 143.6, 150.6, 

157.7. 31P{1H}NMR (C6D6, 243 MHz) δ = 127.3. HR-ESI-MS (m/z): [M+H]+ calcd for C42H42N7P 

676.3; found 676.6.  

 

 
Figure 2.16. 1H NMR spectrum of [P((Furan-CH2)-NCH2CH2)3N] (3c) in CD3CN. 



 

65 

 

 
Figure 2.17. 31P{1H} NMR spectrum of [P((Furan-CH2)-NCH2CH2)3N] (3c) in C6D6. 
 
 

 
Figure 2.18. 13C{1H} NMR spectrum of [P((Furan-CH2)-NCH2CH2)3N] (3c) in CD3CN. 
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[P((2-Pyr-Ph-CH2)-NCH2CH2)3N] (4c): Bis(dimethylamino)chlorophosphine (138 mg, 0.893 

mmol) and 4a (230 mg, 0.595 mmol) were mixed in the first step. Potassium tert-butoxide (148 

mg, 1.32 mmol) was added in the second step of the reaction producing a yellow oil in 76.9% 

yield. 1H NMR (CD3CN, 600 MHz) δ = 2.71 (m, 12H, NCH2CH2), 4.05 (d, 6H, CH2N), 6.20 (m, 

3H, C4H2O), 6.34 (m, 3H, C4H2O), 7.41 (m, 3H, C4H2O). 13C{1H}NMR (CD3CN, 151 MHz) δ = 

46.20, 47.45, 51.88, 107.4, 110.9, 142.4, 155.9. 31P{1H}NMR (C6D6, 243 MHz) δ = 126.9. HR-

ESI-MS (m/z): [M+H]+ calcd for C21H27N4PO3 415.2; found 415.0. 

 

 
Figure 2.19. 1H NMR spectrum of [P((2-Pyr-Ph-CH2)-NCH2CH2)3N] (4c) in CD3CN. 
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Figure 2.20. 13C{1H} NMR spectrum of [P((2-Pyr-Ph-CH2)-NCH2CH2)3N] (4c) in CD3CN. 
 
 

 
Figure 2.21. 31P{1H} NMR spectrum of [P((2-Pyr-Ph-CH2)-NCH2CH2)3N] (4c) in C6D6. 
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[P((2-CH3-Thiophene-CH2)-NCH2CH2)3N] (5c): Bis(dimethylamino)chlorophosphine (124 mg, 

0.801 mmol) and 5a (253 mg, 0.531 mmol) were mixed in the first step. Potassium tert-butoxide 

(131 mg, 1.17 mmol) was added in the second step of the reaction producing a white oily solid in 

59.1% yield. 1H NMR (CD3CN, 600 MHz) δ = 2.18 (s, 9H, CH3), 2.80 (m, 12H, NCH2CH2), 4.23 

(m, 6H, CH2N), 6.80 (m, 3H, C4H2S), 7.13 (m, 3H, C4H2S). 13C{1H}NMR (CD3CN, 151 MHz) δ 

= 13.83, 45.99, 46.53, 51.69, 123.5, 131.0, 134.3, 140.2. 31P{1H}NMR (C6D6, 243 MHz) δ = 125.7. 

HR-ESI-MS (m/z): [M+H]+ calcd for C24H33N4PS3 505.2; found 505.0. 

 

 
Figure 2.22. 1H NMR spectrum of [P((2-CH3-Thiophene-CH2)-NCH2CH2)3N] (5c) in CD3CN. 
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Figure 2.23. 31P{1H} NMR spectrum of [P((2-CH3-Thiophene-CH2)-NCH2CH2)3N] (5c) in C6D6. 
 
 

 
Figure 2.24. 13C{1H} NMR spectrum of [P((2-CH3-Thiophene-CH2)-NCH2CH2)3N] (5c) in 
CD3CN. 
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CHAPTER 3 

 

Tracking the Transannular Bond Interaction in Tris(2-

pyridylmethyl)-azaphosphatrane (TPAP) with Various 

Transition Metal ions 
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3.1. Motivation and Specific Aims 

Flexible ligands that can adapt their donor strength have enabled unique reactivity in a wide 

range of inorganic complexes. Most examples are composed of flexible multi-dentate ligands 

containing a donor that can vary its interaction through its distance to the metal center. This chapter 

describes an alternative type of adaptable ligand interaction in the neutral multi-dentate ligand 

tris(2-pyridylmethyl)-azaphosphatrane (TPAP) which contains a proazaphosphatrane unit. 

Proazaphosphatranes can accept additional electron density from a tertiary nitrogen to form a 

transannular bond upon coordination of the P to more Lewis acidic atoms (Figure 3.1). 

 

Figure 3.1. Chemdraw structures of azaphosphatranes in three different forms based on the 
transannular distance of P–Nax. 
 

An experimental investigation of the varying degree of transannular interaction in TPAP 

coordinated to late transition metals in different oxidation states is reported. The synthesis and 

characterization of the complexes M(TPAP), where M = Co(I)Cl, [Co(II)(CH3CN)](BF4)2, 

Ni(0)(1,5-cyclooctadiene), [Ni(II)(CH3CN)](BF4)2, [Pd(II)(CH3CN)](BF4)2, or [Pt(II)Cl](PF6) are 

described. Structural characterization and density functional theory of these complexes establish a 

significant increase in the degree of transannular interaction of the proazaphosphatrane unit when 

Nax

RN
RN NRP

Nax

R
N

RN NRP
d

LA

d = 3.35 Å d < 2.0 Å

LA

Nax

R
N

RN NRP
d

LA

3.35    < d < 2.0 Å

“Pro”
Azaphosphatrane

“Quasi”
Azaphosphatrane Azaphosphatrane

Å

d



 

77 

 

coordinated to more electron deficient metal ions. Additionally, an effort to synthesize a 

Co(III)TPAP complex is presented to investigate the transannular bond of CoTPAP in three 

different oxidation states. 

3.2. Background 

Ligands that can adapt their donor strength provide a versatile method for adjusting 

electronic structure in order to access reactive transition metal intermediates. For example, Peters 

et al. extensively explored first row transition metal complexes with tripodal phosphine ligands 

containing a B, C, or Si heteroatom, where the interaction between the metal and heteroatom 

adjusts depending on the metal oxidation state and identity of ligands trans to the interaction 

(Figure 3.2a).1-7 Parkin et al. demonstrated that the flexible interactions of an apical carbon in 

atrane-type ligands contributed to unique reactivity,8-10 and that the interaction can be modified 

through ligand design (Figure 3.2b).11, 12 Lu et al. designed tripodal ligands that encapsulate a 

Lewis acidic cation that can tune the electronic structure and reactivity at the metal (Figure 3.2c).13-

16 In addition, the Agapie17-31 and Meyer32-34 labs have utilized phenyl or mesitylene linkers 

strategically positioned near a metal to serve as electron reservoirs to support multi-electron 

reactivity (Figure 3.2d). In all of the above cases, the adaptable interaction was incorporated into 

flexible chelating ligands, and the degree of interaction can be evaluated by the metal-donor 

distance.  
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Figure 3.2. Chemdraw structures of (a) Peters’, (b) Parkin’s, (c) Lu’s and (d) Agapie’s transition 
metal complexes, featuring an adaptable ligand platform. 
 

In this chapter, the description of an alternative type of adaptable interaction will be 

presented. The metal and donor maintain a fixed distance, but the latter can harness electron 

density through a transannular interaction when coordinated to more electron deficient metals. The 

ligand is based on proazaphosphatranes, a structurally unique class of neutral organic superbases 

more commonly known as Verkade’s Superbases (Figure 3.1).35-39 The pKa of the protonated form, 

or azaphosphatrane, ranges from 32.8 to 34.5 in acetonitrile depending on the substituents attached 

to the equatorial nitrogens (R).40-43 The extreme basicity of proazaphosphatranes stem from the 

formation of a stable three-centered four-electron transannular bond44 between P and Nax upon 

protonation.36, 45, 46 

Verkade et al. previously utilized the P⋯Nax distance as a useful indicator for evaluating 

the extent of the transannular interaction. Proazaphosphatranes have P⋯Nax distances measured 

by X-ray crystallography of >3.2 Å (3.35 Å is the sum of the van der Waals radii, which assumes 

no bonding interactions between P and Nax).39, 47-52 In contrast, azaphosphatranes have P⋯Nax 

distances of under 2.0 Å (compared to the two electron covalent radius between P and Nax of 1.72 

Å), providing structural evidence for the transannular interaction. In addition to protons, Verkade 
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et al. also explored the interaction of azaphosphatranes with Lewis acidic main group acceptors. 

In these derivatives, the P⋯Nax distance varies between 2.55 (X = NHPh) and 3.28 (X = CH2) Å 

(black circles, Figure 3.3). These intermediate, or “quasi” structures represent distances between 

the sum of the van der Waals of P and N (3.35 Å) and covalent transannular bond distance in 

protonated Verkade’s Superbase (R = Me, 1.97 Å).37, 53 Verkade noted a correlation with the degree 

of transannular interaction and the Lewis acidity of the substituent on P, with the strongest 

interaction with a proton. 54 

 

Figure 3.3. (Left) A plot of the transannular distance versus the θ puckering of the axial nitrogen 
above the plane of the three adjacent carbon atoms for Verkade’s Superbase with various main 
groups (denoted in black circles ●) and TPAP with various transition metals (denoted in red 
diamonds ¨). (Right) Depiction of the angle, θ, as the degree of puckering of the axial nitrogen 
(Nax) out of the C1–C3–C5 plane. Values used in this figure are from structural data. Reproduced 
by permission of The Royal Society of Chemistry. 
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Although azaphosphatranes have been used as ligands in palladium-catalyzed C–C,55-57 

and C–N,58-60 cross-coupling and platinum-catalyzed hydrosilylation,61 the transannular 

interaction upon coordination to transition metal complexes had not been systematically 

interrogated at the time of this study.47, 54, 62-64 The dynamic nature of azaphosphatranes motivated 

this investigation into whether the P⋯Nax distance would adjust to different metals and oxidation 

states according to their Lewis acidity. To provide greater coordinative stability, a 

proazaphosphatrane unit was incorporated in a tetradentate ligand to form tris(2-pyridylmethyl)-

azaphosphatrane (TPAP), shown in Chart 3.1.62, 63  The proazaphosphatrane in TPAP retains its 

ability to form a transannular bond; structural characterization of the protonated TPAP has a 

P⋯Nax distance of 1.97(16) Å.63 All three pyridine arms in TPAP can potentially coordinate to the 

metal ion,63 but for some of the complexes reported only one or two pyridine arms are coordinated. 

In this study, discussion of the structural and computational investigation of TPAP coordinated to 

two different metals in two different oxidation states: Co(I), Co(II) and Ni(0), Ni(II), as well as 

the TPAP complexes of Pd(II) and Pt(II), shown in Chart 3.1 as complexes 1-6 (and 3a). The 

P⋯Nax transannular distance was determined through structural characterization by X-ray 

crystallography. The varying degree of transannular interactions evident in the solid-state was 

supported by computational studies on the orbital interactions between the P and Nax atoms in 

complexes 1, 2, 4, 5, and 6 and an analogue of complex 3, [NiTPAP(CO)2] (complex 3a). 
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Chart. 3.1. Transition Metal Complexes of TPAP. Reproduced by permission of The Royal 
Society of Chemistry. 

 

3.3. Results and Discussion 

3.3.1. Synthesis and Structure of CoTPAP Complexes (1 & 2) 

The ligand TPAP was synthesized as described in chapter 2 and previously reported.63 The 

purple complex [CoTPAP(Cl)] (1) was prepared by adding stoichiometric amounts of TPAP to 

Co(I)Cl(PPh3)3 in tetrahydrofuran. Complex 1 is paramagnetic with a solution µeff of 3.34 µB 

(C6D6), corresponding to an S = 1 system. Elemental analysis was used to confirm the analytical 

purity of the complex. X-ray quality crystals were grown from diethyl ether at −35 °C. The solid-

state structure of complex 1 is shown in Figure 3.2 and selected bond distances and angles are 

shown in Table 3.1. The pseudo-tetrahedral cobalt center has a τ4 parameter of 0.77, where a value 
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of 1 represents an ideal tetrahedral geometry, and a value of 0 represents an ideal square planar 

geometry.65 The TPAP ligand chelates in a tridentate fashion through the phosphorus donor and 

two of the three pyridine N atoms. The fourth coordination site is occupied by a chloride ion. In 1, 

TPAP has a transannular P⋯N1 distance of 3.2647(14) Å and θ (puckering of the axial nitrogen 

above the plane of the three adjacent carbon atoms) of −9.1349° (Figure 3.4, Table 3.1).  

 

Figure 3.4. Crystal structure of [CoTPAP(Cl)] (1). Thermal ellipsoids are drawn at 50% 
probability. Hydrogen atoms and counteranions are omitted for clarity. Reproduced by permission 
of The Royal Society of Chemistry. 
 

[CoTPAP(CH3CN)][BF4]2 (2) was prepared by reacting stoichiometric quantities of TPAP 

with [Co(CH3CN)6][BF4]2 in acetonitrile.63 The product was precipitated and washed with diethyl 

ether to give the analytically pure product in 56.2% yield. A single crystal for X-ray analysis was 

grown by layering pentane on a solution of 2 in dichloromethane. The structure is shown in Figure 

3.5, and selected bond distances and angles are shown in Table 3.1. The Co–Npy distance is similar 
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for all three pyridines (1.997(2), 2.035(2), and 2.094(2) Å), and the Co–P distance is 2.1693(7) Å. 

The ligand chelates in a tetradentate fashion, with an acetonitrile solvent taking up a fifth 

coordination site. The pseudo-square pyramidal cobalt center has a τ5 parameter of 0.4176, where 

a value of 0 represents an ideal square pyramid, and a value of 1 represents an ideal trigonal 

bipyramid.66  

 

Figure 3.5. Crystal structure of [CoTPAP(CH3CN)][BF4]2 (2). Thermal ellipsoids are drawn at 
50% probability. Hydrogen atoms and counteranions are omitted for clarity. Adapted with 
permission from Thammavongsy, Z.; Khosrowabadi Kotyk, J. F.; Tsay, C.; Yang, J. Y. Inorg. 

Chem. 2015, 54, 11505-11510. Copyright 2015 American Chemical Society. 
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3.3.2. Attempted Synthesis and Characterization of Co(III)TPAP Complexes (2a-c) 

The first attempt of a Co(III)TPAP complex was the metalation of TPAP with 

Co(III)(acac)3 (where acac = acetylacetonate) in acetonitrile. The color changed from green to 

orange after 1 day of mixing. A brown solid was obtained after solvents were removed under 

reduced pressure. An X-ray quality crystal was grown from the slow evaporation of the brown 

solid in tetrahydrofuran/diethyl ether mixture. The crystal structure displayed a [Co(II)(acac)]- 

complex with an outer-sphere protonated TPAP ([TPAPH]+) molecule (Figure 3.6). The P–Nax 

distance in [TPAPH]+ is 1.934  Å, consistent with previously published [TPAPH]+ structures.63 

The [Co(II)(acac)]- is in an octahedral geometry and the Co ion has an assigned oxidation state of 

+2. The proton source to generate [TPAPH]+ could be from adventitious water.  

 

Figure 3.6. Crystal structure of [Co(II)(acac)][TPAPH] (2a). Thermal ellipsoids are drawn at 50% 
probability. Hydrogen atoms are omitted for clarity. 
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Due to the limited diversity of Co(III) starting materials, attempts were made to oxidize 

the known [CoTPAP(CH3CN)][BF4]2 with AgBF4. The reaction of [CoTPAP(CH3CN)][BF4]2 with 

AgBF4 was performed in the dark due to light sensitivity of AgBF4. The reaction was filtered and 

an orange solution was obtained. The solution was concentrated and the 31P{1H} NMR spectrum 

had a resonance at -20 ppm, in the range of a fully transannulated P–Nax bond.67 Attempts to 

recrystallize the product failed, producing orange oils.  

 Another route was tried, where CoCl2, TPAP and FcBF4 (where Fc = Ferrocenium) were 

mixed in a 1:1:1 ratio. The mixture of the CoCl2 and TPAP in acetonitrile were stirred for 1 day 

before adding FcBF4. Once the FcBF4 was added, the solution turned dark green. The solvent was 

removed under reduced pressure and the remaining green solid was washed with diethyl ether to 

remove ferrocene as a yellow solution. An X-ray quality crystal was grown from a slow vapor 

diffusion of diethyl ether into a solution of the green product in acetonitrile. The crystal structure 

revealed TPAP with two counter BF4 anions and an oxidized phosphorus(V) center (Figure 3.7). 

The P–Nax distance is 1.90 Å, consistent with a full transannulation of the P and Nax.40 This 

structure is unique, as it represents an elusive dicationic azaphosphatrane species proposed by 

Verkade.68  
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Figure 3.7. Crystal structure of [TPAP]2+ (2b). Thermal ellipsoids are drawn at 50% probability. 
Hydrogen atoms and BF4 counteranions are omitted for clarity. 

 

Surprisingly, the crystal structure from the reaction of a 1:1 ratio of CoCl2 and TPAP in 

acetonitrile produced a CoCl3(TPAPH) complex (Figure 3.8). The crystal structure displayed a 

protonated TPAP ([TPAPH]+) with a CoCl3 bound to one of the pyridine donors of TPAP. The Co 

metal ion is in the +2 oxidation state, where the [CoCl3]- balances the positively charged ligand 

[TPAPH]+. The P–Nax distance is 1.941 Å, consistent with previously published protonated TPAP 

molecules.63  
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Figure 3.8. Crystal structure of CoCl3(TPAPH) (2c). Thermal ellipsoids are drawn at 50% 
probability. Hydrogen atoms are omitted for clarity. 
 

Thus, the attempted synthesis of Co(III)TPAP resulted in a Co(II)TPAP complex with a 

protonated TPAP ligand or an oxidized TPAP molecule.  

3.3.3. Synthesis and Structure of NiTPAP (3, 4 & 7), PdTPAP (5) and PtTPAP (6) Complexes 

[NiTPAP(COD)] (COD = 1,5-cyclooctadiene) (3) was synthesized through the reaction of 

stoichiometric amounts of TPAP with Ni(COD)2 in tetrahydrofuran; the crude product was 

recrystallized from diethyl ether. Complex 3 is diamagnetic and was characterized by 1H and 

31P{1H} NMR spectroscopies. X-ray quality crystals of 3 were grown from a concentrated solution 

in diethyl ether at −35 °C; the solid-state structure is shown in Figure 3.9. In 3, TPAP coordinates 

in a bidentate fashion through the phosphorus donor and one of the pyridines. The P⋯N1 distance 

is 3.3915(17) Å and θ is −10.9882° (Table 3.1). The analogue of complex 3, [NiTPAP(CO2)] 

(complex 7) was also synthesized to compare with density functional studies.  
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Figure 3.9. Crystal structure of [NiTPAP(COD)] (3). Thermal ellipsoids are drawn at 50% 
probability. Hydrogen atoms are omitted for clarity. Reproduced by permission of The Royal 
Society of Chemistry. 
 

Complex 3a was synthesized in a similar fashion as complexes 3. Bis(1,5-

cyclooctadiene)nickel(0) was added to a solution of TPAP in tetrahydrofuran, which produced a 

green intermediate complex. Once CO gas (1 atm) was introduced, the color changed from dark 

green to colorless. The solvent was removed and recrystallization of the crude product by slow 

evaporation in diethyl ether resulted in a 77% yield for 3a.62 Complexes 3a was characterized by 

1H, 13C, 31P{1H} NMR and IR spectroscopies, and the purity was confirmed by elemental analysis. 

Single crystals suitable for X-ray analysis were grown from slow evaporation of a diethyl ether 

solution; the solid-state structure of 3a is shown in Figure 3.10. In this chapter, the structure of 

complex 3a is used to computationally model a Ni(0)TPAP complex, due to difficulties in 

modeling complex 3.   
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Figure 3.10. Crystal structure of [NiTPAP(CO2)] (3a). Thermal ellipsoids are drawn at 80% 
probability. Hydrogen atoms and counteranions are omitted for clarity. Reproduced by permission 
of The Royal Society of Chemistry. 
 

The divalent complexes [NiTPAP(CH3CN)][BF4]2 (4) and [PdTPAP(CH3CN)][BF4]2 (5) 

were synthesized by mixing TPAP with [Ni(CH3CN)6.5][BF4]2 and [Pd(CH3CN)4][BF4]2, 

respectively in acetonitrile. Complexes 4 and 5 are diamagnetic and were characterized by 1H 

NMR spectroscopy. X-ray quality crystals were obtained using the same method. The solid-state 

structures of 4 (Figure 3.11a) and 5 (Figure 3.11b) are displayed below, along with selected bond 

distances and angles (Table 3.1). Both 4 and 5 are four coordinate square planar complexes with 

τ4 values of 0.20 and 0.06, respectively. The P⋯N1 distances of 4 and 5 are 2.948(2) and 

2.6747(18) Å (P2⋯N9 = 2.6613(18) Å), respectively.  

[PtTPAP(Cl)][PF6] (6) was synthesized in two steps. PtCl2(COD) was first added to TPAP 

in acetonitrile. After one hour, two equivalents of AgPF6 were added in the dark and the solution 

was stirred for 5 minutes. A colorless crystal was grown from diethyl ether and acetonitrile. 
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Complex 6 is diamagnetic and was characterized by 1H and 31P{1H} NMR spectroscopies. The 

solid-state structure of 6 is shown in Figure 3.11c and selected bond distances and angles are shown 

in Table 3.1. The coordination environment of 6 is similar to that of 4 and 5, except an acetonitrile 

ligand is replaced by a chloride anion in the inner sphere. Complex 6 is closer to a square planar 

coordination geometry, with a τ4 values of 0.12. TPAP in 6 displayed a P⋯N1 distance of 2.927(4) 

Å (P2⋯N8 = 2.821(4) Å), with θ of 8.8644°. 

 

Figure 3.11. Crystal structure of (a) [NiTPAP(CH3CN)][BF4]2 (4), (b) [PdTPAP(CH3CN)][BF4]2 
(5) and (c) [PtTPAP(Cl)][PF6] (6). Structures 5 and 6 display one of two molecules in the 
asymmetric unit. Thermal ellipsoids are drawn at 50% probability. Hydrogen atoms and 
counteranions are omitted for clarity. Electron density from the minor disorder of the Pt atom in 6 
is also omitted. Reproduced by permission of The Royal Society of Chemistry. 
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Table 3.1. Bond lengths and angles of complexes 1-6. Metrics 5 and 6 were taken from one of two 
molecules in the asymmetric unit. The metal ion is denoted as M. Non-italicized values are from 
the X-ray structural analysis and italicized values are from the geometry optimized structures 
calculated using quantum mechanical methods. Reproduced by permission of The Royal Society 
of Chemistry. 
 

 1 2 3 4 5 6 
P1-N1 (P---Nax) (Å) 3.2647(14) 2.877(2) 3.3915(17) 2.948(2) 2.6747(18) 2.927(4) 
Calc. (P---Nax) (Å) 3.088 2.737 3.306 2.701 2.646 2.815 

P1-N2 (Å) 1.7089(13) 2.035(2) 1.7101(16) 1.6500(19) 1.6722(17) 1.666(4) 
P1-N3 (Å) 1.6892(13) 1.997(2) 1.6965(16) 1.6511(19) 1.6528(17) 1.649(4) 
P1-N4 (Å) 1.6879(13) 2.094(2) 1.7007(16) 1.649(2) 1.6583(16) 1.642(4) 
P1-M (Å) 2.1675(5) 2.1693(7) 2.1642(5) 2.1670(7) 2.2294(5) 2.2245(11) 
Calc. P-M (Å) 2.190 2.263 2.323 2.254 2.357 2.354 

C1-C3-C5 θ (°) -9.1349 9.9140 -10.9882 13.0123 17.7932 8.8644 
Calc. C1-C3-C5 θ (°) 3.41 16.62 ---- 17.32 18.62 13.79 

 

3.3.4. Comparison of the Transannular Distance between Co(I)TPAP and Co(II)TPAP 

The P⋯N1 (or P⋯Nax) distance of TPAP when bound to a Co(I) ion in complex 1 

(3.2647(14) Å) indicates a minimal transannular interaction with a value closer to the “pro” (or 

free base) rather than the “quasi” form. An additional crystal of 1, complex 1b was grown by 

pentane diffusion into a concentrated tetrahydrofuran solution and exhibited a P⋯N1 distance in 

TPAP of 3.339(2) Å, a difference of 0.0743 Å between structures. Verkade observed that 

differences in crystal packing could influence the transannular distance by up to 0.1 Å, providing 

an estimated boundary for error in the solid-state distances.35 The transannular distance observed 

in both Co(I) structures is comparable to those found when proazaphosphatrane is coordinated to 

main group elements such as sulfur and oxygen (Figure 3.3).69  

Upon coordination of TPAP to a more Lewis acidic Co(II) ion (complex 2), the P⋯N1 

distance shortens to 2.877(2) Å, a significant shift of 0.39 Å. In Figure 3.3, complex 2 is in the 

middle of the plot (“quasi” form of azaphosphatrane). 
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3.3.5. Comparison of the Transannular Distance between Group 10 TPAP Complexes 

Complex 3, with a Ni(0) ion, has a P⋯N1 distance of 3.3915(17) Å, outside of the van der 

Waals radii of P⋯N and signifying no transannular interaction. The P⋯N1 distance of 3 falls 

within the range of four other previously reported Ni(0)azaphosphatrane complexes that bind in a 

monodentate fashion.62 The consistent P⋯Nax across the series highlights the fact that denticity of 

TPAP has little influence on the P⋯Nax transannular interaction compared to monodentate 

azaphosphatranes when Ni(0) is bound. When TPAP is bound to a Ni(II) ion in complex 4, the 

P⋯N1 distance shortens to 2.948(2) Å, which lies within the “quasi” form of azaphosphatranes. 

As seen in the CoTPAP case, there is a significant decrease in the P⋯N1 transannular distance 

with an increase in the oxidation state of the Ni metal center.  

The Pd(II) and Pt(II) TPAP complexes (5 and 6) were also investigated in order to 

determine if the transannular distance changes upon coordination to larger metal ions. The 

transannular distance decreases by 0.273 Å from Ni(II) to Pd(II), whereas the P⋯N1 distance in 

Pt(II) resembles that of Ni(II). The chloride ligand in 6 could increase the P⋯N1 distance due to 

the π donation of Cl−, which would decrease the Lewis acidity of the Pt metal center.37, 70 

Attempted isolation of the [Pt(II)TPAP(CH3CN)]2+ was unsuccessful, even when an excess of 

AgPF6 was added to complex 6. Therefore, the effect of the Cl− anion on the Pt(II) center cannot 

be experimentally quantified.  
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3.3.6. Metal Ion Oxidation State Effects on TPAP 

Verkade found that the P⋯Nax distance in azaphosphatranes is influenced by the Lewis 

acidity of the atom or group when bound to the phosphorus. When coordinated to Ni and Co, the 

P⋯Nax distance decreases with an increasing oxidation state of the metal (and concomitant 

increase in Lewis acidity of the metal ion). As the oxidation state increases from Co(I) to Co(II), 

θ increases by 19.05° and the P⋯N1 distance contracts by 0.39 Å (Table 3.1, Co(I) and Co(II)). A 

more prominent trend is observed with Ni(0) and Ni(II), where θ increases by 24° and the P⋯N1 

distance shorten by 0.44 Å upon oxidation (Table 3.1, Ni(0) and Ni(II)). 

3.3.7. Quantum Mechanical Calculations 

DFT calculations were carried out by Drew W. Cunningham and performed using the 

Gaussian program suite with the incorporate NBO 3.1 package at the M0671 level of theory with 

6–311G++(3df,3pd) basis set for 3rd row main groups, 6-311G**++ basis set for 2nd row main 

groups, and LANL2DZ basis set for all metals. Geometry optimizations of the complexes from the 

X-ray coordinates, followed by harmonic frequency calculations indicated that all of the 

compounds are minima on the potential energy surface. A comparison of selected calculated and 

experimental geometrical parameters are tabulated in Table 3.1. 

The shortening of the P⋯Nax distance with concurrent puckering of the axial nitrogen 

above the plane of the three adjacent carbon atoms (θ in Figure 3.3) is due to electron donation 

between the axial nitrogen (Nax) and the phosphorus atom of the azaphosphatrane unit. To probe 

the nature of the P⋯Nax interaction and observe electron density in a chemically intuitive manner, 

an analysis utilizing natural bond orbital (NBO) perturbation theory was carried out with a focus 
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on the NBOs of the M–P–Nax fragment. All calculated values for each metal ion coordinated to 

TPAP utilized the complexes in Chart 3.1 except [NiTPAP(COD)] (3). The latter could not be 

modeled computationally because the structure failed to converge to a minimum on the potential 

energy surface. Therefore, [NiTPAP(CO)2] (3a)62 was used as an alternative model for the 

transannular interaction of a Ni(0) bound to TPAP. Table 3.2 summarizes the calculated 

stabilization energies for each compound. 

Table 3.2. Results of NBO analysis of donor-acceptor interactions in compound adducts, estimated 
by second-order perturbation theory, E(2)i→j (kcal mol−1). Reproduced by permission of The Royal 
Society of Chemistry. 

 1 2 4 5 6 7 

LP(Nax) → σ*(M–P) <0.5 1.09 2.09 7.23 3.11 <0.5 

LP(Nax) → σ*(P–Neq)a <1.5 2.86 6.74 8.05 4.22 <1.5 

aThese values are the sum of the three LP(Nax) → σ*(P–Neq). 
 

When the oxidation state of the metal is greater than +1, there is a significant donation from 

the lone pair (LP) of Nax into unfilled antibonding NBOs. The LP(Nax) → σ*(M–P) stabilization 

is ca. 2 kcal mol−1 for the case of Ni(II) and Co(II). For Co(I) and Ni(0), where minimal or no 

transannular interaction is observed experimentally, the stabilization energy is negligible (<0.5 

kcal mol-1). For second- and third-row metals the LP(Nax) → σ*(M–P) interaction provides 7.2 

kcal mol−1 and 3.1 kcal mol−1 of stabilization energy for Pd(II) and Pt(II), respectively. In addition 

to the LP(Nax) → σ*(M–P) donation, there is a significant interaction of the axial nitrogen with 

the three σ*(P–Neq) NBOs (Table 3.2). These calculations suggest the interaction of the axial 

nitrogen with the phosphorus atom is the dominating factor that influences the puckering angle, θ, 

and P⋯Nax distance. 
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The proposed interaction between the phosphorus atom and axial nitrogen can be seen by 

visualizing the highest occupied molecular orbitals (HOMO) for Ni(0) and Ni(II) (Figure 3.12). In 

the case of Ni(0), which lacks any significant P⋯Nax interactions, the axial nitrogen contributes 

only 7% to the HOMO and does not interact with any orbitals of phosphorus; however, for Ni(II) 

the axial nitrogen contributes 51% to the HOMO and results in a shortening on the P⋯Nax as well 

as a positive value of θ. 

 

Figure 3.12. (Left) HOMOs of [Ni(0)TPAP(CO)2] (3a) and (Right) [Ni(II)TPAP(CH3CN)]2+ (4). 
All surfaces are at an isovalue of 0.035. Reproduced by permission of The Royal Society of 
Chemistry. 
 
 

Additionally, a computational analysis of a Pd(II) analogue with a Cl− anion and a Pt(II) 

analogue with an acetonitrile ligand was done to probe whether the overall complex charge 

significantly impacts the M–P and P⋯Nax distances. The compounds [PdTPAPCl]+ and 

[PtTPAP(CH3CN)]2+ were investigated computationally and compared to their di-cationic (5) and 

mono-cationic (6) analogues, respectively. Computational data indicate the P⋯Nax distance is 
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close for Pd(II) and Pt(II) when they have the same fourth ligand. However, the P⋯Nax distance is 

consistently larger when Pd(II) or Pt(II) is bound by a Cl− anion compared to CH3CN (Table 3.3). 

Table 3.3 shows that the M–P distances are not particularly sensitive to changes in the 

overall complex charges, as increasing the charge changes the M–P distances at most by ca. 0.01 

Å. For both Pt and Pd compounds, the angles θ and P⋯Nax distances increase by 5.1 º and 0.15 Å, 

respectively, when going from mono-cationic to di-cationic. Because the differences in changes of 

θ and P⋯Nax are identical for each compound, the complex charge does not account for any non-

monotonic trends observed.  

Table 3.3. Calculated geometrical parameters for selected mono-cationic and di-cationic 
comparison. Reproduced by permission of The Royal Society of Chemistry. 
 [PtTPAP(CH3CN)]2+ [PtTPAPCl]+ [PdTPAP(CH3CN)]2+ [PdTPAPCl]+ 
M–P (Å) 2.35025 2.35406 2.35733 2.37091 
P⋯Nax (Å) 2.65028 2.81528 2.64581 2.81892 

 q (º) 18.8896 13.78628 18.61757 13.4973 
 

3.4. Conclusion 

The use of flexible ligands with adjustable coordinative interactions has shown great utility 

in accessing reactive metal sites. In this chapter, an azaphosphatrane core was incorporated into a 

chelating ligand to provide a new type of variable ligand interaction. The metal–ligand distance 

remains constant for first row transition metals while the non-coordinating nitrogen in the 

azaphosphatrane can donate additional electron density into the phosphorus ligand. The Tolman 

electronic parameter measured for azaphosphatranes, described in Chapter 1, establishes that even 

in the absence of a transannular interaction, they are among the most strongly donating phosphine 

ligands.62 Thus, the TPAP ligand represents an inherently strong ligand that can increase its donor 
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strength in contrast to prior systems that utilize weaker interactions. The higher donor strength 

available with TPAP may be valuable for stabilizing more electron deficient metal ions. 

3.5. Experimental Details  

General Considerations 

The complexes described below are air- and moisture-sensitive and must be handled under an inert 

atmosphere of nitrogen using standard glovebox and Schlenk techniques. Unless otherwise noted, 

all procedures were performed at ambient temperature (21–24 °C). All solvents were sparged with 

argon and dried using a solvent purification system. Acetonitrile, diethyl ether, and halogenated 

solvents were passed through two columns of neutral alumina. Compounds tris(2-

pyridylmethyl)proazaphosphatrane,63 CoCl(PPh3)3,72 [Co(CH3CN)6][BF4]273 and [Ni(CH3CN)6.5]-

[BF4]273 were synthesized according to established procedures. CD3CN and C6D6 were freeze–

pump–thawed three times and dried over molecular sieves. CoCl2, [Pd(CH3CN)4][BF4]2, 

PtCl2(COD), Co(acac)3, AgPF6, AgBF4, FcBF4 and carbon monoxide (100%) were purchased 

from commercial sources and used without further purification. 

Physical Methods 

Nuclear Magnetic Resonance (NMR) Spectroscopy: Nuclear magnetic resonance (NMR) 

spectra were recorded on a DRX400 with a switchable QNP probe (1H and 31P) or a Bruker 

AVANCE 600 MHz (1H and 31P). 1H NMR spectra were referenced to (tetramethylsilane) TMS 

using the residual proteo impurities of the solvent; 13C NMR spectra were referenced to TMS using 

the natural abundance 13C of the solvent; 31P{1H} NMR spectroscopy experiments are referenced 

to the absolute frequency of 0 ppm in the 1H dimension according to the Xi scale.74 
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Infrared (IR) Spectroscopy:  Infrared (IR) absorption measurements of the solution of 1-

5 in CH2Cl2 was taken in a OMNI-Cell CaF2 sealed cell (1.00 mm) on a Thermo Scientific 

Nicolet iS5 spectrophotometer with an iD1 transmission attachment. 

Electrospray ionization mass spectrometry (ESI-MS): ESI-MS was performed with an ESI LC-

TOF Micromass LCT 3 mass spectrometer in the Department of Chemistry at UC Irvine. 

Electrochemistry: Electrochemical experiments were carried out on a Pine Wavedriver 10 

potentiostat. Electrochemical experiments were carried out in acetonitrile solutions with 1.0 mM 

analyte and 0.20 M Bu4NBF4. The working electrode was a glassy carbon disc with a diameter of 

2 mm, the counter electrode was a glassy carbon rod, and a Ag/AgCl pseudoreference electrode. 

Potentials were referenced to the ferrocene/ferrocenium couple at 0 V using ferrocene as an 

internal reference. UV−vis spectrum was collected in acetonitrile solution using an Agilent 

Technologies Cary 60 UV−vis. 

Electron Paramagnetic Resonance (EPR): Perpendicular-mode X-band electron paramagnetic 

resonance (EPR) spectrum was collected using a Bruker EMX spectrometer. 

Elemental Analysis (EA): Elemental analyses were performed on a PerkinElmer 2400 Series II 

CHNS elemental analyzer. 

X-ray Crystallography (XRC): X-ray diffraction studies were carried out at the UCI Department 

of Chemistry X-ray Crystallography Facility on a Bruker SMART APEX II diffractometer. Data 

were collected at 133 K for 1, 3, 5 and 6, and 88 K for 2, 2a-c, 3a, and 4 using Mo Kα radiation (λ 

= 0.710 73 Å). The APEX2 program package was used to determine the unit cell parameters and 

for data collection. The raw frame data was processed using SAINT and SADABS to yield the 

reflection data file. Subsequent calculations were carried out using the SHELXTL program.  
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For structure 2, Hydrogen atoms other than H1 in 2 were placed at geometrically calculated 

positions and refined using a riding model, and their isotropic displacement parameters were fixed 

at 1.2 (1.5 for methyl groups) times the Ueq of the atoms to which they are bonded. H1 in 2 was 

located in the difference map and refined freely. For the structure of 2, checkCIF reports three 

level B alerts (PLAT230_ALERT_2_B) due to unequal anisotropic displacement parameters 

(ADPs) along chemical bonds, which can signify an incorrect atom type assignment. However, all 

three alerts involve bonds within a pyridine ring of the TPAP ligand whose identity has been 

confirmed through other spectroscopic techniques. An additional level B alert 

(PLAT411_ALERT_2_B) was reported for this structure due to a short nonbonding intermolecular 

H···H distance between two ligand hydrogen atoms (H21 and H23); this is likely a result of crystal 

packing.  

For the structure of 4, checkCIF reports one level B alert (PLAT214_ALERT_2_B) due to 

a high ratio of maximum to minimum anisotropic displacement parameters (ADPs) for atom F2B, 

which can signify a substitutional or positional disorder. As this atom is in the minor part of a 

disordered BF4 anion, the identity of which is not in question, no further modeling was done. For 

structure 4, atoms F(7) and F(8) were disordered and included using multiple components with 

partial site-occupancy-factors.  

For structure 5, atoms C(54), F(5), F(6), F(7) and F(8) were disordered and included using 

multiple components with partial site-occupancy-factors.  

For structure 6, there were several high residuals present in the final difference-Fourier 

map. It was not possible to determine the nature of the residuals although it was probable that 
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diethyl ether solvent was present. The SQUEEZE routine in the PLATON program package was 

used to account for the electrons in the solvent accessible voids.  

Structural analysis for complex 1b was carried out at the University of Minnesota, 

Minneopolis X-ray Crystallography Facility on a Bruker D8 Photon 100 CMOS diffractometer. 

Data were collected at 123 K. Crystals were grown by a graduate student at the University of 

Minnesota, Reed J. Eisenhart. 
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[CoTPAP(Cl)] (1): In the glove box, a solution of TPAP (34.2 mg, 0.0764 mmol) in 5 mL 

tetrahydrofuran was added to a solution of CoCl(PPh3)3 (67.3 mg, 0.0764 mmol) in 2 mL 

tetrahydrofuran. The solution immediately turned dark purple and was stirred for 1 day at room 

temperature. The solvent was removed under reduced pressure. The resulting purple solid was re-

dissolved in diethyl ether and filtered through a glass pipette packed with a glass microfiber filter 

(22 µm). X-ray quality crystals were grown from a concentrated solution of 1 in diethyl ether at 

−35 °C (28.7 mg, 0.053 mmol, 69.4% yield). Analytical calculation for C24H30ClCoN7P: C, 53.19; 

H, 5.58; N, 18.09. Found: C, 53.67; H, 5.25; N, 17.45. µeff (solution) = 3.34µB. ESI-MS data 

could not be obtained due to the air sensitivity of complex 1 in solution.  

 
 
Figure 3.13. Crystal structure of [CoTPAP(Cl)] (1b) Thermal ellipsoids are drawn at 50% 
probability. Hydrogen atoms are omitted for clarity. Grown from a pentane diffusion into a 
concentrated THF solution by Reed J. Eisenhart from the University of Minnesota. 
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[CoTPAP(CH3CN)][BF4]2 (2): In the glovebox, [Co(CH3CN)6][BF4]2 (23.8 mg, 0.0496 mmol) 

was added to a solution of TPAP (22.2 mg, 0.0496 mmol) in 3 mL of acetonitrile. The solution 

immediately turned dark greenish brown and was stirred for 6 h at room temperature. The solvent 

was removed under reduced pressure, and the resulting green solid was washed with diethyl ether. 

The green solid was redissolved in dichloromethane and filtered through a glass pipet packed with 

a glass microfiber filter. To this solution, diethyl ether was layered to afford green crystals that 

were isolated in 56.2% yield. ESI-MS (m/z): [M − BF4 − CH3CN]+ Calculation for 

C24H30BCoF4N7P, 593.17; Found, 593.17. UV−vis (CH3CN) λmax, nm (ε): 255 (8064), 400 

(3058), 595 (212) and 975 (50.3). Analytical Calculation for C26H33B2CoF8N8P: C, 43.31; H, 4.61; 

N, 15.54. Found: C, 42.64; H, 4.58; N, 15.01. μeff (solution) = 2.67 μB. (⊥)-Mode EPR (CH3CN, 

77K) g = 2.18. 

 

Figure 3.14. EPR spectrum of [CoTPAP(CH3CN)][BF4]2 (2) in a frozen solution of acetonitrile at 
77 K. The spectrum display a g = 2.18, which corresponds to an S = ½ system with a Co(II) d7 low 
spin complex. 
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Figure 3.15. UV-vis spectrum of [CoTPAP(CH3CN)][BF4]2 (2) in acetonitrile at 22° C. An inset 
display a close up of the bands between 500 and 1000 nm.  
 

 

Figure 3.16. Variable scan rate cyclic voltammograms of [CoTPAP(CH3CN)][BF4]2 (2) with 1.0 
mM analyte in acetonitrile with 0.02 M Bu4NPF6. The voltammagrams display a reversible event 
at -1.47 V (vs Fe(C5H5)20/+ and is assigned as the Co+/+2 couple.  
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Figure 3.17. Solution magnetic susceptibility. 1H NMR spectra of [CoTPAP(CH3CN)][BF4]2  (2) 
at 237, 268 and 298 K in in CD3CN. 
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[NiTPAP(COD)] (3): In the glove box, a solution of TPAP (100 mg, 0.223 mmol) in 3 mL 

tetrahydrofuran was added to a solution of Ni(COD)2 (61.5 mg, 0.223 mmol) in 7 mL 

tetrahydrofuran. The solution immediately turned dark green and was stirred for 1 day at room 

temperature. The solvent was removed under reduced pressure. The resulting green solid was re-

dissolved in diethyl ether and filtered through a glass pipette packed with a glass microfiber filter 

(22 µm). X-ray quality crystals were grown from a concentrated solution of 3 in diethyl ether at 

−35 °C. 1H NMR (C6D6, 600 MHz) δ = 2.07 (s, 8H, COD), 2.64–2.84 (br, 12H, NCH2CH2N), 4.30 

(s, 6H, PyCH2), 4.43 (br, 4H, COD), 6.59 (t, 3H, Py), 7.08 (m, 3H, Py), 7.12 (t, 3H, Py), 8.68 (m, 

3H, Py). 31P{1H} NMR (C6D6, 243 MHz) δ = 150.7. Analytical calculation for 

C24H30N7NiP·(C8H12)0.5: C, 64.68; H, 7.24; N, 14.67. Found: C, 64.04; H, 6.77; N, 14.29. ESI-MS 

data could not be obtained due to the air sensitivity of complex 3 in solution. The yield is not 

reported due to the presence of COD impurities in both the 1H NMR and elemental analysis data. 
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Figure 3.18. 1H NMR spectrum of [NiTPAP(COD)] (3) in C6D6. 

 
Figure 3.19. 31P{1H} spectrum of [NiTPAP(COD)] (3) in C6D6. 
 

 



 

107 

 

[NiTPAP(CO)2] (3a): In the glove box, a solution of bis(1,5- cyclooctadiene)nickel(0) (13.8 mg, 

0.0503 mmol) in 5 mL of tetrahydrofuran was added to a solution of TPAP (22.5 mg, 0.0503 

mmol) in 5 mL of tetrahydrofuran. The solution was stirred for 1 hour at room temperature. The 

solution was then transferred to a 100 mL Schlenk flask and brought out of the glove box and filled 

with CO gas (1 atm). The solution was stirred overnight under a CO atmosphere, after which the 

color changed from dark green to colorless. The CO gas was removed under reduced pressure with 

four cycles of freeze– pump–thaw and the resulting light yellow solution was brought back into 

the glove box. The oil that remained after solvent evaporation was washed with cold pentane to 

yield a yellow solid. Yellow crystals of 3a were grown from a slow evaporation of diethyl ether to 

give the product in 77% yield. NMR studies of 3a were conducted in a J. Young tube, in 1 atm of 

CO gas. 1H NMR (C6D6, 400 MHz) δ = 2.46 (t, J = 10.8 Hz, 6H, NCH2CH2NP), 2.76 (br, 6H, 

NCH2CH2NP), 4.58 (br, 6H, PyrCH2N), 6.67 (dd, J = 7.1, 5.1 Hz, 3H, Pyr), 7.25 (td, J = 7.7, 1.7 

Hz, 3H, Pyr), 7.38 (d, J = 7.8 Hz, 3H, Pyr), 8.53 (m, 3H, Pyr). 13C{1H} NMR (C6D6, 126 MHz) δ 

= 47.7 (NCH2CH2NP), 50.2 (PyrCH2N), 53.3 (NCH2CH2NP), 122 (Pyr), 122 (Pyr), 136 (Pyr), 150 

(Pyr), 160 (Pyr), 198 (CO). 31P NMR (C6D6, 162 MHz) δ = 142. FTIR (CH2Cl2): ν = 1981.7 (CO), 

1906.5 (CO). Analytical Calculation for C26H30N7NiO2P: C, 55.54; H, 5.38; N, 17.44 Found: C, 

55.02; H, 5.19; N, 17.50. 
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Figure 3.20. IR spectrum of [NiTPAP(CO)2] (3a) in CH2Cl2. 
 

 
Figure 3.21. 1H NMR spectrum of [NiTPAP(CO)2] (3a) in C6D6. 
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Figure 3.22. 13C NMR spectrum of [NiTPAP(CO)2] (3a) in C6D6. 

 
Figure 3.23. 31P{1H} NMR spectrum of [NiTPAP(CO)2] (3a) in C6D6. 
 



 

110 

 

[NiTPAP(CH3CN)][BF4]2 (4): In the glove box, a solution of TPAP (109 mg, 0.250 mmol) in 7 

mL of acetonitrile was added to a solution of [Ni(CH3CN)6.5][BF4]2 (122 mg, 0.250 mmol) in 2 

mL of acetonitrile. The solution immediately turned dark orange and was stirred for 1 day at room 

temperature. The solvent was removed under reduced pressure. The resulting orange solid was re-

dissolved in dichloromethane, filtered through a glass pipette packed with a glass microfiber filter 

(22 µm). X-ray quality crystals of 4 were grown from acetonitrile and diethyl ether (97.5 mg, 0.135 

mmol, 55.1% yield). 1H NMR (CD3CN, 400 MHz) δ = 2.82 (t, 6H, NCH2CH2N), 2.94 (t, 6H, 

NCH2CH2N), 4.50 (s, 6H, PyCH2), 7.61 (m, 6H, Py), 7.97 (t, 3H, Py), 9.51(s, 3H, Py). ESI-MS 

(m/z): [M − 2BF4 − CH3CN + Cl]+ . Calculation for C24H30N7PNiCl, 540.13; found, 540.20. 

Analytical calculation for C26H33B2F8N8NiP: C, 43.32; H, 4.61; N, 15.54. Found: C, 43.65; H, 

5.02; N, 15.18. Although the sample is analytically pure and the 1H NMR is consistent with the 

proposed structure, a 31P{1H} NMR resonance was unable to be resolved. The lack of resonance 

may be due to fluxional coordination in solution.  
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Figure 3.24. 1H NMR of spectrum of [NiTPAP(CH3CN)][BF4]2 (4) in CD3CN. 
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[PdTPAP(CH3CN)][BF4]2 (5): In the glove box, a solution of TPAP (81.0 mg, 0.181 mmol) in 6 

mL of acetonitrile was added to a solution of [Pd(CH3CN)4][BF4]2 (80.1 mg, 0.181 mmol) in 2 mL 

of acetonitrile. The solution immediately turned orange and was stirred for 1 day at room 

temperature. The solvent was removed under reduced pressure. The resulting yellow solid was re-

dissolved in acetonitrile, filtered through a glass pipette packed with a glass microfiber filter (22 

µm). X-ray quality crystals of 5 were grown from acetonitrile and diethyl ether (121 mg, 157 

mmol, 86.9% yield). 1H NMR (CD3CN, 400 MHz) δ = 2.72 (t, 6H, NCH2CH2N), 2.94 (m, 6H, 

NCH2CH2N), 4.45 (d, 6H, PyCH2), 7.46 (m, 6H, Py), 7.97 (dt, 3H, Py), 8.66 (d, 3H, Py). 31P{1H} 

NMR (CD3CN, 162 MHz) δ = 50.8. ESI-MS (m/z): [M − 2BF4 − CH3CN + Cl]+ . Calculation for 

C24H30N7PPdCl, 588.1; found, 588.0. Analytical calculation for C26H33B2F8N8PdP: C, 40.63; H, 

4.33; N, 14.58. Found: C, 40.35; H, 4.20; N, 14.37.  
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Figure 3.25. 1H NMR spectrum of [PdTPAP(CH3CN)][BF4]2 (5) in CD3CN. 
 

 
Figure 3.26. 31P{1H} NMR spectrum of [PdTPAP(CH3CN)][BF4]2 (5) in CD3CN. 
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[PtTPAP(Cl)][PF6]2 (6): In the glove box, a solution of TPAP (78.1 mg, 0.175 mmol) in 6 mL of 

acetonitrile was added to a solution of PtCl2(COD) (65.3 mg, 0.175 mmol) in 6 mL acetonitrile. 

The solution immediately turned tan and was stirred for 1 h at room temperature. Then a solution 

of AgPF6 (68.0 mg, 0.350 mmol) in 2 mL acetonitrile was added in the dark and stirred for 5 min. 

The solvent was removed under reduced pressure. The white solid was re-dissolved in 

dichloromethane and filtered through a medium fritted funnel. The solvent was removed under 

reduced pressure. The resulting white solid was re-dissolved in acetonitrile and filtered through a 

glass pipette packed with a glass microfiber filter (22 µm). The filtrate was recrystallized by 

addition of diethyl ether. Only single crystals of 6 were collected which contributed to the low 

yield of the pure sample. No attempts were made to further purify the crude product in order to 

increase the yield. X-ray quality crystals of 6 were grown from the same conditions as the 

recrystallization (17.3 mg, 0.021 mmol, 12.1% yield). 1H NMR (CD3CN, 600 MHz) δ = 2.64 (t, 

2H, NCH2CH2N), 2.78 (m, 2H, NCH2CH2N), 2.89 (m, 6H, NCH2CH2N), 3.17 (m, 2H, 

NCH2CH2N), 3.97 (d, 2H, PyCH2), 4.25 (dd, 2H, PyCH2), 4.88 (dd, 2H, PyCH2), 6.75 (d, 1H, Py), 

7.27 (m, 1H, Py), 7.46 (t, 2H, Py), 7.61 (m, 3H, Py), 8.08 (t, 2H, Py), 8.42 (m, 1H, Py), 8.95 (m, 

2H, Py). 31P{1H} NMR (CD3CN, 243 MHz) δ = 39.8. ESI-MS (m/ z): [M − PF4]+ . Calculation for 

C24H30N7PPtCl, 677.2; found, 677.1. Analytical calculation for C24H30ClF6N7P2Pt: C, 35.02; H, 

3.67; N, 11.91. Found: C, 34.96; H, 3.51; N, 11.84. 
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Figure 3.27. 1H NMR spectrum of [PtTPAPCl][PF6]2 (6) in CD3CN. 
 

 
Figure 3.28. 31P{1H} NMR spectrum of [PtTPAPCl][PF6]2 (6) in CD3CN. 
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Small Molecule Activation with Transition Metal 
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4.1. Motivation and Specific Aims 

 This chapter is divided into three sections and concentrates on individual small molecule 

activation reactions with transition metal tris(2-pyridylmethyl)azaphosphatrane (TPAP) 

complexes. The first section will focus on CO2 reduction to CO on a Ni(0)(TPAP) complex, 

followed by O2 reactivity with a Cu(I)(TPAP) complex, and the last section will highlight hydride 

complexes of Ir(III)(TPAP) for H2 activation.  

4.1.1. CO2 Reduction 

The rapid burning of fossil fuels has led to increasing concentration of CO2 in our 

atmosphere, causing adverse effects on our planet. Research on converting CO2 to valued chemical 

commodities is the goal for a net carbon neutral cycle. A fundamental step to accomplish this task 

is to activate the CO2 molecule by binding it to a transition metal center. In this chapter, efforts are 

made to bind and reduce CO2 to CO with a Ni(0)(TPAP) complex. 

4.1.2. O2 Reactivity 

Metalloenzymes serve as models for chemists who seek to mimic their functionality and 

understand their structures. One example is the tyrosinase enzyme, which controls the production 

of melanin by oxidation of phenolic precursors to form ortho-quinones. Chemists had synthesized 

model complexes of the dicopper active site of tyrosinase to investigate potential key intermediates 

in its reaction with O2. This chapter aims to add to the rich bioinorganic reactivity of tyrosinase 

biomimics through studying the reaction of O2 with a Cu(I)(TPAP) complex. Copper complexes 

with strong donor ligands have previously been hypothesized to trigger O-O bond cleavage to yield 

more reactive species.1 
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4.1.3. Hydrogenation (H2) 

Hydrogenation is one of the most important reactions in chemistry. Nobel prizes have been 

issued to organometallic chemists in two separate years for their work in this area; Wilkinson’s Rh 

catalyst for the hydrogenation of olefins and the Noyori chiral Ru catalyst for the asymmetric 

hydrogenation of carbonyls. Homogenous hydrogenation catalysis is still an active research area, 

with chemists designing and synthesizing intricate ligands to push the efficiency and selectivity of 

hydrogenation reactions. This chapter aims to add to the rich chemistry of Ir hydrogenation 

catalysts by synthesizing Ir-hydride complexes with TPAP, a strong s donating azaphosphatrane 

ligand.  

4.2. Background 

4.2.1. Ni-CO2 Complexes 

Aresta structurally characterized the first Ni-CO2 complex in 1975, which demonstrated 

the importance of strong donor ligands to generate an electron rich Ni(0) center for CO2 binding 

(Figure 4.1).2 Aresta suggested that “the strength of the Ni-CO2 bond should decrease on 

increasing the acidity of the phosphorus ligand.” This meant that a very strong donor, such as the 

proazaphosphatrane molecule, could strengthen the Ni-CO2 bond, and consequently weaken the 

double bond of CO2. Years later, Hillhouse3 and Lee4 structurally characterized the second and 

third mononuclear Ni-CO2 complexes, respectively (Figure 4.1). In Hillhouse’s system, he 

demonstrated the reduction of CO2 to CO on a Ni complex with bidentate diphosphines, while Lee 

and coworkers utilized a tridentate triphosphine ligand system with Ni. In all three systems, 

phosphine donors are used with a Ni(0) metal center. 
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Figure 4.1. Structurally characterized Ni-CO2 mononuclear complexes. 

In this chapter, the reactivity of Ni(0)(TPAP)(COD) complex from chapter 3 is explored 

with CO2 in order to investigate its CO2 binding and reduction activity.  

4.2.2. Cu2O2 Complexes 

The supporting ligand plays a big role in stabilizing the bis(µ-oxo)dicopper core. The 

characterized structures of bis(µ-oxo)dicopper complexes have been with bi- or tri-dentate 

nitrogen donating ligand systems. Work from Tolman and coworkers confirmed the structure of a 

bis(µ-oxo)dicopper complex with a tridentate N ligand. The Cu2O2 core was isolated in the 

isomeric form that is pivotal to the activation of O2 (Figure 4.2).5 Stack later noticed that square-

planar coordination geometries dominated trivalent Cu complexes; therefore, he opted for 

sterically demanding bidentate N ligands for isolation of Cu2O2 complexes (Figure 4.2). This 

ligand design proved useful as Stack was able to study multiple bis(µ-oxo)dicopper complexes 

with variations of the N-peralkylated diamine ligand.6 Meyer7 was also successful in using a 

bidentate ligand system and was able to structurally characterize a bis(µ-oxo)dicopper complex 

(Figure 4.2). 
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Figure 4.2. Structurally characterized Cu2O2 complexes with di- and tri-dentate N ligands. 

 Another ligand design tip from Stack was to use “bidentate strong sigma-donors” for 

“optimal thermodynamic stabilization of the d8 Cu(III) site” in bis(µ-oxo)dicopper complexes.6 

The TPAP system is a strong sigma donor ligand and is flexible to coordinate in a bi-, tri- or 

tetradentate fashion to a transition metal ion.   

4.2.3. Ir-H2 Complexes 

Strong sigma donating ligands have been shown to increase the rate of hydrogenation in 

organometallic chemistry. Bercaw and coworkers demonstrated the hydrogenation of cyclooctene 

to cyclooctane with an Ir(III) N-heterocyclic carbene (NHC) complex and H2.8 Although they were 

not able to isolate the activated H2 intermediate, the Ir-hydride complex was hypothesized to be 

the active catalyst (Figure 4.3), as most Ir catalyzed hydrogenation reactions often involve 

hydridoiridium(III) catalytic precursors.9-11 Another strongly donating NHC system was used in 

Nozaki’s work for the hydrogenation of CO2 with an Ir-PCP pincer complex (Figure 4.3). The high 

catalytic turnover (TON = 230,000) was “attributed to the stabilization of the cationic key 

transition state by the higher electron-donating nature of the PCP ligand.”12 Lastly, Jagirdar and 

coworkers used a tris(pyrazolyl)methane sulfonate complex to stabilize an Ir(III) dihydride 

complex, which was the active catalyst in their study of olefin hydrogenation with H2.13 The crystal 
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structure displayed an octahedral geometry where two hydrides were positioned trans to two 

strongly donating pyrazolyl donors (Figure 4.3).  

 

Figure 4.3. Ir(III) complexes bearing strong sigma donor ligands. 

In this chapter, the Ir(III) monohydride (IrH(TPAP)Cl) and dihydride (Ir(H)2(TPAP)) are 

synthesized for their potential use as hydrogenation catalysts. 

4.3. Results and Discussion 

4.3.1. Reaction of Ni(TPAP)(COD) with CO2 

A solution of Ni(TPAP)(COD) (characterized in Chapter 3) in C6H6 was added into a 

Schlenk tube and filled with CO2 gas (Scheme 4.1). The color of the solution changed from dark 

green to brown. A brown solid was obtained when the solvent was removed under reduced 

pressure. 
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Scheme 4.1. Proposed reactivity of CO2 with Ni(TPAP)(COD). 

 

The brown solid displayed an IR stretching frequency at 1696 cm-1 (Figure 4.4), which is 

in the range of structurally characterized Ni-CO2 complexes.2-4 Multiple attempts to crystallize the 

brown solid via layering were unsuccessful. 

 

Figure 4.4. IR spectrum of brown solid from the reactivity of Ni(TPAP)(COD) with CO2. 

After 3 days at room temperature, the brown complex decomposed and the IR stretching 

frequency displayed two carbonyl stretching frequencies at 1981.7 and 1906.5 cm-1 (Figure 4.5), 

matching the IR stretching frequency of Ni(TPAP)(CO)2 (see Chapter 3). The reduction of CO2 to 
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CO was seen in Hillhouse’s system, where the electron rich phosphine ligands were oxidized by 

the oxygen of the CO2 molecule. A similar reaction might also be possible with the TPAP system, 

given their strong donating ability.14 No further studies were performed to ascertain if TPAP=O 

was made. The 31P NMR signal of TPAP=O would be expected at 23.95 ppm (see Appendix B). 

In addition, the TPAP molecule can also react with CO2, without the help of a transition metal ion. 

Verkade and coworkers previously showed the reactivity of proazaphosphatranes with CO2 and 

CS2.15, 16 

 

Figure 4.5. IR spectra of (blue) Ni(TPAP)(CO)2 and (red) Ni(TPAP)(COD) + CO2 after 3 days of 
sitting at room temperature. 
 
4.3.2.  Synthesis and Structure of Cu(TPAP) Complex 

In the glove box, [Cu(CH3CN)4][BF4] and TPAP were mixed in a 1:1 ratio in acetonitrile 

(Scheme 4.2). After 1 day of stirring, the solution change from colorless to light yellow. A yellow 
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solid was isolated after acetonitrile was removed. The 1H NMR spectrum of the yellow solid 

exhibited resonances corresponding to equivalent protons from the pyridine and azaphosphatrane 

core, suggesting either coordination of all three pyridine donors to Cu(I) ion or a dynamic system 

where pyridine donors are rapidly binding and unbinding to the Cu(I) ion. 

Scheme 4.2. Synthesis of [Cu(TPAP)]2[BF4]2 complex. 

 

An X-ray quality crystal of [Cu(TPAP)]2[BF4]2 was grown by layering a solution of the 

yellow solid in dichloromethane with diethyl ether. The crystal structure displayed a bimetallic-

Cu(TPAP) system with two Cu and two TPAP ligands, [Cu(TPAP)]2[BF4]2, where one TPAP 

ligand is coordinated to one Cu(I) site through the P, and coordinated to another Cu(I) site through 

two pyridine Ns (Figure 4.6). Both Cu(I) ions in the crystal structure displayed a trigonal geometry, 

and the Cu−Cu distance is 3.018 Å. The combined data of the 1H NMR spectrum and crystal 

structure suggest the  Cu(I) ion is in a different coordination environment in solution than the solid 

state.17  
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Figure 4.6. Crystal structure of [Cu(TPAP)]2[BF4]2. Thermal ellipsoids are drawn at 50% 
probability; hydrogen atoms and counter anions omitted for clarity. 
 
4.3.3. Reaction of Cu(TPAP)  with O2 

To a cuvette with 2.0 mmol solution of [Cu(TPAP)]2[BF4]2 in acetonitrile was added 1 mL 

of O2 gas at room temperature. A color change from light yellow to green occurred overnight. The 

green solution was analyzed by UV-vis (Figure 4.7) and EPR spectroscopy (Figure 4.8). The UV-

vis spectrum of Cu(TPAP) + O2 displayed a d-d transition band at 666 nm, characteristic of a 

Cu(II) metal ion. For comparison, a UV-vis spectrum of Cu(TPAP) is displayed in Figure 4.7, 

which showed no d-d transition band due to the full shell of the d10 Cu(I) metal ion.  
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Figure 4.7. UV-vis spectra of (red) Cu(TPAP) and  (green) Cu(TPAP) + O2 in CH3CN. 

An EPR measurement was performed on the green product of Cu(TPAP) + O2 at 77K, 

displaying a signal centered at g = 2.07. The g value of 2.07 corresponds to an S= 1/2, one unpaired 

electron Cu(II) metal ion. Additional features in the EPR presented a 4-line hyperfine coupling 

due to I(Cu63) = 3/2. The attempted crystallization of the green product proved unsuccessful as the 

product decomposes within days. 

 

Figure 4.8. EPR spectrum of green product from the reaction of Cu(TPAP) with O2 in CH3CN at 
77K. 



 

133 

 

4.3.4. Synthesis of IrH(TPAP)Cl 

An IrH(TPAP)Cl complex was synthesized by stirring [Ir(COD)Cl]2 (COD = 1,5-

cyclooctadiene) and TPAP in a 1:1 ratio in tetrahydrofuran (Scheme 4.3). As the reaction was 

stirring, light orange solids precipitated out of solution. The solution was filtered through a 

medium fritted filter and the orange solid was washed with tetrahydrofuran. Colorless crystals 

were grown from a layered solution of the orange solid in dichloromethane with diethyl ether. 

Scheme 4.3. Synthesis of IrH(TPAP)Cl and IrH2(TPAP). 

 

The 1H NMR spectrum of the colorless crystals displayed a doublet at -21.62 ppm (J-

coupling of 16.5 Hz), which is in the region of metal hydrides. The 31P{1H} NMR spectrum 

displayed a doublet at 66.4 ppm, with a matching J-coupling of 16.5 Hz to that of the metal hydride 

signal in the 1H NMR spectrum. This is consistent with other P-Ir-H J-coupling constant, where 

coupling is observed due to 1H resonance residing outside of the decoupling window.18 X-ray 

analysis of the complex was performed and the structure revealed an octahedral coordination 

environment around the Ir(III) ion (Figure 4.9). The P, two pyridine Ns, and a Cl anion are 

coordinated to Ir(III), along with a C-H activated pyridine, where the C of the pyridine ring and a 

hydride are bound. The P⋯Nax distance is 3.22 Å, which falls closer towards the “Pro” form of 

azaphosphatranes.   
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Figure 4.9. Crystal structure of IrH(TPAP)Cl. Solvents molecules (dichloromethane and diethyl 
ether) and hydrogens are omitted for clarity except for H1, which was located in the difference 
map and refined freely. 
 
4.3.5. Synthesis of IrH2(TPAP) 

The Ir(III)-dihydride complex, IrH2(TPAP), was synthesized by adding LiEt3BH (1.0 M in 

tetrahydrofuran) into a cold mixture of IrH(TPAP)Cl (-35°C) in tetrahydrofuran via syringe 

(Scheme 4.3). The solution changed color from colorless to light yellow and was stirred for one 

hour before adding diethyl ether, during which time a white precipitate appeared. X-ray quality 

crystals were grown from slow vapor diffusion of pentane into a solution of IrH2(TPAP) in 

tetrahydrofuran. The structure displayed similar coordination geometry as the IrH(TPAP)Cl 

complex, except the Cl anion was substituted with a hydride. The P⋯Nax distance is 3.17 Å, similar 

to the P⋯Nax distance of IrH(TPAP)Cl, due to the same Ir(III) oxidation state (Figure 4.10).19 
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Figure 4.10. Crystal Structure of [IrH2(TPAP)]. Solvents molecule (tetrahydrofuran), LiCl, and 
hydrogens are omitted for clarity except for H1 and H2, which were located in the difference map 
and refined freely. 
 

The 1H NMR spectrum of crystalline IrH2(TPAP) displayed two resonances in the metal-

hydride region, a doublet at -3.90 ppm (J-coupling of 183 Hz) and a broad singlet at -21.2 ppm. 

The 31P{1H} NMR spectrum displayed a major resonance at 105.6 ppm and smaller resonances at 

72.6, 67.1 and 64.1 ppm, potentially due to unreacted starting material and impurities.  

4.3.6. Reactivity of IrH(TPAP)Cl with H2 

No reaction was observed when H2 was added directly to IrH(TPAP)Cl. The IrH(TPAP)Cl 

complex must be treated with AgBF4 first before H2 addition, in order to provide an open 

coordination site for H2 to bind. When AgBF4 was added to IrH(TPAP)Cl, grey solids appear in 

solution, likely due to AgCl. The solution was filtered and added into a J. Young tube, followed 

by the addition of H2 gas. The 1H NMR spectrum of the reaction displayed new resonances around 

the metal-hydride region (Figure 4.11). In addition, the 31P{1H} NMR spectrum is shifted from 
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66.4 ppm in IrH(TPAP)Cl to 89.6 ppm. Potential future reactions include adding CO2 to this new 

Ir-hydride complex or IrH2(TPAP). 

 

Figure 4.11. 1H NMR spectrum of IrH(TPAP)Cl + AgBF4 + H2 in CD2Cl2. Inset displays a close-
up view of the hydride region. 
 
4.4. Conclusion  

4.4.1. Ni(TPAP)(COD) + CO2 

The reactivity of CO2 with Ni(TPAP)(COD) produced a brown solid with an IR vibrational 

frequency consistent with a CO2 bound Ni(0) complex. The brown solid decomposed to 

Ni(TPAP)(CO)2, which demonstrates the ability of the Ni(TPAP) system to activate and reduce 

CO2 to CO. 
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4.4.2. Cu(TPAP) + O2 

A Cu(TPAP) complex was synthesized and characterized. In the solid state, the Cu(TPAP) 

complex is a dimeric complex, with a molecular formula of [Cu2(TPAP)2][BF4]2. In solution, all 

three pyridine donors are equivalent at room temperature. The Cu(TPAP) complex showed O2 

reactivity and the product was characterized as a Cu(II) metal ion by UV-vis and EPR 

spectroscopies. 

4.4.3. IrH(TPAP)Cl + H2 

The synthesis and characterization of IrH(TPAP)Cl and IrH2(TPAP) are presented. The 

reactivity of IrH(TPAP)Cl with H2 was attempted but no reactions occurred until AgBF4 was 

added. The cleavage of the Ir-Cl bond important in order to provide an open coordination site for 

H2 binding to the Ir(III) metal center. 

4.5. Experimental Details  

General Considerations 

All manipulations were performed in the glovebox, as the complexes are air- and moisture-

sensitive. All solvents were first purged with argon and dried using a solvent purification system. 

[Ir(COD)Cl]2, [Cu(CH3CN)4][BF4],  Ni(0)(COD)2, AgBF4, CO2, O2 and H2 were commercially 

purchased and used without further purification. Ni(TPAP)(COD) was synthesized according to 

an established procedure.19  

Physical Methods 

Nuclear Magnetic Resonance (NMR) Spectroscopy: Nuclear magnetic resonance (NMR) 

spectra were recorded on a DRX400 with a switchable QNP probe (1H) or a Bruker AVANCE 600 

MHz (31P). 1H NMR spectra were referenced to (tetramethylsilane) TMS using the residual proteo 
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impurities of the solvent; 31P{1H} NMR spectroscopy experiments are referenced to an internal 

H3PO4 sample in D2O or to H3PO4 using the Ξ scale with the corresponding 1H spectra or  

referenced to the absolute frequency of 0 ppm in the 1H dimension according to the Xi scale.20 

Infrared (IR) Spectroscopy: IR absorption was taken on a Thermo Scientific Nicolet iS5 

spectrophotometer with an iD5 ATR attachment. 

Ultraviolet-visible (UV-vis): UV-vis was collected in a 1cm fluoro cell in acetonitrile solution 

using Agilent Technologies Cary 60 UV–vis spectrometer and 8453 Diode-array UV-vis 

spectrometer equipped with Unisoku cryostat. 

Electron Paramagnetic Resonance (EPR): Perpendicular-mode X-band electron paramagnetic 

resonance (EPR) spectrum was collected using a Bruker EMX spectrometer. 

X-ray Crystallography (XRC): X-ray diffraction studies were carried out at the UCI Department 

of Chemistry X-ray Crystallography Facility on a Bruker SMART APEX II diffractometer. Data 

were collected at 88 K using Mo Kα radiation (λ = 0.710 73 Å). The APEX2 program package 

was used to determine the unit cell parameters and data collection. The raw frame data was 

processed using SAINT and SADABS to yield the reflection data file. Subsequent calculations 

were carried out using the SHELXTL program.  
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[Cu(TPAP)]2[BF4]2: In the glove box, [Cu(CH3CN)4][BF4] (40.9 mg, 0.130 mmol) was added to 

a solution of TPAP (58.2 mg, 0.130 mmol) in 3 mL of acetonitrile. The solution immediately turned 

light yellow and was stirred for 2 hours at room temperature. The solvent was removed under 

vacuum and the resulting yellow solid was washed with diethyl ether. The yellow solid was re-

dissolved in dichloromethane and filtered through a glass pipette packed with a glass microfiber 

filter. Diethyl ether was layered on top of this solution to afford yellow crystals that were isolated 

in 81.18% yield.1H NMR (CD3CN, 400 MHz) δ = 2.83 (m, 12H, NCH2CH2N), 4.03 (d, 6H, 

PyrCH2N), 7.31 (t, 3H, Py), 7.39 (d, 3H, Py), 7.80 (t, 3H, Py), 8.51 (d, 3H, Py). 31P{1H}NMR 

(CD3CN, 243 MHz) δ = -11.78. 
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Figure 4.12. 1H NMR spectrum of Cu(TPAP) complex in CD3CN. 
 

 

Figure 4.13. 31P{1H} NMR spectrum of Cu(TPAP) complex in CD3CN. 
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IrH(TPAP)Cl: In the glove box, a solution of TPAP (80.0 mg, 0.223 mmol) in 5 mL 

tetrahydrofuran was added to a solution of [Ir(COD)Cl]2 (61.5 mg, 0.223 mmol) in 8 mL 

tetrahydrofuran. An orange precipitate appeared after 30 min of stirring. The orange mixture was 

stirred for 1 day at room temperature. The solution was filtered through a medium fritted filter and 

washed with tetrahydrofuran, yielding a light orange solid. Colorless crystals were grown from a 

layered solution of the orange solid in dichloromethane with diethyl ether. 1H NMR (CD2Cl2, 600 

MHz) δ = -21.6. (d, JPH = 6.5 Hz, P-Ir-H). 31P{1H} NMR (CD2Cl2, 243 MHz) δ = 66.4. The yield 

is not reported due to the presence of solvent impurities in the 1H NMR data. 

 

 

 

 

 

 



 

142 

 

 

Figure 4.14. 1H NMR spectrum of IrH(TPAP)Cl in CD2Cl2. Inset display close up view of hydride 
region. 
 

 

Figure 4.15. 31P{1H} NMR spectrum of IrH(TPAP)Cl in CD2Cl2. Inset display close up view of 
resonance. 
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IrH2(TPAP): In the glove box, a mixture of IrH(TPAP)Cl (50.0 mg, 0.160 mmol) in 3 mL 

tetrahydrofuran was cooled in a -35 °C freezer for 2 hours before adding LiEt3BH 0.2 mL, 1.0 M 

in tetrahydrofuran) via 1 mL syringe. The mixture went into solution and a color change to light 

yellow occurred within 30 minutes. After 1 h, diethyl ether was added to the solution to produce a 

white solid. X-ray quality crystals were grown from slow vapor diffusion of pentane into a solution 

of IrH2(TPAP) in tetrahydrofuran. 1H NMR (CD3CN, 600 MHz) δ = -3.90. (d, P-Ir-Hax) and -21.2. 

(d, P-Ir-Heq). 31P{1H} NMR (CD3CN, 243 MHz) δ = 105.6. The yield is not reported due to the 

presence of solvent impurities in the 1H NMR data. 

 

Figure 4.16. 1H NMR spectrum of IrH2(TPAP) in CD2Cl2. 
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Figure 4.17. 31P{1H} NMR spectrum of IrH2(TPAP) in CD2Cl2. 
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IrH(TPAP)Cl + AgBF4 + H2: In the glove box, a solution of AgBF4 (80.0 mg, 0.400 mmol) in 

acetone was added to a solution of IrH(TPAP)Cl (103 mg, 0.401 mmol)  in CD2Cl2. The reaction 

was stirred in the dark for 1 hour before filtrating through a medium fritted funnel. The collected 

solution was added to a J. Young tube and taken outside the box to be charged with H2 gas. No 

color change occurred. Gray solids precipitated out of solution after sitting in the J. Young tube 

for 1 day. 

 

 

Figure 4.18. 31P{1H} NMR spectrum of [IrH(TPAP)Cl] + AgBF4 + H2 in CD2Cl2. 
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APPENDIX A 

 

Crystal Structure of  

NiFe(CO)5(Tris(2-pyridylmethyl)azaphosphatrane); 

A Synthetic Mimic of the NiFe Hydrogenase Active Site 

Incorporating a Pendant Pyridine Base 
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A.1. Motivation and Specific Aims 

The reaction of Ni(TPAP)(COD) {where TPAP = [(NC5H4)CH2]3P(NC2H4)3N} with Fe(CO)5 

resulted in the isolation of the title heterobimetallic NiFe(TPAP)(CO)5 complex dicarbonyl-

tricarbonyl[2,8,9-tris(pyridin-2-ylmethyl)-2,5,8,9-tetraaza-1-phosphabicyclo[3.3.3]undecane]-

iron-nickel, [FeNi(C24H30N7P)(CO)5]. Characterization of the complex by 1H and 31P NMR as well 

as IR spectroscopies are presented. The structure of NiFe(TPAP)(CO)5 reveals three terminally 

bound CO molecules on Fe(0) , two bridging CO molecules between Ni(0) and Fe(0), and TPAP 

coordinated to Ni(0). The Ni—Fe bond length is 2.4828 (4) Å, similar to that of the reduced form 

of the active site of NiFe hydrogenase (2.5 Å). Additionally, a proximal pendant base from one of 

the non-coordinating pyridine groups of TPAP is also present. Although the involvement of a 

pendant base has been cited in the mechanism of NiFe hydrogenase, this moiety has yet to be 

incorporated in a structurally characterized synthetic mimic with key structural motifs (terminally 

bound CO or CN– ligands on Fe). Thus, the title complex NiFe(TPAP)(CO)5 is a unique synthetic 

model for NiFe hydrogenase.  
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A.2. Background 

Rare and expensive metals such as Pt are often used to catalyze the production and 

oxidation of H2 for utilization in electrolyzers or fuel cells, respectively. Because of this, the 

production and utilization of H2 for clean energy applications have motivated scientists to produce 

efficient catalysts made from abundant metals. In nature, hydrogenase enzymes catalyze the 

reversible production and oxidation of H2 with the metals Ni and Fe.1 Inspired by nature, this work 

aimed to structurally mimic the active site of the NiFe hydrogenase enzyme.2 NiFe hydrogenase 

contains a NiFe active center, where Fe is coordinated with three different types of ligand (CºO, 

CºN, and a sulfur atom) while Ni is coordinated by four cysteine residues. The CºO, CºN, and 

the sulfur-atom ligands play a role in maintaining the oxidation state of Fe(II) and stabilizing the 

oxidation state changes of the Ni ion during the catalytic cycle.3 Prior work in this thesis discussed 

the transannular interaction of bridgehead N and P atoms in the tris(2-pyridylmethyl)-

azaphosphatrane (TPAP) ligand in the stabilization of metal ions in different oxidation states.4  

A recent study by Johnson and co-workers found that the transannular interaction in 

azaphosphatranes plays a potential role in Pd cross-coupling reactions, where the oxidative 

addition event ‘is promoted due to electron donation to the metal center from transannulation’.5 

The transannular interaction in TPAP could play a similar role in stabilizing the Ni ion.  

Additionally, a study by Armstrong and collaborators found a conserved arginine residue 

was vital for catalysis in NiFe hydrogenase.6 They propose the guanidine base of arginine 

participates in the activation of H2. As a result of this conserved motif, the incorporation of pendant 

bases into the ligand design of synthetic models of NiFe hydrogenase is important but has been 



 

151 

 

rarely observed in reported synthetic models of NiFe hydrogenase (as opposed to those of FeFe 

hydrogenase). In the title complex, NiFe(TPAP)(CO)5, whose synthesis is illustrated in Scheme 

A.1, the TPAP ligand features a pendant pyridine base, providing a close structural mimic of the 

NiFe hydrogenase enzyme. 

Scheme A.1. Synthesis of NiFe(TPAP)(CO)5. 

 

A.3. Results and Discussion 

A.3.1. Structural Commentary 

The title heterobimetallic NiFe(TPAP)(CO)5 complex (Figure A.1), displays two bridging 

CO molecules between the Ni and Fe metal centers. Selected bond lengths and bond angles are 

given in Table A.1. The Fe(0) center shows a five-coordinate pseudo square-pyramidal geometry 

comprising three terminally bound CO and two bridging CO molecules. The t5 value of the Fe(0) 

atom is 0.40, where t5 = 0 represents an ideal square pyramidal and 1 represents an ideal trigonal–

bipyramidal geometry.7 The Ni(0) center is also coordinated by the two bridging CO molecules 

and the TPAP ligand, where the two nitrogens from two pyridines and the phosphorus of the 

azaphosphatrane are coordinated. The Ni(0) ion displays a five-coordinated square-pyramidal 

geometry with a t5 value of 0.06. The bond lengths of the CO molecules bridging between the Ni 
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and Fe ions are 1.1821 (16) and 1.1754 (17) Å for O1—C25 and O2—C26, respectively. These 

bond lengths are longer than the terminally bound CO molecules on Fe, which are 1.1509 (17), 

1.148 (2) and 1.1531 (19) Å for O3—C27, O4—C28 and O5—C29, respectively. The shorter bond 

distances in the bridging CO molecules is indicative of  p-back-bonding from the two metal centers 

to the bridging CO ligands. The Ni—Fe bond length is 2.4828 (4) Å, similar to the Ni—Fe bond 

length (2.5 Å) in the reduced state of NiFe hydrogenase.8 The distance between atoms P1 and N1 

in TPAP is 3.2518 (13) Å, consistent with a fully relaxed, pro-form of azaphosphatrane.9 One 

pyridine group from TPAP is uncoordinated to the Ni or Fe metals. Atom N5 of the non-

coordinating pyridine is not facing directly towards the metal ions, resulting in an approximate 

distance of 5.61 and 5.93 Å from Ni and Fe, respectively. In comparison, the arginine side chain 

lies less than 4.5 Å from both the Ni and Fe in NiFe hydrogenase.6 

 
Figure A.1. The molecular structure of complex NiFe(TPAP)(CO)5. The displacement ellipsoids 
are drawn at the 50% probability level. For clarity, the hydrogen atoms have been omitted. 
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Table A.1. Selected geometric parameters NiFe(TPAP)(CO)5 (Å, °	).    
 
Ni1—Fe1 2.4828 (4) Ni1—N6 2.1167 (11) 
Ni1—C25 1.8983 (13) Ni1—N7 2.1394 (11) 
Ni1—C26 1.9805 (13) Ni1—P1 2.2276 (4) 
    
C28—Fe1—C25 168.88 (6) C25—Ni1—N7 159.65 (5) 
C27—Fe1—C26 144.68 (6) Ni1—C25—Fe1 80.85 (5) 
C26—Ni1—N6 155.94 (5) Fe1—C26—Ni1 79.42 (5) 

 

A.3.2. Database Survey 

A search was performed to compare previously published structures of molecular NiFe bimetallic 

complexes that are potential biological mimics of NiFe hydrogenase. Specifically, the search was 

for molecular NiFe that contained three terminally bound CO or CN– ligands to Fe and any 

bridging ligand(s) between the Ni and Fe metal ions. This search was limited to these features 

because of their importance in the active site of NiFe hydrogenase. A search of the Cambridge 

Structural Database (CSD, Version 5.40, update November 2018), gave 32 hits with these 

attributes. Only 12 structures have Ni—Fe bond lengths relatively close (within 0.2 Å) to those of 

the reduced form of NiFe hydrogenase (2.5 Å). However, the NiFe complexes of these 12 

structures [CSD refcodes: FANHEK, FANHEK01, FANGUZ, FANHAG, FANHIO and 

FANHUA,10 LAZWEP,11 SUQQOL,12 UCUXOH and UCUXUN,13 UQAJAZ14 and YOKWIE15; 

do not feature a pendant base, which has been demonstrated by Armstrong and collaborators to 

play a key role in the function of NiFe hydrogenase.6 Structural models of NiFe hydrogenase which 

incorporate a pendant base but lack the three terminally bound CO or CN ligands of the NiFe 

hydrogenase active site can be found here [CSD refcodes: EJUSEJ and EJUSUZ,16 FOTKOP17 

and QEKLAT].18 
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A.4. Conclusion  

The heterobimetallic complex, NiFe(TPAP)(CO)5, was characterized by X-ray crystallography. 

The structure revealed a proximal pendant base from one of the non-coordinating pyridine groups 

of TPAP. The NiFe(TPAP)(CO)5 is a rare synthetic mimic of NiFe hydrogenase where pendant 

bases are incorporated into the design.  

A.5. Experimental Details  

General Considerations 

All manipulations were performed in the glovebox, as the title complex is air- and moisture-

sensitive. All solvents (except for C6D6) were first purged with argon and dried using a solvent 

purification system. Iron(0) pentacarbonyl was purchased from Sigma–Aldrich and used without 

further purification. Ni(TPAP)(COD) was synthesized according to an established procedure.4  

Physical Methods 

Nuclear Magnetic Resonance (NMR) Spectroscopy: 

1H and 31P NMR spectra were recorded on a Bruker AVANCE 600 MHz and were referenced to 

the residual protio solvent peak (except for 31P, which was referenced to the absolute frequency of 

0 ppm in the 1H dimension according to the Xi scale).  

Infrared (IR) Spectroscopy: IR absorption was taken on a Thermo Scientific Nicolet iS5 

spectrophotometer with an iD5 ATR attachment.  

Elemental analyses (EA): EA were performed on a PerkinElmer 2400 Series II CHNS elemental 

analyzer.  

X-ray Crystallography (XRC): X-ray diffraction studies were carried out at the UCI Department 

of Chemistry X-ray Crystallography Facility on a Bruker SMART APEX II diffractometer. Data 
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were collected at 88 K using Mo Kα radiation (λ = 0.710 73 Å). A pink crystal of approximate 

dimensions 0.230 x 0.342 x 0.354 mm was mounted in a cryo-loop and transferred to a Bruker 

SMART APEX II diffractometer. The APEX2 program package was used to determine the unit 

cell parameters and for data collection (30 sec/frame scan time for a sphere of diffraction data). 

The raw frame data was processed using SAINT and SADABS to yield the reflection data file. 

Subsequent calculations were carried out using the SHELXTL program. The diffraction symmetry 

was 2/m and the systematic absences were consistent with the monoclinic space group P21/c that 

was later determined to be correct. The structure was solved by dual space methods and refined on 

F2 by full-matrix least-squares techniques. The analytical scattering factors for neutral atoms were 

used throughout the analysis. Hydrogen atoms were included using a riding model. Least-squares 

analysis yielded wR2 = 0.0645 and Goof = 1.039 for 397 variables refined against 7655 data, R1 

= 0.0249 for those 6933 data with I > 2sigma(I). 
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NiFe(TPAP)(CO)5: In a glove box, a solution of TPAP (61.2 mg, 0.136 mmol) in 3 ml of 

tetrahydrofuran was added to a solution of bis(1,5- cyclooctadiene)nickel(0) (37.4 mg, 0.136 

mmol) in tetrahydrofuran. The solution immediately turned dark forest green and was stirred for 1 

h at room temperature. To this solution, iron(0) pentacarbonyl (26.6 mg, 0.136 mmol) in 3 ml of 

tetrahydrofuran was added. The solution turned dark orange–brown and was stirred for 1 h. The 

solvent was removed under reduced pressure and re-dissolved in diethyl ether. The re-dissolved 

product was filtered through a glass disposable Pasteur pipette packed with a 25 mm glass 

microfiber filter and celite (3 cm). Slow evaporation of NiFe(TPAP)(CO)5 in diethyl ether lead to 

the formation of pink block-like crystals of the title complex (52% yield). 1H NMR (C6D6, 600 

MHz): 2.45–2.58 (m, 12H, NCH2CH2N), 4.09 (s, 6H, PyrCH2), 6.58 (t, 3H, Pyr), 6.96 (t, 3H, Pyr), 

7.09 (t, 3H, Pyr), 8.93 (m, 3H, Pyr). 31P{1H} NMR (C6D6, 242.94 MHz): 118.6. IR (CO): 1745, 

1770, 1919 and 2001 cm-1. Elemental Analysis for C29H30FeN7NiO5P: C, 49.61; H, 4.31; N, 13.96; 

found: C, 49.52; H, 4.28; N, 13.63. 
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Figure A.2. 1H NMR spectrum of NiFe(TPAP)(CO)5 in C6D6. 
 
 
 

 

Figure A.3. 31P{1H} NMR spectrum of NiFe(TPAP)(CO)5 in C6D6. 
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APPENDIX B 

 

Attempted Protonation and pKa Measurement of  

Tris(2-pyridylmethyl)azaphosphatraneoxide 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data in this appendix was collected by undergraduate Jessica Mendoza under the guidance and 
supervision of Zachary Thammavongsy. 
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B.1. Motivation and Specific Aims 

Vanadium phosphates (VPO) are heterogenous catalysts uses for the oxidation of butane 

to maleic anhydride, an industrially valuable chemical. A proposed mechanism by Goddard and 

coworkers suggest the C-H bond activation step occurs at the P=O unit1, rather than the vanadium 

center. This appendix describes work towards understanding the basicity of phosphine oxides in 

acetonitrile, particularly tris(2-pyridylmethyl)azaphosphatrane)oxide (TPAPO) and tri(benzyl)-

azaphosphatrane)oxide (TBAPO). 

B.2. Background 

Theoretical work by Goddard and coworkers proposed that the terminal P=O linkages in 

VPO heterogenous catalysis are responsible for C−H activation at butane (Scheme B.1).1 Goddard 

coined the mechanism as “reduction-coupled oxo activation” (ROA) and occurs due to the strong 

basicity at the P=O bond that is coupled to the neighboring high-valent, oxidative V(V) centers, 

which undergo reduction.  

Scheme B.1. Proposed Reduction-Coupled Oxo Activation (ROA) Mechanism in VPO system. 

The role of  a strong basic P=O in VPO motivated this work on quantifying  the basicity of 

P=O, particularly in tris(2-pyridylmethyl)azaphosphatraneoxide (TPAPO) and 

tris(benzyl)azaphosphatrane)oxide (TBAPO). Previous pKa studies on general P=O with alkyl or 

aryl substituents indicate they are very weak bases.2 Proazaphosphatrane-oxides have been shown 

V
O

O

O

O

P

O

O
O

H H

V
O

O

O

O

P

OH

O
O

H

ROA
n n-1



 

162 

 

to be good nucleophiles for organic catalysis due to the added stability from the transannular 

interaction;3 therefore, the P=O in TPAPO and TBAPO could be stronger bases, due to the general 

correlation between the strength of bases and nucleophiles.  

B.3. Results and Discussion 

B.3.1. Synthesis and Characterization of tris(2-pyridylmethyl)azaphosphatraneoxide 
(TPAPO) 
 

The synthesis and characterization of tris(2-pyridylmethyl)azaphosphatraneoxide 

(TPAPO) was not reported by Verkade and coworkers, despite being used as an organic catalyst 

in their study.4 The synthesis of TPAPO followed a published procedure,5 where a slight excess of 

((CH3)3SiO)2 is added to a solution of tris(2-pyridylmethyl)azaphosphatrane (TPAP) in benzene 

(Scheme B.2). 

Scheme B.2. Synthesis of tris(2-pyridylmethyl)azaphosphatraneoxide (TPAPO). 

 

After work up, a white solid is obtained and characterized by 1H and 31P{1H} NMR 

spectroscopy. The 31P{1H} NMR spectrum displayed a resonance at 23 ppm, closely matching 

31P{1H} NMR spectrum of tris(benzyl)azaphosphatraneoxide (24 ppm).5  
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B.3.2. Protonation study of tris(2-pyridylmethyl)azaphosphatraneoxide (TPAPO) 

 Verkade and coworkers attempted the protonation of the methyl substituted Verkade’s 

Superbase with HCl (pKa. = 10.3 in acetonitrile) but the data and discussion were brief.3 In this 

study, HBF4 (pKa = 1.8 in acetonitrile) and p-toluenesulfonic acid (TsOH, pKa = 8.5 in acetonitrile) 

are used to protonate TPAPO. Excess HBF4 was added to TPAPO in acetonitrile (Scheme B.3) to 

approximate the pKa of [TPAPOH]+. 

Scheme B.3. Proposed reactivity of tris(2-pyridylmethyl)azaphosphatraneoxide (TPAPO) with 
HBF4. 

 

After the solvent was removed under reduced pressure, a white solid is obtained. The 

31P{1H} NMR spectrum of the white solid displayed four resonances at 20.0, 16.9, 14.1 and 10.9 

ppm (Figure B.1).  
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Figure B.1. 31P{1H} NMR spectrum of tris(2-pyridylmethyl)azaphosphatraneoxide (TPAPO) + 
HBF4 in CD3CN. 
 

The multiple resonances could correspond to protonation at the P=O oxygen, the Npy and/or 

the Nax. These are all possible sites of protonation due to the pKa of pyridinium (pKa = 12.53 in 

acetonitrile) and tertiary amines (Et3NH, pKa = 18.82). The pKa of the P=O oxygen is not measured 

but is proposed to be the protonation site in tris(methyl)azaphosphatrane)oxide.3 The resonance at 

14.1 ppm in the 31P{1H} NMR spectrum is the largest resonance, and is close to the resonance in 

the 31P NMR spectrum of Verkade’s proposed protonated methyl substituted 

azaphosphatraneoxide at 14.6 ppm.  

 Due to the difficulty of accurately measuring 1 equivalent of HBF4,  TsOH is used. A 1:1 

ratio of TPAPO and TsOH is mixed together in acetonitrile (Scheme B.4). After the solvent is 

removed under reduced pressure, a white solid was obtained. 
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Scheme B.4. Proposed reactivity of tris(2-pyridylmethyl)azaphosphatraneoxide (TPAPO) with 
TsOH. 

 

The 31P{1H} NMR spectrum of the white solid displayed a major resonance at 1.64 ppm in 

CD3CN (Figure B.2) and the disappearance of the P=O signal at 23 ppm. This data could signify 

a complete conversion to the protonated form TPAPO; however, P=O in proazaphosphatranes are 

known to be good nucleophiles that could attack electrophilic sites, such as the S in TsOH.3 

 

Figure B.2. 31P{1H} NMR spectrum of tris(2-pyridylmethyl)azaphosphatraneoxide (TPAPO) + 
TsOH in CD3CN. 
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B.3.3. Protonation study of tris(benzyl)azaphosphatraneoxide (TBAPO) 

The benzyl version of azaphosphatrane lacks the basic pyridine N site and limits the 

possible sites of protonation. The synthesis of tris(benzyl)azaphosphatraneoxide (TBAPO) is 

outlined in previous publication from Verkade and coworkers.5 The addition of excess HBF4 to 

TBAPO in acetonitrile is performed (Scheme B.5). After removal of solvent under reduced 

pressure, a white solid is obtained.  

Scheme B.5. Reactivity of tris(benzyl)azaphosphatraneoxide (TBAPO) with HBF4 or TsOH.  

 

The 31P{1H} NMR spectrum of the white solid displayed a single resonance at 14.7 ppm 

(Figure B.3) This resonance is very close to the 31P NMR spectrum reported for Verkade’s 

proposed protonated methyl substituted azaphosphatraneoxide at 14.6 ppm.3 By switching to the 

benzyl version of azaphosphatrane, there are now less protonation sites to account for and less 

resonances in the 31P{1H} NMR spectrum compared to the addition of HBF4 to TPAPO. 
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Figure B.3. 31P{1H} NMR spectrum of tris(benzy)azaphosphatraneoxide (TBAPO) + HBF4 in 
CD3CN. 

 

Once again, due to the difficulty of accurately measuring 1 equivalent of HBF4,  TsOH was 

used. A 1:1 ratio of TBAPO and TsOH was mixed in acetonitrile (Scheme B.5). After removal of 

solvent under reduced pressure, a white solid was obtained. The 31P{1H} NMR spectrum of the 

white solid displayed resonances at 21.0 and 15.7 ppm in CD3CN (Figure B.4). The resonance at 

21.0 ppm maybe the original TBAPO (24 ppm), but shifted due to potential hydrogen bonding 

interaction with nearby protonated TBAPO or TsOH. The appearance of both TBAPO and 

protonated TBAPO in the 31P{1H} NMR spectrum would indicate an incomplete reaction, 

potentially due to similar pKa between the protonated TBAPO and TsOH in CD3CN.  
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Figure B.4. 31P{1H} NMR spectrum of tris(benzy)azaphosphatraneoxide (TBAPO) + TsOH in 
CD3CN. 
 
B.4. Conclusion 

 The protonation study of tris(2-pyridylmethyl)azaphosphatraneoxide (TPAPO) and 

tris(benzy)azaphosphatraneoxide (TBAPO) with HBF4 and TsOH was performed. The 31P{1H} 

NMR spectra displayed shifts consistent with a protonated P=O in both azaphosphatraneoxides 

when HBF4 was used, however, the addition of TsOH to TPAPO resulted in a 31P{1H} NMR 

spectrum that suggests nucleophilic addition to the electrophilic S of TsOH. Furthermore, the pKa 

of the protonated TBAPO may be close to that of  TsOH. 
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B.5. Experimental Details  

General Considerations 

All manipulations were performed outside the glovebox. All solvents were first purged with argon 

and dried using a solvent purification system. The compound, ((CH3)3SiO)2, was provided by the 

Borovik group and used without further purification. p-toluenesulfonic acid and HBF4•Et2O (48% 

w/w) were commercially purchased and used without further purification.  

Physical Methods 

Nuclear Magnetic Resonance (NMR) Spectroscopy: Nuclear magnetic resonance (NMR) 

spectra were recorded on a Bruker AVANCE 600 MHz (1H, 13C and 31P) 1H NMR spectra were 

referenced to (tetramethylsilane) TMS using the residual proton signal of the solvent and 31P NMR 

spectra were referenced to an internal H3PO4 sample in D2O. 
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Tris(2-pyridylmethyl)azaphosphatraneoxide (TPAPO): A solution of ((CH3)3SiO)2 (35.0 mg, 

0.19 mmol) in 5 mL of benzene was added to a solution of tris(2-pyridylmethyl)azaphosphatrane 

(79.0 mg, 0.17 mmol) in 6 mL of benzene. After the solution was stirred for 1 day, the solvent was 

removed under reduced pressure, yielding a white solid. 1H NMR (CD3CN , 600 MHz) δ = 2.82 

(t, 6H, NCH2CH2NP), 2.96 (m, 6H, NCH2CH2NP), 4.33 (d, 6H, PyCH2N), 7.22 (m, 3H, Py), 7.76 

(s, 6H, Py), 8.48 (d, 3H, Py). 31P{1H} (CD3CN, 243 MHz) δ = 23.95. 

 

 

Figure B.5. 1H NMR spectrum of tris(2-pyridylmethyl)azaphosphatraneoxide (TPAPO) in 
CD3CN. 
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Figure B.6. 31P{1H} NMR spectrum of tris(2-pyridylmethyl)azaphosphatraneoxide (TPAPO) in 
CD3CN. 
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Tris(2-pyridylmethyl)azaphosphatraneoxide (TPAPO) + HBF4 : 20 drops of HBF4 (48% w/w) 

were added to a solution of tris(2-pyridylmethyl)azaphosphatrane in benzene . After the solution 

was stirred for 1 day, the solvent was removed under reduced pressure yielding a white solid. 

31P{1H} (CD3CN, 243 MHz) δ = 20.0, 16.9, 14.1 and 10.9. 

Tris(2-pyridylmethyl)azaphosphatraneoxide (TPAPO) + TsOH : TsOH (16.1 mg, 0.08 mmol) 

in acetonitrile was added to a solution of tris(2-pyridylmethyl)azaphosphatrane (37.0 mg, 0.08 

mmol) in acetonitrile. After the solution was stirred for 1 day, the solvent was removed under 

reduced pressure  yielding a white solid. 31P{1H} (CD3CN, 243 MHz) δ = 12.9, 7.8, 1.64, -19.1 

and -38.8. 

Tris(benzyl)azaphosphatraneoxide (TBAPO) + HBF4 : 20 drops of HBF4 (48% w/w) were 

added to a solution of tris(benzyl)azaphosphatrane in benzene . After the solution was stirred for 

1 day, the solvent was removed under reduced pressure yielding a white solid. 31P{1H} (CD3CN, 

243 MHz) δ = 14.7. 

Tris(benzyl)azaphosphatraneoxide (TBAPO) + TsOH : TsOH (15.4 mg, 0.08 mmol) in 

acetonitrile was added to a solution of tris(benzyl)azaphosphatrane (36.8 mg, 0.08 mmol) in 

acetonitrile. After the solution was stirred for 1 day, the solvent was removed under reduced 

pressure yielding a white solid. 31P{1H} (CD3CN, 243 MHz) δ = 21.0 and 15.7. 
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APPENDIX C 

 

Coordination Complexes of Phosphine Ligands without 

Transannular Interactions 
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Thammavongsy, Z.; Khosrowabadi Kotyk, J. F.; Tsay, C.; Yang, J. Y. Inorg. Chem. 2015, 54, 
11505-11510 
 



 

175 

 

C.1. Motivation and Specific Aims 

Ligand scaffold without the bicyclic cage frame in TPAP was designed and coordinated to 

Co(II) metal ions. These complexes were structurally characterized and compared with 

[Co(II)(TPAP)(CH3CN)][BF4]2. The ligands without the bicyclic cage frame were designed in 

order to compare future reactivity studies with transition metal TPAP analogues. 

C.2. Background 

The role of transannular interactions in transition metal complexes was outlined in the 

introduction of chapter 3. In this appendix, the transition metal complexes of tris(2-

pyridylmethyl)aminophosphine (TPMAP) and tris(2-pyridylethyl)aminophosphine (TPEAP) are 

described. Both TPMAP and TPEAP ligands lack the transannular interaction of the P-Nax bond 

in comparison to  TPAP (Chart C.1). 

Chart C.1. Ligand with Bicyclic Caged Framed (TPAP) and without (TPMAP & TPEAP).  
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C.3. Results and Discussion 

C.3.1. Synthesis of Co(II) Complexes of Tris(2-pyridylmethyl)aminophosphine (TPMAP)  

 The ligand, TPMAP, was synthesized following a published procedure.1 One equivalent of 

TPMAP in dichloromethane was combined with one equivalent of [Co(CH3CN)6][BF4]2 in 

acetonitrile (Scheme C.1). Electrospray ionization mass spectrum (ESI-MS) of the reaction 

mixture reveals the presence of the [Co(TPMAP)2]2+ ion and an absence of the [Co(TPMAP)]2+ 

ion. The isolated product [Co(TPMAP)2][BF4]2 was precipitated and washed with diethyl ether to 

afford a green solid in 32.5% yield.2  

Scheme C.1. Coordination of TPMAP with [Co(CH3CN)6][BF4]2. 

 

[Co(TPMAP)2][BF4]2 was analyzed by single crystal X-ray diffraction (Figure C.1). The 

crystal structure contains two 6-coordinate [Co(TPMAP)2]2+ complexes in the asymmetric unit. In 

each TPMAP ligand, only two pyridines and the central phosphorus donor are coordinated, leaving 

one pyridine unbound to the Co(II) center. This binding mode is similar to what was previously 

observed with Cr(III), Fe(II), and Ru(II).1 
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Figure C.1. Crystal structure of [Co(TPMAP)2][BF4]2. Thermal ellipsoids are drawn at 50% 
probability. Hydrogen atoms and counter anions are omitted for clarity. Adapted with permission 
from Thammavongsy, Z.; Khosrowabadi Kotyk, J. F.; Tsay, C.; Yang, J. Y. Inorg. Chem. 2015, 
54, 11505-11510. Copyright 2015 American Chemical Society. 
 
 
C.3.2. Synthesis of Tris(2-pyridylethyl)aminophosphine (TPEAP) 

The ligand, TPEAP, which has an additional methylene linker compared to TPMAP, is a 

closer analogue of TPAP due to the potential 6-membered chelate ring formation. TPEAP was 

synthesized by mixing 2-pyridinemethanamine and tris(dimethylamino)phosphine in a 6:1 ratio at 

room temperature followed by the addition of KOtBu in tetrahydrofuran (Scheme C.2). The 

31P{1H] NMR spectrum of TPEAP displayed one resonance at 125.6 ppm. The 1H NMR spectrum 

contained impurities consistent to the starting material 2-pyridinemethaneamine, which can impact 

potential metallation reactions. Care must be taken with the ratio of the starting materials to 

regulate the amount of impurities found in the product.    
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Scheme C.2. Synthesis of tris(2-pyridylethyl)aminophosphine (TPEAP). 

 

C.3.3. Synthesis of Co(II) Complexes of Tris(2-pyridylethyl)aminophosphine (TPEAP) 

One equivalent of TPEAP in dichloromethane was combined with one equivalent of 

[Co(CH3CN)6][BF4]2 in acetonitrile (Scheme C.3). The solution exhibited a color change from 

light pink to brown. After solvent was removed under reduced pressure, a brown solid was isolated 

in 61.19% yield. X-ray quality crystals were grown from layering a solution of the brown solid in 

dichloromethane with diethyl ether.  

Scheme C.3. Coordination of TPEAP with [Co(CH3CN)6][BF4]2. 
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The crystal structure contains two 5-coordinate [Co(TPEAP)(CH3CN)]2+ complexes in the 

asymmetric unit (Figure C.2). Unlike TPMAP, the TPEAP version coordinates to the Co(II) ion in 

a tetradentate fashion. The t5 value of [Co(TPEAP)(CH3CN)][BF4]2 is 0.274 (average of both 

complexes in unit cell), where a value of 0 represents an ideal square pyramid, and a value of 1 

represents an ideal trigonal bipyramid.3 Comparing the t5 value of [Co(TPEAP)(CH3CN)][BF4]2  

and [Co(TPAP)(CH3CN)][BF4]2 (t5 = 0.418), the geometry of the [Co(TPEAP)(CH3CN)][BF4]2 is 

more square pyramidal than [Co(TPAP)(CH3CN)][BF4]2, potentially due to the non-bicyclic cage 

frame that would restrict coordination to a more C3 symmetric complex. The Co–P distance in 

[Co(TPEAP)(CH3CN)][BF4]2 is 2.147 Å (average of both complexes in unit cell) which is similar 

to that of [Co(TPAP)(CH3CN)][BF4]2 (Co–P = 2.1693(7) Å).  

 

Figure C.2. Crystal structure of [Co(TPEAP)(CH3CN)][BF4]2. Thermal ellipsoids are drawn at 
50% probability. Hydrogen atoms and counter anions are omitted for clarity. 
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C.4. Conclusion 

 Co(II) complexes of TPMAP and TPEAP (non-bicyclic analogue of TPAP) were 

synthesized and structurally characterized. The additional methylene linker in TPEAP (compared 

to TPMAP) provided flexibility for tetradentate coordination to a Co(II) ion. TPEAP displayed 

tetradentate chelation in [Co(TPEAP)(CH3CN)][BF4]2, just like TPAP in 

[Co(TPAP)(CH3CN)][BF4]2. 

C.5. Experimental Details  

General Considerations 

All manipulations were performed in the glovebox, as all complexes are air- and moisture-

sensitive. All solvents were first purged with argon and dried using a solvent purification system. 

2-pyridinemethanamine, KOtBu, tris(dimethylamino)phosphine were commercially purchased 

and used without further purification. Ni(TPAP)(COD) was synthesized according to an 

established procedure.4 [Co(CH3CN)6][BF4]25 and TPMAP1 were synthesized according to 

published procedures.  

Physical Methods 

Nuclear Magnetic Resonance (NMR) Spectroscopy: Nuclear magnetic resonance (NMR) 

spectra were recorded on a DRX400 with a switchable QNP probe (1H and 31P) or a Bruker 

AVANCE 600 MHz (1H and 31P). 1H NMR spectra were referenced to (tetramethylsilane) TMS 

using the residual proteo impurities of the solvent; 31P{1H} NMR spectroscopy experiments are 

referenced to the absolute frequency of 0 ppm in the 1H dimension according to the Xi scale.6 

X-ray Crystallography (XRC): X-ray diffraction studies were carried out at the UCI Department 

of Chemistry X-ray Crystallography Facility on a Bruker SMART APEX II diffractometer. Data 
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were collected at 88 K using Mo Kα radiation (λ = 0.710 73 Å). A full sphere of data was collected 

for each crystal structure. The APEX2 program suite was used to determine unit-cell parameters 

and to collect data. The raw frame data were processed and absorption corrected using the SAINT 

and SADABS programs, respectively, to yield the reflection data files. Structures were solved by 

direct methods using SHELXS and refined against F2 on all data by full-matrix least-squares with 

SHELXL-97. 

For the structure of [Co(TPMAP)2][BF4]2, checkCIF reports one level B alert 

(PLAT214_ALERT_2_B) due to a high ratio of maximum to minimum anisotropic displacement 

parameters (ADPs) for atom F2B, which can signify a substitutional or positional disorder. As this 

atom is in the minor part of a disordered BF4 anion, the identity of which is not in question. 

 

[Co(TPMAP)2][BF4]2: In the glovebox, [Co(CH3CN)6][BF4]2 (61.3 mg, 0.128 mmol) was added 

to a solution of TPMAP (45.1 mg, 0.128 mmol) in 3 mL of dichloromethane. The solution 

immediately turned dark green and was stirred for 6 h at room temperature. The solvent was 

removed under reduced pressure, and the resulting green solid was washed with diethyl ether. 

The green solid was re-dissolved in acetonitrile and filtered through a glass pipet packed with a 

glass microfiber filter. Slow vapor diffusion with diethyl ether afforded green crystals. ESI-MS 

(m/z): [M − BF4 ]+ Calculation for C36H42BCoF4N12P2, 850.25; Found, 850.17. UV-vis (CH3CN) 

λmax, nm (ε): 230 (49377), and 290 (18654). Analytical Calculation for 

C36H42B2Cl3CoF8N12P2·(CH2Cl2)1.5: C, 42.14; H, 4.13; N, 15.92. Found: C, 42.30; H, 4.26; N, 

15.79. μeff (solution) = 2.11 μB 
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Tris(2-pyridylethyl)aminophosphine (TPEAP): In a Schlenk flask, 2-pyridinemethanamine 

(200 mg, 1.64 mmol), tris(dimethylamino)phosphine (44.5 mg, 0.273 mmol) and 15 mL of 

tetrahydrofuran were added. The reaction was stirred for 4 days at room temperature, under N2. 

The reaction mixture was brought into the glove box and was added KOtBu (0.061 mg, 0.54 

mmol). A color change was observed from colorless to pink and stirred for 1 day. The reaction 

was filtered through a medium fritted funnel. The filtrate was collected, and the solvent was 

removed under reduced pressure. The solid was redissolved in acetonitrile and refiltered through 

a medium fritted funnel to remove excess potassium tert-butoxide. The filtrate was collected, the 

solvent was removed under reduced pressure, and the solid was redissolved in tetrahydrofuran and 

layered with pentane. After 1 day of standing, the solution was decanted from crystalline potassium 

tert-butoxide. The solvent from the filtrate was removed under reduced pressure to afford the 

product as a colorless oil. 1H NMR (CD3CN, 400 MHz) δ = 2.51 (d, 9H, NCH3), 4.18 (d, 6H, 

PyrCH2N), 7.18 (m, 3H, Py), 7.40 (d, 3H, Py), 7.68 (m, 3H, Py), 8.49 (d, 3H, Py). 31P{1H}NMR 

(CD3CN, 162 MHz) δ = 125.6. 
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Figure C.3. 1H NMR spectrum of tris(2-pyridylethyl)aminophosphine (TPEAP) in CD3CN. 

 

Figure C.4. 31P{1H}NMR spectrum of tris(2-pyridylethyl)aminophosphine (TPEAP) in CD3CN. 
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[Co(TPEAP)(CH3CN)][BF4]2: In the glovebox, a solution of [Co(CH3CN)6][BF4]2 (42.6 mg, 

0.0889 mmol) in 3 mL acetonitrile was added to a solution of TPEAP (35.1 mg, 0.0889 mmol) in 

3 mL of dichloromethane. The solution turned brown and was stirred for 1 day at room 

temperature. The solvent was removed under reduced pressure, and the resulting brown solid was 

washed with diethyl ether. The green solid was re-dissolved in dichloromethane and filtered 

through a glass pipet packed with a glass microfiber filter. A layering system of diethyl 

ether/dichloromethane afforded red crystals.  
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APPENDIX D 

 

Attempted Synthesis of an Fe-Sulfur-Carbide Cluster 
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D.1. Motivation and Specific Aims 

Cluster chemistry is a rich subset of inorganic chemistry since Albert Cotton first used the 

word “cluster” to describe multimetallic complexes in the 1960s.1 One of the motivations driving 

inorganic chemists to pursue these synthetic challenges is the importance cluster complexes play 

in biology. There is great interest in a synthetic mimic of the FeMocofactor (FeMoco) in the 

molybdenum nitrogenase enzyme due to the recent identification of the carbide interstitial atom.2, 

3 The work detailed in this appendix describes efforts to synthesize an Fe-carbide cluster 

containing sulfur ligands. 

D.2. Background 

In 2011, the mysterious interstitial atom was revealed in the nitrogenase’s FeMocofactor 

(FeMoco) as a tetraanionic carbon.2, 3 Although chemists have not yet synthesized a FeMoco 

mimic containing all components of the active site (Fe, S, and a carbide), some groups have 

published related complexes in hopes of shedding light on the role some of these atoms play in the 

active site.4 Holland and coworkers came close to incorporating relevant atoms of FeMoco with 

their Fe-bis(thiolate)arene ligand system, where the arene system is illustrated as a carbide (Figure 

D.1).5 Their electron rich Fe-bis(thiolate)arene complex binds N2, where Holland and coworkers 

found the breaking of an Fe-S bond, from an exogenous sulfur ligand, to be an important step 

before N2 binding. Holm synthesized a tris-pyrazyolylborate capping ligand on an Fe3S3 cluster 

group on W (Figure D.1). The Fe3S3 cluster contains a light atom, N, presenting a unique synthetic 

pathway to potentially incorporate other light atoms (i.e. carbon).6 Recently, Bendix and 

coworkers developed a new methodology to incorporate a carbide center in a Fe2Ru cluster 
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complex.7 Although this system is missing sulfur ligands, the rare presence of a carbide center 

provides a solid foundation for more synthetic modifications in pursuit of a more structurally 

complete synthetic model of FeMoco.  

Figure D.1. Structurally characterized Fe complexes containing either sulfur or carbide-like 
components as partial FeMoco synthetic mimics. 
 

 

This appendix describes efforts to decorate a well-known Fe-carbide carbonyl cluster with 

sulfur ligands to generate the first synthetic model that incorporates all three components of 

FeMoco (Fe, S, and carbide atom). 

D.3. Results and Discussion 

The starting point of this study was the cluster [Me4N]2[Fe6(CO)16C2-] which was 

synthesized following a procedure by Churchill.8 The composition was confirmed by 13C NMR 

and IR spectroscopy.8 The carbide is located downfield in the 13C NMR spectrum, at 484 ppm and 

the IR spectrum display two major CO vibrational frequency at 1863 and 1727 cm-1.9 Despite the 

difference in geometry between the [Me4N]2[Fe6(CO)16C2-] cluster and the FeMoco active site, the 

closest Fe-C distance  measured by X-ray diffraction is quite similar, at 1.99 and 2.010 Å, for 

[Me4N]2[Fe6(CO)16C2-] and FeMoco, respectively. 
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The addition of sulfur atoms to [Me4N]2[Fe6(CO)16C2-] was attempted through the addition 

of various sulfur compounds to [Me4N]2[Fe6(CO)16C2-] in acetonitrile or tetrahydrofuran (Table 

D.1). These reactions were motivated by Holm’s Fe4S4 cluster work with sulfur ligand exchange.11  

Table D.1. Attempted substitution of carbonyl with sulfur reagents in [Me4N]2[Fe6(CO)16C2-]. 

 
Number Sulfur Reagent Ratio 

(Cluster:Sulfur) 
Condition Solvent Duration 

(day) 
1  1:4.5 Room 

Temperature 
THF 1 day 

2  1:4.5 UV-Lamp 
Room 

Temperature 

CH3CN 1 day 

3 
 

1:20 Room 
Temperature 

CH3CN 2 days 

4 
 

1:20 UV-Lamp 
Room 

Temperature 

CH3CN 1 day 

5 
 

1:18 Room 
Temperature 

CH3CN 2 days 

6 
 

1:22 UV-Lamp 
Room 

Temperature 

CH3CN 1 days 

7 

 

1:20 Room 
Temperature 

CH3CN 2 days 

8 

 

1:17 UV-Lamp 
Room 

Temperature 

CH3CN 1 days 

9  1:17 Room 
Temperature 

CH3CN 2 days 

10  1:20 UV-Lamp 
Room 

Temperature 

CH3CN 1 days 

Sulfur Reagent
Solvent

Temp
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The reactions under a UV-lamp (365 nm) did produce a color change, resulting in the 

isolation of a brown or red brown solid. However, all reactions produced IR spectra with CO 

stretches that matched the vibrational spectra of the starting material. Infrared spectra of the 

isolated products from all the reactions can be found in the Experimental Details.   

Reactions run at room temperature did not display a color change from purple (except with 

S8). The reaction of [Me4N]2[Fe6(CO)16C2-] with S8 in tetrahydrofuran (row 1 in Table D.1) 

produced a brown solid. Washing the brown solid with diethyl ether resulted in an orange yellow 

solution, in which colorless crystals formed upon slow evaporation of the diethyl ether. IR 

spectrum of the colorless crystals displayed CO vibrational frequencies at higher wavenumber 

(2082 and 1998 cm-1) than the starting material (1863 and 1727 cm-1 of [Me4N]2[Fe6(CO)16C2-]).  

X-ray analysis of the colorless crystals displayed a Fe5(CO)15C, which is consistent with 

previous structures of Fe5(CO)15C (Figure D.2).9 It is documented that the [Me4N]2[Fe6(CO)16C2] 

cluster can undergo chemical oxidation via the oxidative elimination of {Fel(CO)m(X)n} units.12 

However, the IR stretching frequency of the Fe5(CO)15C produced in this appendix do not match 

that of previous published Fe5(CO)15C (2015, 1975 and 1945 cm-1).9  
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Figure D.2. Crystal structure of Fe5(CO)15C. Thermal ellipsoids are drawn at 50% probability.  

D.4. Conclusion 

The cluster, [Me4N]2[Fe6(CO)16C2-] was mixed with various sulfur reagents in order to 

produce a Fe-S-Carbide cluster that would mimic the FeMoco active site of nitrogenase. The 

reaction of [Me4N]2[Fe6(CO)16C2-] with S8 (row 1 in Table D.1) produced crystal structures that 

identified as the Fe5(CO)15C cluster. However, the IR spectrum displayed CO vibrational 

frequencies that are not consistent with the literature values of a Fe5(CO)15C cluster. 
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D.5. Experimental Details  

General Considerations 

All manipulations were performed in the glovebox, as the clusters can undergo oxidative 

elimination. All solvents were first purged with argon and dried using a solvent purification 

system. Methyl disulfide, 4-fluorothiophenol, 2-methyl-1-propanethiol and benzyl mercaptan 

were provided from the Rychnovsky lab at UCI and used without further purification.  Na(Hg), 

Mn2(CO)10, Fe(CO)5 and S8 were commercially purchased and used without further purification. 

Physical Methods 

Infrared (IR) Spectroscopy: In a glove box, the IR absorption was taken on a Thermo Scientific 

Nicolet iS5 spectrophotometer with an iD5 ATR attachment. 

UV-Lamp Condition: All experiments with a UV-Lamp were conducted in the Evans’ lab. In a 

hood with aluminum foil covered windows is a Hanovia medium-pressure 450 W (254 nm) 

mercury vapor lamp (PC451050/ 610741). The 5.5 in. long lamp was clamped to hang inside a 13 

in. × 1.5 in. diameter cavity of a double-walled quartz water cooling jacket. Samples were placed 

on a stir plate, placed on one side of the lamp. 

General Reaction: In the glove box, the neat sulfur reagent was added to a solution of 

[Me4N]2[Fe6(CO)16C2-] in 10 mL of THF. The mixture was stirred for either 1 d (UV-Lamp) or 2 

d (no UV-Lamp). The solvent was then removed under reduced pressure to obtain a solid. For 

reactions with UV-light, the reaction vial (20 mL scintillation vial) was sealed with electrical tape 

and brought outside the box. After the reaction was finished, the solvent was removed under 

reduced pressure before analyzing the solid by IR spectroscopy in the glovebox. 
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(1) Solid S8 (45.0mg) was added to a solution of [Me4N]2[Fe6(CO)16C2-] (36.8 mg) in THF. The 

purple mixture was stirred for 1 day, during which time the color changed from purple to brown. 

Solvent was removed under reduced pressure to obtain a brown solid. The brown solid was 

extracted with diethyl ether to give an orange yellow solution. X-ray quality crystals were grown 

from the slow evaporation of diethyl ether. 

 

Figure D.3. IR spectra of (red, top) [Me4N]2[Fe6(CO)16C2-] and the product of (blue, bottom) 
[Me4N]2[Fe6(CO)16C2-] + S8. 
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(2) Solid S8 (52.9 mg) was added to a solution of [Me4N]2[Fe6(CO)16C2-] (43.3 mg) in CH3CN. The 

purple mixture was stirred for 1 day under UV light, during which time the color changed from 

purple to red-brown. 

 

Figure D.4. IR spectra of (red, top) [Me4N]2[Fe6(CO)16C2-] and the product of (blue, bottom) 
[Me4N]2[Fe6(CO)16C2-] + S8 under UV light. 
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(3) PhCH2SH (53.7 mg) was added to a solution of [Me4N]2[Fe6(CO)16C2-] (25.5 mg) in CH3CN. 

The purple mixture was stirred for 1 day at room temperature. No color changed occurred. 

 

Figure D.5. IR spectra of (red, top) [Me4N]2[Fe6(CO)16C2-] and the product of (blue, bottom) 
[Me4N]2[Fe6(CO)16C2-] + PhCH2SH. 
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(4) PhCH2SH (52.9 mg) was added to a solution of Me4N]2[Fe6(CO)16C2-] (43.3 mg) in CH3CN. 

The purple mixture was stirred for 1 day under UV light, during which time the color changed 

from purple to red-brown. 

 

Figure D.6. IR spectra of (red, top) [Me4N]2[Fe6(CO)16C2-] and the product of (blue, bottom) 
[Me4N]2[Fe6(CO)16C2-] + PhCH2SH under UV light. 
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(5) iPrSH (42.2 mg) was added to a solution of [Me4N]2[Fe6(CO)16C2-] (24.2 mg) in CH3CN. The 

purple mixture was stirred for 1 day at room temperature. No color changed occurred. 

 

Figure D.7. IR spectra of (red, top) [Me4N]2[Fe6(CO)16C2-] and the product of (blue, bottom) 
[Me4N]2[Fe6(CO)16C2-] + iPrSH. 
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(6) iPrSH (72.5 mg) was added to a solution of [Me4N]2[Fe6(CO)16C2-] (34.2 mg) in CH3CN. The 

purple mixture was stirred for 1 day under UV light, during which time the color changed from 

purple to red-brown. 

 

Figure D.8. IR spectra of (red, top) [Me4N]2[Fe6(CO)16C2-] and the product of (blue, bottom) 
[Me4N]2[Fe6(CO)16C2-] + iPrSH under UV light. 
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(7) p-FC6H4SH (69.6 mg) was added to the solution of [Me4N]2[Fe6(CO)16C2-] (26.0 mg) in 

CH3CN. The purple mixture was stirred for 1 day at room temperature. No color changed occurred. 

 

Figure D.9. IR spectra of (red, top) [Me4N]2[Fe6(CO)16C2-] and the product of (blue, bottom) 
[Me4N]2[Fe6(CO)16C2-] + p-FC6H4SH. 
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(8) p-FC6H4SH (64.5 mg) was added to a solution of [Me4N]2[Fe6(CO)16C2-] (28.4 mg) in CH3CN. 

The purple mixture was stirred for 1 day under UV light, during which time the color changed 

from purple to red-brown.  

 

Figure D.10. IR spectra of (red, top) [Me4N]2[Fe6(CO)16C2-] and the product of (blue, bottom) 
[Me4N]2[Fe6(CO)16C2-] + p-FC6H4SH under UV light. 
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(9) Me2S2 (41.9 mg) was added to a solution of [Me4N]2[Fe6(CO)16C2-] (25.0 mg) in CH3CN. The 

purple mixture was stirred for 1 day at room temperature. No color changed occurred. 

 

Figure D.11. IR spectra of (red, top) [Me4N]2[Fe6(CO)16C2-] and the product of (blue, bottom) 
[Me4N]2[Fe6(CO)16C2-] + Me2S2. 
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(10) Me2S2 (64.5 mg) was added to a solution of [Me4N]2[Fe6(CO)16C2-] (28.4 mg) in CH3CN. The 

purple mixture was stirred for 1 day under UV light, during which time the color changed from 

purple to red-brown. 

 

Figure D.12. IR spectra of (red, top) [Me4N]2[Fe6(CO)16C2-] and the product of (blue, bottom) 
[Me4N]2[Fe6(CO)16C2-] + Me2S2 under UV light.  
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APPENDIX E 

 

CH4 Activation Study with Fe(depe)2 Derivatives 
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E.1. Motivation and Specific Aims 

Methane is used as a resource for the production of many important industrialized 

chemicals such as ammonia, methanol and acetic acid.1 Unfortunately, this process procceds 

through a very energy intensive pathway (700 - 1100 °C) via the steam reforming of methane.1 

Therefore, efforts to directly convert methane to valuable chemicals such as methanol2 are 

highly sought after and is the motivation of this project.  

One of the challenges with direct conversion of methane is the activation of the strong 

C-H bond. There are many approaches possible for C-H bond activation; this appendix 

describes  attempts to activate the C-H bond of methane by heterolysis in a base-assisted 

pathway. 

E.2. Background 

Methane is inert due to its strong C-H bond (BDE = 105 kcal/mol-1) and its high lying 

LUMO and low lying HOMO.3 Although C-H bond cleavage is possible at high temperatures 

under atmospheric conditions, combustion of methane is not controlled and produces 

undesirable products. The first step towards functionalization is activating the C-H bond of 

methane. This can be challenging due to two reasons; the inertness of the C-H bond and 

competing reactions once the oxidized product is formed.4 Examples of C-H bond activation of 

methane by metal complexes are categorized into 5 classes,5 which exclude some approaches 

that are not directly related to metal-CH3 bond formation. These classes are detailed below and 

outlined in Scheme E.1. 
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Scheme E.1. Categories of C-H activation of methane. a) oxidative addition, b) σ-bond 
metathesis, c) electrophilic activation, d) 1,2 addition and e) metalloradical.  

 

 

E.2.1. Oxidative Addition 

These complexes feature electron rich, low-valent late transition metal centers with low-

coordination numbers. The low-coordination number allows space for the addition of both 

carbon and hydrogen from methane while the highly electron rich metal center can easily 

undergo two electron oxidation. Examples can be seen with metals such as Re,6 Fe,7 Os,8 and 

Ir.9 Early examples of oxidative addition of methane involve a Cp*Ir(CO) complex, under 20 

atm of methane using light at room temperature.10 The drawback of this system is the use of 

expensive precious metals. 
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E.2.2. Sigma-Bond Metathesis 

These complexes feature electron poor, high-valent early transition metal centers. The 

process goes through a net zero oxidation state change. In all but one case, a reversible reaction 

occurs in which alkyl fragments interchange with no further methane functionalization.11 

Examples include metals in group 3,12 lanthanides13 and actinides.14 The first example of σ-

bond metathesis focuses on the lanthanide complex, Cp*2LuCH3, which showed a reversible 

methane activation at 70 oC.15   

E.2.3. 1,2-Addition  

Similar to σ-bond metathesis, 1,2-addition features electron-poor, high-valent, and 

typically early transition metal centers. However, they have a unique feature that incorporates 

metal-ligand multiple bonds. The addition of methane does not change the oxidation state of 

the metal and examples can be seen with Zr,16 V,17 Ti18 and W19 metals. The transient imido 

complex, [(tBu3SiNH)2Zr=NSitBu3] incorporates methane and other aliphatic C-H bonds in 

high yields (99%).16 However, the resulting product is relatively unreactive and does not 

undergo subsequent functionalization. 

E.2.4. Metalloradicals  

These complexes feature two metal centers that can homolytically split the C-H bond in 

methane. Rh(II) is an example of a metal capable of metalloradicals, which oxidize to Rh(III) 

upon the addition of the alkyl or hydrogen atom. A porphyrin Rh dimer was shown to slowly 

activate methane after 15 days at 40 oC with 40% conversion.20 
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E.2.5. Electrophilic Activation 

Electrophilic activation of methane  was pioneered by Shilov using square planar Pt(II) 

complexes21 and can now be seen with other late metals such as Pd,22 Co,23 Hg24 and Tl.25 The 

reaction conditions for Shilov’s chemistry usually involve strong polar mediums (such as water 

or an anhydrous strong acid) at 100 oC. Additionally, this chemistry suffers from an expensive 

sacrificial oxidant [Pt(IV)]. However, this system is catalytic, oxidizing methane to methanol 

or chloroform.21   

E.2.6. Base Assisted Activation for C-H Activation 

Similar to electrophilic activation, this work described in this appendix aims to activate 

C-H bonds by employing a base and a metal center to facilitate base-assisted heterolytic 

cleavage of the C-H bond. The base used in this work is 1,8-diazabicyclo[5.4.0]undec-7-ene 

(DBU, pKa 24.3 in acetonitrile).26 A few examples of base-assisted C-H activation involve sp2 

and sp3 carbons, but none involve methane.27, 28 Recent work from Darensbourg and colleagues 

utilizes a pendant base amine to assist in the intramolecular cleavage of an sp3 C-H bond in an 

iron complex.28   

E.3. Results and Discussions 

E.3.1. Synthesis of [FeCl(CO)(depe)2]Cl 

Following a literature procedure,29,30 two equivalent of bis(diethylphosphino)ethane 

(depe) were added to FeCl2 in THF to isolate the  product, FeCl2(depe)2 as a green solid. CO 

gas was then added to the solution of FeCl2(depe)2 in ethanol. The color changed from green to 

orange after dissolution in ethanol and then to orange-yellow when CO gas was added to 
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generate  the complex, [FeCl(CO)(depe)2]Cl (Scheme E.2). [FeCl(CO)(depe)2]Cl displayed a 

CO vibrational frequency peak in the solution-IR (dichloromethane) at 1915 cm-1, matching the 

literature value.31 The 31P NMR spectrum of [FeCl(CO)(depe)2]Cl had a single resonance at 

65.97 ppm, also matching the previously reported value.31   

Scheme E.2. Synthesis of FeCl2(depe)2 and [FeCl(CO)(depe)2]Cl. 

 

E.3.2. Reactivity with CH4 

Following the literature procedure, [FeCl(CO)(depe)2]Cl undergoes a salt metathesis with 

2 equivalents of AgSbF6 in CD2Cl2 to obtain a bright orange-yellow solution (Scheme E.3). The 

proposed structure of [Fe(SbF6)(CO)(depe)2](SbF6) is in line with other structurally 

characterized [Fe(CO)(X)(depe)2](X) complex, where X is BF4 or OTf. The solution containing 

[Fe(SbF6)(CO)(depe)2](SbF6) was filtered into a J. Young tube and sealed. A 31P{1H} NMR 

spectrum of [Fe(SbF6)(CO)(depe)2](SbF6) displayed three resonances at 64.7, 64.3 and 64.1 

ppm. The weak Fe-F bond presented an opportunity for CH4 binding, as it was demonstrated 

previously that H2 can bind to Fe in this system.31 CH4 gas was then added to the J. Young tube 

but no color change was observed (Scheme E.3). In addition, the 31P{1H} NMR spectrum was 

unchanged from [Fe(SbF6)(CO)(depe)2](SbF6) 
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Scheme E.3. Reactivity of [FeCl(CO)(depe)2]Cl with CH4. 

 

E.3.3. Reactivity with CH4 and DBU 

The addition of an external base (DBU) was added to achieve the base assisted activation 

of CH4. The goal was to produce the [Fe(CH3)(depe)2] complex and a [DBU-H] molecule. The 

characterization of a Fe-CH3 complex of the Fe(depe)2 system was previously published and 

can help identify if a Fe-CH3 bond was formed.32 The J. Young tube was filled with 

[FeCl(CO)(depe)2]Cl, 1.5 equiv DBU, 2.5 equiv of AgSbF6 and CH4 gas (Scheme E.4). The 31P 

NMR spectrum of product showed a major resonance at 70.0 ppm, which is consistent with the 

controlled experiment of DBU addition (without CH4) to the proposed 

[Fe(SbF6)(CO)(depe)2](SbF6). Thus, it appears DBU binds directly to the iron complex, 

inhibiting any direct CH4 interaction. R. H. Morris has noted the importance of using less 

nucleophilic bases in these systems to prevent ligation to the Fe center.31 One method to 

circumvent this issue is to use a sterically bulky base, where access to the Fe center would be 

hindered. 
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Scheme E.4. Reactivity of [FeCl(CO)(depe)2]Cl with CH4 and DBU. 

 

E.4. Conclusions  

Base assisted C-H bond activation was attempted with [FeCl(CO)(depe)2]Cl, DBU, CH4 

and SbF6. No reaction was observed for CH4 activation, potentially due to the formation of an 

Fe-DBU bond that may prevent CH4 from accessing the Fe center of [Fe(CO)(depe)2](SbF6)2. 

Future work with this system could utilize a bulkier base, such as the tertbutyl functionalized 

Verkade’s Superbase, in order to inhibit coordination.  

E.5. Experimental Details  

General Considerations 

All manipulations were performed in the glovebox or on a Schlenk line, as the complex is 

moisture-sensitive. All solvents were first purged with argon and dried using a solvent 

purification system. Bis(diethylphosphino)ethane (depe), FeCl2, 1,8-diazabicyclo[5.4.0]undec-

7-ene (DBU), and CH4 were commercially purchased and used without further purification. 

AgSbF6 was generously donated from the Pronin Lab from UCI and used without further 

purification. Complexes [FeCl2(depe)2], [FeCl(CO)(depe)2]Cl, and [Fe(SbF6)(CO)-

(depe)2](SbF6) were synthesized using published procedures.31  

P
P

P
P

Fe

CO

SbF6

CH4

CD2Cl2
DBU

[Fe(CO)(DBU)(depe)2](SbF6)2
Proposed

[FeCl(CO)(depe)2]Cl

P
P

P
P

Fe

Cl

CO

Cl-

2 AgSbF6

- 2 AgCl
CD2Cl2

[Fe(CO)(SbF6)(depe)2](SbF6)
Proposed

Sb
F
F F

F

F

F
P
P

P
P

Fe

CO

(SbF6)2
N
N



 

211 

 

 

Physical Methods 

Nuclear Magnetic Resonance (NMR) Spectroscopy: Nuclear magnetic resonance (NMR) 

spectra were recorded on a DRX400 with a switchable QNP probe (1H and 31P) or a Bruker 

AVANCE 600 MHz (1H and 31P). 1H NMR spectra were referenced to (tetramethylsilane) TMS 

using the residual proteo impurities of the solvent; 31P{1H} NMR spectroscopy experiments are 

referenced to an internal standard (PPh3 in toluene). 

 

Reactivity with CH4: In the glove box a solution of AgSbF6 (7.3 mg, 21 nmol) in CD2Cl2 was 

added to a solution of [FeCl2(depe)2] (5.0 mg, 8.8 nmol) in CD2Cl2. An immediate white 

precipitate formed and the color changed from light yellow to bright orange-yellow. The 

solution was filtered through a pipette packed with filter paper into a J. Young tube with an 

inner tube filled with PPh3 in toluene as an internal standard. The J. Young tube was taken out 

of the glove box and subject to three freeze-pump-thaw cycles before CH4  was introduced. 

31P{1H}NMR (CD2Cl2, 243 MHz) δ = 64.7, 64.4, 64.1, and 63.5 ppm. 
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Figure E.1. 1H NMR spectrum of [Fe(CO)(depe)2]Cl + AgSbF6 + CH4 in CD2Cl2. 

 

Figure E.2. 31P{1H} NMR spectrum of [Fe(CO)(depe)2]Cl + AgSbF6 + CH4 in CD2Cl2. 
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Reactivity with CH4 and DBU: In the glove box 2 µL of DBU was added via microsyringe to a  

J.Young tube with [Fe(SbF6)(CO)(depe)2](SbF6) in CD2Cl2. The J. Young tube was taken out of 

the glove box and subject to three freeze-pump-thaw cycles before CH4 (~1 atm) was introduced. 

No color change was observed when CH4 was introduced. 31P{1H}NMR (CD2Cl2, 243 MHz) δ 

= 71.9, 71.81, 70.0, 65.5, 65.2, 64.1, 63.5, 51.8, 51.7, and 49.8 ppm. 

 

 

Figure E.3. 1H NMR spectrum of [Fe(CO)(depe)2]Cl + AgSbF6 + CH4 + DBU in CD2Cl2. 
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Figure E.4. 31P{1H} NMR spectrum of [Fe(CO)(depe)2]Cl + AgSbF6 + CH4 + DBU in CD2Cl2. 
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