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†Department of Chemistry, University of California, Irvine, California 92697, United States 
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ABSTRACT: 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. We describe an alternative type of adaptable ligand interaction in the 
neutral multi-dentate ligand tris(2-pyridylmethyl)-azaphosphatrane (TPAP), which contains a proazaphosphatrane unit. 
Prozaphosphatranes are intrinsically strong phosphorous donors; upon coordinated to more Lewis acidic atoms the 
phosphorous can accept additional electron density from a tertiary nitrogen to form a transannular bond, increasing its 
donor strength. An experimental and computational investigation of the varying degree of transannular interaction in TPAP 
when coordinated to late transition metals is reported. The synthesis and characterization of the complexes M(TPAP), 
where M = Co(I)Cl, Ni(0)(1,5-cyclooctadiene), Ni(II)(CH3CN)(BF4)2, Pd(II)(CH3CN)(BF4)2, Pt(II)Cl(PF6) is described. 
Structural characterization and density functional theory calculation of these complexes, along with the previously reported 
[Co(II)(TPAP)(CH3CN)](BF4)2 establish significant increases in the degree of transannular interaction of the 
proazaphosphatrane unit when coordinated to more electron deficient metal ions.           

Introduction 
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. have extensively explored first row 
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.1 Parkin et al. have demonstrated that the 
flexible interactions of an apical carbon in atrane-type 
ligands contribute to unique reactivity,2 and that the 
interaction can be modified through ligand design.3 Lu et 
al. designed tripodal ligands that encapsulate a Lewis 
acidic cation that can tune the electronic structure and 
reactivity at the metal.4 In addition, the Agapie5 and Meyer6 
labs have utilized phenyl or mesitylene linkers 
strategically positioned near a metal to serve as electron 
reservoirs to support multi-electron reactivity. In all of the 
above cases, the adaptable interaction is incorporated into 
flexible chelating ligands, and the degree of interaction can 
be evaluated by the metal-donor distance. Under some 
conditions the weak interaction is absent, formally 
changing the coordination environment around the metal 
and thus the electronic structure.  

In this study, we describe in detail an alternative type 
of adaptable interaction. 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 (Chart 1, top).7 These superbases 
are often used as a stoichiometric or catalytic Lewis base in 
a variety of organic transformations.8 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).9 The extreme basicity of 

proazaphosphatranes stems from the formation of a stable 
three-centered four-electron transannular bond10 between 
P and Nax upon protonation, shown as a dashed line on the 
top of Chart 1.7d, 8b, 11  

Chart 1. 

Page 1 of 10 Dalton Transactions



 

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).7e, 12 
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 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 1). 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).7c 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.13 

Although azaphosphatranes have been used as ligands 
in palladium-catalyzed C-C,14 C-N,15 cross-coupling and 
platinum-catalyzed hydrosilylation,16 the transannular 
interaction upon coordination to transition metal 
complexes had not been systematically interrogated.12a, 13, 

17 The dynamic nature of azaphosphatranes led us to 
investigate 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 1.17a, 17b 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.17b All 
three pyridine arms in TPAP can potentially coordinate to 
the metal ion, as illustrated in our previously published  
[Co(II)(CH3CN)TPAP][BF4]2 complex (2),17b but for some of 
the complexes reported herein only one or two pyridine 
arms are coordinated.  

In this study, we discuss 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 1 as complexes 1-6. 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 is 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.  

Results 
Synthesis and structure of CoTPAP complexes. The 

ligand TPAP was synthesized as previously reported.17b 
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 2 and selected 
bond distances and angles are shown in Table 1. The 
pseudo-tetrahedral cobalt center has a τ4 parameter of 
0.77, where a value of 1 represents an ideal tetrahedral 
geometry, and a value of 0 represents an ideal square 
planar geometry.18 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 -9.1349º (Figure 2, Table 1). 

The synthesis and structural characterization of 
divalent [CoTPAP(CH3CN)][BF4]2 (2) was previously 
reported; selected bond distances and angles of 2 are 
shown in Table 1.17b 

Synthesis and structure of Group 10 TPAP 

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 NMR spectroscopy (Figure S1 & S2). 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 2. 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 -10.9882º 
(Table 1).   

 
Figure 1. (top) Depiction of the angle, θ, as the degree of 
puckering of the apical nitrogen (red) out of the C–C–C 
plane. (bottom) 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 ◆◆◆◆). 
Values used in this figure are from structural data. 
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The divalent complexes [NiTPAP(CH3CN)][BF4]2 (4) 
and [PdTPAP(CH3CN)][BF4]2 (5) were synthesized by 
reaction of TPAP to the respective metal precursors in 
acetonitrile and recrystallized by layering with diethyl 
ether. Complexes 4 and 5 are diamagnetic and were 
characterized by 1H and 31P NMR spectroscopy (Figure S3-

S5). X-ray quality crystals were obtained using the same 
method. The solid-state structures of 4 and 5 are shown in 
Figure 2 and selected bond distances and angles are shown 
in Table 1. Both 4 and 5 are four coordinate square planar 
complexes with τ4 values of 0.20 and 0.06, respectively. 

 

Figure 2. ORTEP of complexes 1, 2, 3, 4, 5 and 6. Structures 5 and 6 display one of two molecules in the asymmetric unit. Thermal 

ellipsoids drawn at 50% probability. Hydrogen atoms and counteranions are omitted for clarity. Electron density from minor disorder of the 

Pt atom in 6 is also omitted. 

Table 1. Bond lengths and angles of complexes 1-6. Metrics 5 and 6 were taken from one of two molecules in the asymmetric unit. 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. 

 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 
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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. 
Complex 6 is diamagnetic and was characterized by 1H and 
31P NMR spectroscopy (Figure S6 & S7). The solid-state 
structure of 6 is shown in Figure 2 and selected bond 
distances and angles are shown in Table 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 distances of 2.927(4) Å (P2---
N8 = 2.821(4) Å), with θ of 8.8644º. 

Quantum Mechanical Calculations. DFT calculations 
were performed using the Gaussian program suite with the 
incorporate NBO 3.1 package19 at the M0620 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 is tabulated in Table 
1.  
Discussion 

CoTPAP complexes. 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 (Figure S8) 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.7f 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 1).21  

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 1, 

complex 2 is in the middle of the plot (“quasi” form of 
azaphosphatrane). 

Group 10 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.17a 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 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.7c, 22 We were unable to expermentally isolate a 
Pt(II) complex with an acetonitrile ligand by adding AgBF4 
to 6; as a result, we cannot quantify the effect of the Cl- 
anion on the Pt(II) center. A computational analysis of a 
Pd(II) analogue with a Cl- anion and a Pt(II) analogue with 
an acetonitrile ligand indicate the P---Nax distance is close 
for Pd(II) and Pt(II) when they have the same fourth 
ligand. (see Table S39 and accompanying details). 
However, the P---Nax distance is consistently larger when 
Pd(II) or Pt(II) is bound by a Cl- anion compared to CH3CN.  

Oxidation State Effects. 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 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 19.05º and the P---N1 distance 
contracts by 0.39 Å (Table 1, Co(I) and Co(II)). A more 
prominent trend is observed with Ni(0) and Ni(II), where θ 
increases by 24º and the P---N1 distance shortens by 0.44 Å 
upon oxidation (Table 1, Ni(0) and Ni(II)).  

Computation. We propose the shortening of the P---
Nax distance with concomitant puckering of the axial 
nitrogen above the plane of the three adjacent carbon 
atoms (θ in Figure 1) 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 on 
the NBOs of the M–P–Nax fragment. All calculated values for 
each metal ion coordinated to TPAP utilized the complexes 
in Chart 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. 
The previously reported structure [Ni(κ1-TPAP)(CO)2] 

Table 2. Results of NBO Analysis of Donor-Acceptor 
Interactions in Compound Adducts, Estimated by Second-
Order Perturbation Theory, E(2) i

�
j (kcal/mol).  

Parameter 1 2 3b 4 5 6 

LP(Nax)→ 

σ*(M–P) 

<0.5 1.09 <0.5 2.09 7.23 3.11 

LP(Nax)→ 

σ*(P–N)a 

<1.5 2.86 <1.5 6.74 8.05 4.22 

a:These values are the sum of the three  LP(Nap)→σ*(P–N). 
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(3b)17a was used as an alternative model for the 
transannular interaction of a Ni(0) bound to TPAP. Table 2 
summarizes the calculated stabilization energies for each 
compound. 

When the oxidation state of the metal is greater than 
+1, there is 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 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). For 
second- and third-row metals the LP(Nax)→σ*(M–P) 
interaction provides 7.2 kcal/mol and 3.1 kcal/mol 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–N) NBOs. (Table 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. 

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). 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. 

Conclusion  
The use of flexible ligands with adjustable 

coordinative interactions has shown great utility in 
accessing reactive metal sites. In this study, we 
demonstrate that an azaphosphatrane incorporated into a 
chelating ligand provides a new type of variable ligand 
interaction. The metal-ligand distance remains constant 
while the non-coordinating nitrogen in the 

azaphosphatrane can donate additional electron density 
into the phosphorous ligand. We have previously 
measured the Tolman parameter of azaphosphtranes and 
found that even in the absence of a transannular 
interaction, they are among the most strongly donating 
phosphine  ligands. 17a Thus, the TPAP ligand represents an 
inherently strong ligand that can increase its donor 
strength in contrast to prior systems that utilize weaker 
interactions. The higher donor strength available with 
TPAP may also be valuable for stabilizing more electron 
deficient metal ions.  
 
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)proazaphosphatrane17b, CoCl(PPh3)323, and 
[Ni(CH3CN)6.5][BF4]224  were synthesized according to 
established procedures. CD3CN and C6D6 were 
freeze−pump−thawed three times and dried over molecular 
sieves. [Pd(CH3CN)4][BF4]2, PtCl2(COD) and AgPF6 were 
purchased from commercial sources and used without further 
purification. 
Physical Methods. Electrospray ionization mass 
spectrometry (ESI-MS) was performed with an ESI LC-TOF 
Micromass LCT 3 mass spectrometer in the Department of 
Chemistry at UC Irvine. 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). 
All chemical shifts (δ) are reported in parts per million (ppm) 
relative to tetramethylsilane, and referenced to the residual 
protiated solvent peak. 31P12f NMR spectroscopy experiments 
are referenced to the absolute frequency of 0 ppm in the 1H 
dimension according to the Xi scale.25 Elemental analyses 
were performed on a PerkinElmer 2400 Series II CHNS 
elemental analyzer. 
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 133 K for 1, 3, 5 and 6, and 88 K for 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 (60, 60, 35, 30 and 20 sec/frame scan time for a 
sphere of diffraction data for 1, 3, 4, 5 and 6, respectively).  
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.   
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 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.  

 
Figure 3. HOMOs of Ni(0) (Top) and Ni(II) (Bottom). All 
surfaces are at an isovalue of 0.035. 
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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 
was collected at 123 K.   
[CoTPAP(Cl)] (1). In the glove box, a solution of TPAP (34.2 
mg, 0.076 mmol) in 5 mL tetrahydrofuran was added to a 
solution of CoCl(PPh3)3 (67.3 mg, 0.076 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 vacuum. The resulting purple 
solid was re-dissolved in diethyl ether and filtered through a 
glass pipette packed with a glass microfiber filter (22µm). X-
ray quality crystals were grown from a concentration 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) 
= 3.34 µB. ESI-MS data could not be obtained due to the air 
sensitivity of complex 1 in solution. 
[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 vacuum. 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 concentration 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. 
[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 vacuum. 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, we were unable to resolve a 31P{1H} 
NMR resonance. The lack of a resonance may be due to 
fluxional coordination in solution.  
[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 vacuum. 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. 
[PtTPAP(Cl)][PF6]2 (6). In the glove box, to 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 silver 
hexafluorophosphate (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 vacuum. The white solid was re-
dissolved in dichloromethane and filtered through a medium 
fritted funnel. The solvent was removed under vacuum. 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. We did not 
make any further purification attempts on 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), 6.74 (d, 1H, Py), 
7.27 (m, 1H, Py), 7.45 (t, 2H, Py), 7.61 (m, 3H, Py), 8.08 (t, 2H, 
Py), 8.41 (m, 1H, Py), 8.95 (m, 2H, Py). 31P{1H}NMR (CD3CN, 
243 MHz) δ = 39.8.  ESI-MS (m/z): [M − BF4]+ 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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