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ABSTRACT: The replacement of phosphine substituents in 
nickel-bound PNNP ligands is reported as an alternative 
method to prepare multidentate phosphine ligands with alkyl 
substituents. Treatment of the previously reported bis(phos-
phide) complex {K(THF)x}22Ph[PNNP]Ni (2) with two equiva-
lents of MeI, iPrI, or 1,3-dibromoethane formed alkyl-substi-
tuted complexes 2Ph,2Me[PNNP]Ni (3), 2Ph,2iPr[PNNP]Ni (4), and 
2Ph,propylene[PNNP]Ni (5), respectively. The stereoselectivity (ra-
cemic vs. meso) of these reactions can be controlled by varying 
the reaction temperature. The racemic mixture of products 
with the new alkyl substituents in an anti configuration were 
favored at lower temperature, whereas a larger proportion of 
meso compounds was acquired at higher temperature. Further 
treatment of 3 with KH resulted in selective elimination of the 
remaining phenyl groups rather than the methyl substituents, 
affording bis(methylphosphide) complex 
{K(THF)x}22Me[PNNP]Ni (6). Subsequent treatment of 6 with 
additional MeI formed 4Me[PNNP]Ni (7), in which all four phe-
nyl groups were replaced with methyl substituents. As a proof 
of concept, demetallation of the ligand from 7 was achieved us-
ing aqueous KCN to form a free dimethylphosphine-substituted 
ligand H24Me[PNNP] (8), and 8 was subsequently coordinated 
to a different metal, using PdCl2 to form 4Me[PNNP]Pd (9). Un-
like the clean elimination of phenyl substituents from 3, the re-
actions of KH with 4 and 5 exhibited competitive elimination of 
both alkyl and phenyl substituents and/or attenuated reactiv-
ity.  

Introduction 

Phosphine ligands have been extensively used in homogene-
ous catalysis and organometallic chemistry due to their strong 
donor ability and tunability.1–3 The electronic and steric prop-
erties of phosphines can be tuned by altering the substituents 
and compared using  Tolman’s electronic parameter (TEP) and 
cone angle.4,5 The incorporation of phosphine donor fragments 
into multidentate chelating ligands results in more stable tran-
sition metal complexes and further enhances their utility. Mul-
tidentate phosphine ligands are typically prepared via one of 
the following routes: (1) nucleophilic substitution of halogen-
ophosphine fragments with RLi or Grignard reagents, (2) nu-
cleophilic substitution of RX (X = halide) functionalities with al-
kali metal phosphide reagents, (3) hydrophosphination of un-
saturated compounds, (4) reduction of P(V) compounds, and 
(5) functionalization of existing phosphine substituents.1–3,6 
The one commonality between these synthetic routes is that 
they require reagents containing chemically reactive P-X  or P-
H bonds that are typically challenging to work with and often 

difficult to obtain commercially or synthesize on a large scale. 
For example, PMe2-substituted phosphine ligands may be at-
tractive ligand platforms for some applications due to their 
minimal steric bulk and strong σ-donating ability, but their 
preparation renders them unappealing targets because of the 
volatility, toxicity, air-sensitivity, and cost of the requisite lig-
and precursor ClPMe2.6,7 Moreover, the aforementioned syn-
thetic routes are often problematic when preparing multiden-
tate phosphine ligands containing other reactive functional 
groups (e.g. primary or secondary amines).8 Yet another com-
plication arises when synthesizing multidentate phosphine-
containing ligands with different substituents PR1R2, as the P-
stereogenic phosphorus centers result in a mixture of stereoi-
somers that are challenging to separate.3,9  

Tetradentate PNNP ligands and their transition metal com-
plexes have been prepared and used in catalysis10–14 and pho-
toluminescence,15 and as building blocks for bimetallic com-
plexes.16,17 Our research group recently reported the coordina-
tion of a bis(amido)bis(phosphine) 4Ph[PNNP]2- ligand to Ni and 
Fe and the metal-ligand cooperativity of the 4Ph[PNNP]Fe com-
plex.18,19 We have shown that phenyl substituents in the 
4Ph[PNNP]2- ligand can be readily eliminated using potassium 
hydride when the ligand is bound to nickel 4Ph[PNNP]Ni (1), af-
fording the bis(amido)bis(phosphido) complex 
{K(THF)x}22Ph[PNNP]Ni (2) shown in Scheme 1.18 P-C bond 
cleavage is well-known to occur when tertiary phosphines are 
treated with alkali metals to form alkali metal phosphides.20–22 
Han and coworkers recently reported the use of this reaction 
in the preparation of organophosphines via addition of ArCl re-
agents to in situ-generated alkali metal phosphides.22 Inspired 
by this report, we hypothesized that the treatment of 2 with RX 
electrophiles could be used to selectively install new phosphine 
substituents on the tetradentate [PNNP]2- framework, allowing 
us to synthesize more electron-rich alkyl-substituted ligand de-
rivatives that we have been unable to synthetically access via 
other methods. 

Herein, we describe the nickel-templated replacement of the 
phenyl phosphine substituents in 4Ph[PNNP]2- to form new 
tetradentate ligands/complexes with P-methyl or P-isopropyl 
substituents as well as a propylene-bridged macrocyclic com-
plex. We demonstrate that control of the reaction temperature 
can tune the relative ratio of stereoisomers as supported by 
both experimental and computational studies. In addition, all 
four of the phenyl substituents in 1 can be replaced with methyl 
groups to form PMe2-substituted complexes and ligands, which 
showcases the safer and more economical preparation of sub-
stituted multidentate phosphines whose syntheses would be 
otherwise challenging.  



 

Results and Discussion 

First, the addition of methyl substituents to 2 was investi-
gated using MeI (Scheme 1). Treatment of 2 with 2.5 equiva-
lents of MeI in THF at room temperature afforded a red-orange 
solution with white precipitate. Two singlet resonances were 
observed at 25.2 and 25.5 ppm in the 31P{1H} NMR spectrum 
with relative integrations of 0.66:0.34 (Figure S5). Two multi-
plets associated with the Me groups attached to the phospho-
rus atoms were observed at 1.26 and 1.90 ppm in the 1H NMR 
spectrum with the same ratio (Figure S4). As the temperature 
at which MeI was added was decreased, the fraction of the spe-
cies with a 31P{1H} NMR chemical shift at 25.2 ppm increased, 
ultimately reaching 0.98:0.02 when MeI was added to a frozen 
solution of 2 in THF at around -100 °C (Figure S26). The major 
product was a racemic mixture (3rac) of 2Ph,2Me[PNNP]Ni (3), 
with the newly installed Me substituents oriented in an anti 
configuration with respect to the square plane, as confirmed by 
single crystal X-ray diffraction (Figure 1). The Ni(II) center of 
3rac adopts a square planar geometry with comparable Ni-N 
bond distances and 0.03 – 0.04 Å shorter Ni-P bond distances 
in comparison to 1 (Table 1).18 Given that diphosphines with 
two stereogenic phosphorus centers generally form racemic 
mixture and meso isomers,3,9 we tentatively assigned the other 
species as a meso compound 3meso (Figure 1) in which the two 
new Me substituents are oriented in the same direction with 
respect to the square plane. Complex 3rac can be prepared in 
comparable yield (74% vs 81%) in a one-pot synthesis by the 
treatment of 1 with 3 equivalents of KH in THF at 50 °C, filtra-
tion of the reaction mixture, and subsequent treatment with 2.5 
equivalents of MeI (Scheme 1).  

 

Figure 1. Solid-state structure of 3rac (left) with ellipsoids 
drawn at the 50% probability level and stereoisomers of 3 
(right). For clarity, only one of two independent molecules in 
the asymmetric unit of 3rac is shown and hydrogen atoms were 
omitted.  

Subsequently, density functional theory (DFT) calculations 
were carried out to investigate the factors that lead to the for-
mation of 3rac and 3meso (Table S3). The geometry optimization 
exhibited that the free energy of 3rac is 1.4 kcal/mol lower than 
that of 3meso. However, we anticipate that direct epimerization 
of 3rac and 3meso is highly unfavorable, as this process would 
require both phosphine dissociation and stereoinversion at 
phosphorus, so the ratio of 3rac and 3meso is likely determined 
by intermediates prior to P-C bond formation. The phosphorus 
centers of the dianionic bisphosphide complex 2 adopt a py-
ramidal geometry without any π-bonding interactions to 
nickel.18 As a result of the stereochemically active lone pairs on 
phosphorus, 2 can adopt either syn or anti geometries, with two 
enantiomers possible for the anti geometry. Optimization of 
the syn and anti geometries of 2 revealed the anti geometry to 
be 3.2 kcal/mol lower in free energy. The first equivalent of Me+ 
generates 2Ph,Me[PNNP]Ni-, which can also exist with the Ph 
groups oriented in a syn or anti fashion. It was, again, found that 
the anti orientation was slightly lower in free energy (1.3 

kcal/mol) relative to the syn counterpart. The second equiva-
lent of Me+ is therefore more likely to encounter the thermody-
namically preferred anti intermediate, favoring the formation 
of 3rac. However, the free energy differences between these the 
syn and anti geometries are relatively small, and the relative 
orientation of the Ph groups in the mono(phosphide) interme-
diate 2Ph,Me[PNNP]Ni- can be readily interconverted through a 
transition state with a barrier of just 16.4 kcal/mol. These data 
are, therefore, consistent with the observation that lower reac-
tion temperatures are required to fully favor the formation of 
3rac rather than a mixture of 3rac and 3meso.  

Scheme 1.  

 

To assess the generality of our procedure for replacing phenyl 
groups with alkyl substituents, we attempted a reaction of 2 
with iPrI (Scheme 1). Treatment of 2 with 2.5 equivalents of iPrI 
at room temperature resulted in the appearance of two singlets 
in the 31P{1H} NMR spectrum at 49.2 and 49.3 ppm with rela-
tive integrations of 0.67:0.33. The small difference in chemical 
shift and the relative ratio of the two products was remarkably 
similar to that of the MeI reaction. In this case, however, de-
creasing the reaction temperature proved ineffective at favor-
ing a single product: Adding iPrI to a frozen solution of 2 in THF 
still resulted in a mixture of products in a 0.73:0.27 ratio (Fig-
ure S27). The major product was successfully isolated via crys-
tallization from Et2O, and single crystal X-ray diffraction con-
firmed that the favored isomer exists as a racemic mixture iso-
mer (4rac) of 2Ph,2iPr[PNNP]Ni (4) with the Ph groups oriented in 
an anti configuration (Figure 2).  

Both the MeI and iPrI reactions with 2 favor the racemic mix-
ture of products with Ph groups oriented on opposite sides of 
the square plane (3rac and 4rac); however, the inability to influ-
ence the ratio of 4rac/4meso was a clear difference we sought to 
understand. DFT calculations were carried out (Table S4), but 
the results were largely similar to those described for 
3rac/3meso and did not shed light on the experimental observa-
tions.  Ultimately, we attribute the observed difference in the 
ratio of rac/meso products between MeI (0.98:0.02) and iPrI  

 



 

 

Table 1. Selected bond distances (Å) and angles (°) from single crystal X-ray diffraction data.  

 118 3rac 4rac 5meso 6 

Ni-P 2.1675(5) 2.1328(9) 2.1291(9) 2.1448(5) 2.112(1) 2.179(2) 2.162(2) 

  2.1385(9) 2.1353(9)  2.112(1) 2.181(2) 2.178(2) 

Ni-N 1.867(2) 1.858(2) 1.853(2) 1.865(2) 1.850(3) 1.882(6) 1.870(6) 

  1.858(2) 1.856(2)  1.865(4) 1.883(6) 1.887(6) 

P-Ni-P 102.97(3) 101.45(3) 102.10(3) 101.00(3) 95.89(5) 100.88(8) 100.02(8) 

N-Ni-N 85.07(9) 86.0(1) 86.2(1) 86.2(1) 86.9(2) 85.6(3) 85.0(3) 

          

Figure 2. Solid-state structures of 4rac (left) and 5meso (right) 
with ellipsoids drawn at the 50% probability level . Co-crystal-
lized solvent molecules and hydrogen atoms were omitted for 
clarity.  

(0.73:0.27) in reactions carried out at low temperature to the 
intrinsic electrophilicity of Me+ vs. iPr+. Since MeI is a stronger 
electrophile, its reaction with anionic phosphide fragments is 
likely more rapid at low temperature when intermediates with 
anti geometry are more favored to preferentially form 3rac. The 
less electrophilic iPrI, on the other hand, may not begin reacting 
appreciably with 2Ph,iPr[PNNP]Ni- until the reaction mixture has 
warmed to a temperature where the fraction of the syn inter-
mediate of 2Ph,iPr[PNNP]Ni- is higher. Consistent with electro-
philicity arguments, aryl iodides, which are even less electro-
philic, do not react appreciably with 2. 

We then turned our attention to the reactivity of 2 with a di-
haloalkane to determine whether macrocyclic complexes can 
be prepared using the same approach (Scheme 1). The addition 
of 1.2 equivalents of 1,3-dibromopropane to 2 at -20 °C gener-
ated a mixture of products with two sharp singlets at 34.7 and 
29.4 ppm in a 0.13:0.87 integral ratio in the 31P{1H} NMR spec-
trum. The major product was isolated via crystallization, and 
single crystal X-ray diffraction data revealed it to be the isomer 
(5meso) of 2Ph,propylene[PNNP]Ni (5), with both Ph groups ori-
ented on the same side of the molecule as shown in Figure 2. 
The square planar geometry about the Ni(II) center is main-
tained in 5meso and the propylene linker between the two phos-
phine donors results in a P-Ni-P bite angle of 95.89(5)° that is 
6° smaller in comparison to 3.  

To explore the origin of the preferential formation of the 
meso isomer of 5, the effect of reaction temperature on product 
distribution was explored (Figure S28). Performing the addi-
tion of 1,3-dibromopropane to 2 at -78 °C and allowing the re-
action to warm immediately to room temperature afforded a 
mixture of 5rac and 5meso in a 0.12:0.88 ratio. When the reaction 
was again performed at -78 °C at the same concentration but 
on twice the scale, the ratio of 5rac to 5meso increased to 
0.35:0.65. We posited that the increased fraction of 5rac re-
sulted from slower warming due to the increased solvent vol-
ume. To test this hypothesis, 1,3-dibromopropane was again 

added to 2 at -78 °C, this time keeping the reaction in the cold 
bath and allowing it to warm to room temperature more 
slowly. The ratio of 5rac to 5meso increased even further to 
0.43:0.57 under these reaction conditions. The observed varia-
tions in product ratio and the preference for the anti/meso 
product originates from the relative energy differences be-
tween the intermediate singly alkylated isomers and the final 
products 5rac and 5meso (Table S5). Unlike the aforementioned 
alkyl halide reactions, 5meso was found to be 13.0 kcal/mol 
more stable than 5rac. By analogy to 2Ph,Me[PNNP]Ni-, we antici-
pate the anti conformation of the singly alkylated intermediate 
to be more stable. However, unlike the aforementioned alkyl 
halide reactions, the subsequent alkylation is an intramolecu-
lar process. At higher temperatures, the syn/anti isomerization 
process is thermodynamically accessible for the singly alkyl-
ated intermediate, allowing the more stable 5meso isomer to 
form. However, when a lower reaction temperature is main-
tained, the intramolecular electrophilic attack of the second al-
kyl bromide fragment occurs on a faster timescale than 
syn/anti isomerization, allowing 5rac to form from more stable 
anti intermediates.  

Seeking to further modify the phosphine substituents, we 
studied the further reactivity of 3 (the mixture of 3rac and 
3meso) to determine whether the second phenyl group could be 
eliminated. Heating 3 with three equivalents of KH in THF at 50 
°C for 72 h afforded a product with a broad singlet at -3.5 ppm 
in its 31P{1H} NMR spectrum (Scheme 2). The observed 29 ppm 
upfield shift was comparable to that observed upon the phenyl 
elimination from 1 to form 2 (25 ppm upfield shift).18 In addi-
tion, the 1H NMR spectrum of the isolated product contained 
only 8 aromatic protons compared to the 18 aromatic protons 
of 3, consistent with the loss of two phenyl groups. Phenyl 
group elimination was confirmed by single crystal X-ray dif-
fraction of the product {K(THF)x}22Me[PNNP]Ni (6) (Figure 3). 
The exclusive formation of 6 unequivocally shows that phenyl 
groups are preferentially eliminated over methyl substituents.  

The reaction of bis(phosphide) complex 6 with alkyl halide 
electrophiles was next explored to determine whether addi-
tional alkyl substituents could be added. Indeed, the addition of 
2.5 equivalents of MeI to 6 affords a single product with a sharp 
singlet at 13.5 ppm in its 31P{1H} NMR spectrum. The high-res-
olution ESI-MS spectrum of the product reveals an m/z value 
(389.0850) and isotopic pattern consistent with the [M+H]+ ion 
of the tetramethylated bis(amido)bis(phosphine) complex 
4Me[PNNP]Ni (7). This assignment was further supported by the 
absence of P-Ph resonances in the 1H NMR spectrum and the 
presence of a doublet that integrates to 12 protons and corre-
sponds to PMe2 substituents. Furthermore, 7 could be pre-
pared in a stepwise one-pot synthesis from 3 via treatment 
with three equivalents of KH at 50 °C in THF followed by the 



 

filtration of the reaction mixture and treatment of the filtrate 
with 2.5 equivalents of MeI. Overall, the sequence of reactions 
from 1 to 3 to 7 provides a successful Ni-templated pathway to 
replace all of the P-Ph substituents with P-Me substituents to 
afford a new nickel complex with a tetradentate PMe2-substi-
tuted [PNNP]2- ligand that would be challenging to synthesize 
by other means. 

Scheme 2.  

 

 

Figure 3. Solid-state structure of 6 with ellipsoids drawn at the 
50% probability level.  For clarity, only one of two independent 
molecules in the asymmetric unit is shown and hydrogen at-
oms were omitted.  

The broad utility of a Ni-templated ligand synthesis route 
hinges on the ability to remove the Ni and replace it with other 
metals.  Therefore, we next investigated whether nickel could 
be removed from complex 7 (Scheme 2). Previous reports have 
demonstrated the effective removal of Ni from macrocyclic lig-
ands using excess cyanide salts, eliminating Ni(CN)42-.23–26 A so-
lution of 7 in CH2Cl2 was treated with a solution of excess KCN 
in degassed H2O. The organic layer became colorless while the 
aqueous layer turned orange-yellow. The 31P{1H} NMR spec-
trum of the organic layer featured a sharp singlet at -68.6 ppm 
and the 1H NMR spectrum of the isolated product exhibited a 
signal consistent with amine protons at 5.31 ppm. The ob-
served spectroscopic variations in conjunction with the loss of 
color correspond to the demetallation of 7 and formation of 
H24Me[PNNP] (8). This transformation was further verified by 
elemental microanalysis and high-resolution ESI-MS.  

As a further proof of principle, the free ligand 8 was coordi-
nated to a different transition metal (Scheme 2). Treatment of 
8 with PdCl2 and 2 equivalents of NaOtBu in THF generated 
4Me[PNNP]Pd (9) as a yellow compound with a single 31P{1H} 
NMR resonance at 9.4 ppm. The formation of 9 was fully sup-
ported by NMR spectroscopy, elemental microanalysis, and 
high resolution ESI-MS. Overall, we were able to demonstrate 
that the phenyl substituents of 1 can be replaced with methyl 
groups by the repeated treatment of KH and MeI and that nickel 
can then be replaced with other metals by treatment with ex-
cess KCN and subsequent metalation using a different metal 
precursor.  

Scheme 3.  

 

A similar synthetic route to replace both phenyl substituents 
of 1 with isopropyl groups proved less straightforward. The re-
action of 4 with three equivalents of KH in THF at 50 °C resulted 
in the formation of multiple species based on the 31P{1H} NMR 
spectrum (Figure S29). Unlike the reaction of KH with 3, the 
generation of a mixture of products suggests that both phenyl 
and isopropyl substituents were eliminated to some extent in 
this case (Scheme 3). Of the three possible products of this re-
action, 2, which results from loss of the two isopropyl groups, 
was identified by a 31P{1H} NMR signal at 14.4 ppm as roughly 
36% of the mixture. The major product, however, has two 
31P{1H} NMR signals at 8.5 and 60.8 ppm that integrate in a 1:1 
ratio and is therefore assigned as Ph,iPr[PNNP]Ni2- (10), in which 
one phenyl and one isopropyl group have been eliminated from 
4. The desired product, 2iPr[PNNP]Ni2-, in which the two re-
maining phenyl groups have been selectively removed, is not 
observed in appreciable quantities. Treatment of the afore-
mentioned reaction mixture with 2.5 equivalents of iPrI further 
confirmed the assignment of the products of the reaction of 4 
with KH (Figure S30). The 31P{1H} NMR spectrum contained 
three singlets at 56.5, 49.5, and 49.2 ppm and two doublets at 
58.2 and 48.8 ppm with the coupling constant of 52 Hz each. 
The two singlet resonances at 49.5 and 49.2 ppm correspond 
to 4meso and 4rac, respectively, which are formed by the addi-
tion of iPr substituents to 2. These products account for roughly 
31% (10% for 4meso and 21% for 4rac) of the reaction mixture, 
consistent with the ratio of 2 formed in the previous reaction 
with KH. The two doublets at 58.2 and 48.8 ppm constitute ~50% 
of the reaction mixture and are tentatively assigned as 
Ph,3iPr[PNNP]Ni (11), formed via electrophilic addition of the 



 

isopropyl groups to 10, based on their identical coupling con-
stants (52 Hz) and integrations. The remaining singlet in the 
31P{1H} NMR spectrum at 56.5 ppm may correspond to 
4iPr[PNNP]Ni formed from 2iPr[PNNP]Ni2-. This minor product 
represents < 20% of the reaction mixture. Altogether, it can be 
concluded that, unlike the selective elimination of phenyl vs 
methyl substituents in 3, the elimination of isopropyl groups is 
competitive with phenyl group elimination in the case of 4. This 
observation is comparable to the reported substituent elimina-
tion propensity from tri-substituted phosphines, where the rel-
ative preference for elimination of iPr vs Ph is 0.27:0.73.22  

 Lastly, the reactivity of the macrocyclic complex 5 with ex-
cess KH was tested to determine whether the remaining phenyl 
substituents could be removed/replaced in this case. Upon 
heating 5 with three equivalents of KH 50 °C in THF for 72 h, no 
reaction was observed.  

Conclusion 

In summary, we have shown that the phenyl groups in 
4Ph[PNNP]Ni (1) can be successfully replaced with alkyl substit-
uents by sequential treatment with KH and alkyl halides such 
as MeI, iPrI , and 1,3-dibromopropane to form 2Ph,2Me[PNNP]Ni 
(3), 2Ph,2iPr[PNNP]Ni (4) and 2Ph,propylene[PNNP]Ni (5), respec-
tively. The monosubstituted alkyl halides preferentially formed 
racemic mixtures where the added alkyl groups are oriented 
anti to each other, whereas 1,3-dibromopropane addition fa-
vored the meso product in which the two ends of the propylene 
linker added to the same face of the molecule. The relative for-
mation of racemic mixture vs. meso isomers can be regulated 
by varying the temperature at which the reagents are mixed: 
the racemic mixtures were dominant when reactions were per-
formed at lower temperature while meso compounds were fa-
vored with higher reaction temperature. The remaining phenyl 
groups in 3 were selectively eliminated in a second KH addition 
step, allowing the preparation of the PMe2-substituted 
4Me[PNNP]Ni complex (7). Nickel was successfully demetallated 
using excess cyanide to release the free ligand H24Me[PNNP] (8), 
and the further coordination of this new ligand to another 
metal was demonstrated using PdCl2 to form 4Me[PNNP]Pd (9). 
Overall, these steps comprise a successful nickel-templated 
strategy for the construction of a chelating phosphine ligand 
with different phosphine substituents, which would be chal-
lenging and/or expensive to synthesize via other means.  Thus 
far, it appears that limitations to this method may arise from 
challenges associated with the selective removal of the second 
set of phenyl groups from derivatives such as 4 or 5. There are 
still outstanding fundamental questions about the mechanism 
by which P-C bond cleavage from 1, 3, or 4 occurs, and under-
standing this process may aid in the development of more se-
lective substituent replacement methods. Future studies will 
be focused on probing the mechanism by which phosphine sub-
stituents are released in the presence of KH and developing al-
ternative protocols to further expand this nickel-templated 
phosphine substituent modification pathway.  

Experimental 

General Considerations. All manipulations were carried 
out under an inert atmosphere using a nitrogen-filled glovebox 
or standard Schlenk techniques unless otherwise noted. All 
glassware was oven-dried prior to use. All solvents were de-
gassed by sparging with ultra-high purity argon and dried via 
passage through columns of drying agents using a Seca solvent 
purification system from Pure Process Technologies. C6D6, 
CD3CN, and CD2Cl2 were dried over CaH2, distilled, degassed by 

repeated freeze-pump-thaw cycles, and stored over pre-acti-
vated 3 Å molecular sieves. THF-d8 was dried over Na/benzo-
phenone, distilled, degassed by freeze-pump-thaw cycles, and 
stored over pre-activated 3 Å molecular sieves. 4Ph[PNNP]Ni 
(1), {K(THF)x}22Ph[PNNP]Ni (2) and neat KH were prepared fol-
lowing our previous report.18 MeI and iPrI were dried over 
P2O5, distilled, and stored in the dark at -35 °C under N2. 1,3-
Dibromopropane was distilled and stored under N2. All other 
chemicals were purchased from commercial vendors and used 
without further purifications.  

Spectroscopic Characterization and Physical Measure-
ments. 1H and 31P NMR data were recorded on a Bruker DPX-
400 instrument operating at 400 MHz for 1H and 162.0 MHz for 
31P. 13C NMR data were acquired on a Bruker AVANCE III HD 
600 instrument operating at 150.9 MHz. Chemical shifts are re-
ported in δ units in ppm referenced to residual solvent peaks 
(1H and 13C) or to an 85% H3PO4 external standard (31P; δ 0.0). 
Elemental microanalysis data (CHN) were collected by Mid-
west Microlab, Indianapolis, IN. High-resolution MS data were 
obtained using a Bruker Impact II instrument (Bruker Daltron-
ics) with an electrospray ionization (ESI) source and quadru-
pole time-of-flight (Q-TOF) analyzer system.  

2Ph,2Me[PNNP]Ni (3). To a frozen solution of 2 (0.20 g, 0.32 
mmol) in THF (20 mL) inside a liquid N2-cooled cold well was 
added MeI (0.12 g, 0.85 mmol). The mixture was allowed to 
warm to room temperature and stirred for 2 h, resulting in the 
formation of a red-orange solution and a white precipitate. The 
reaction mixture was filtered through a pad of Celite and the 
filtrate was evaporated to dryness under vacuum. The residue 
was extracted with Et2O (10 mL) and filtered through a pad of 
Celite. The filtrate was evaporated to dryness under vacuum 
and dissolved in benzene (ca. 2 mL). The diffusion of pentane 
vapor into the benzene solution yielded red-orange needles 
and blocks. Yield: 0.12 g (74%). Alternative one-pot synthe-
sis: A mixture of 1 (0.20 g, 0.31 mmol) and KH (0.038 g, 0.95 
mmol) in THF (20 mL) was heated at 50 °C for 48 h. The reac-
tion mixture was filtered through a pad of Celite and the filtrate 
was frozen inside a liquid N2-cooled cold well. MeI (0.11 g, 0.77 
mmol) was added, and the mixture was allowed to warm to 
room temperature. The reaction mixture was stirred for 2 h 
and filtered through a pad of Celite. The filtrate was evaporated 
to dryness under vacuum. The residue was extracted with Et2O 
(10 mL) and filtered through a pad of Celite. The filtrate was 
evaporated to dryness under vacuum and dissolved in benzene 
(ca. 2 mL). The diffusion of pentane vapor into the benzene so-
lution yielded red-orange needles and blocks. Yield: 0.13 g 
(81%). X-ray quality single crystals for the major product (3rac) 
were obtained by the diffusion of pentane vapor into a concen-
trated solution of 3 in Et2O. Anal. Calcd for C28H28N2NiP2: C, 
65.53; H, 5.50; N, 5.46. Found: C, 65.60; H, 5.79; N, 5.29. 1H NMR 
for 3rac (CD3CN, 400 MHz): δ 7.61 (m, P-Ph, 4H), 7.52 – 7.43 (m, 
P-Ph, 6H), 7.03 (m, Ar-H, 2H), 6.72 (m, Ar-H, 2H), 6.33 (m, Ar-
H, 2H), 6.15 (m, Ar-H, 2H), 3.49 (m, NCH2, 4H), 1.25 (m, PMe2, 
6H). 13C{1H} NMR for 3rac (CD3CN, 150.9 MHz): δ 166.0 (vt, 2JPC 
= 13 Hz), 134.1 (s), 133.8 (vt, 1JPC = 23 Hz), 132.1 (s), 131.8 (vt, 
2JPC = 5 Hz), 131.5 (s), 129.9 (vt, 2JPC = 5 Hz), 121.2 (vt, 1JPC = 29 
Hz), 113.0 (s), 109.7 (vt, JPC = 8 Hz), 54.7 (s, NCH2), 9.4 (vt, 1JPC 
= 15 Hz, PMe). 31P{1H} NMR for 3rac (CD3CN, 162.0 MHz): δ 26.0 
(s). ESI-MS m/z: calcd for C28H29N2NiP2 513.1159; found 
513.1160. 

2Ph,2iPr[PNNP]Ni (4). To a frozen solution of 2 (0.10 g, 0.16 
mmol) in THF (10 mL) inside a liquid N2-cooled cold well was 
added iPrI (0.067 g, 0.39 mmol). The reaction was allowed to 
warm to room temperature and stirred for 2 h. The resulting 
dark brown-orange solution with white precipitate was filtered 



 

through a pad of Celite and the filtrate was evaporated to dry-
ness under vacuum. The product was extracted with Et2O (5 
mL) and filtered through a pad of Celite. The filtrate was re-
duced in volume to ca. 1 mL under vacuum. The Et2O solution 
was layered with pentane and stored at -35 °C to yield dark 
brown solids. Yield: 0.052 g (58%; 4rac:4meso = 0.76:0.24). The 
major product (4rac) could be isolated by storing the solution in 
Et2O (ca. 4 mL) at -35 °C to form dark orange brown needles. 
Yield: 0.033 g (36%). X-ray quality single crystals were ob-
tained by storing the concentrated solution of 4rac in Et2O at -
35 °C. Anal. Calcd for C32H36N2NiP2: C, 67.51; H, 6.37; N, 4.92. 
Found: C, 67.03; H, 6.38; N, 4.98. 1H NMR for 4rac (C6D6, 400 
MHz): δ 7.28 (m, P-Ph, 6H), 7.00 (m, overlapping P-Ph and Ar-
H, 6H), 6.68 (m, Ar-H, 2H), 6.64 (m, Ar-H, 2H), 6.36 (m, Ar-H, 
2H), 3.77 (m, NCH2, 2H), 3.60 (m, NCH2, 2H), 1.44 (m, 
CH3CHCH3, 2H), 1.14 (m, CH3, 6H), 0.86 (m, CH3, 6H). 13C{1H} 
NMR for 4rac (C6D6, 150.9 MHz): δ 167.9 (vt, 1JPC = 13 Hz), 134.4 
(s), 134.0 (s), 132.4 (m), 132.1 (vt, 2JPC = 4 Hz), 129.9 (s), 128.6 
(vt, 2JPC = 4 Hz), 114.2 (m), 111.8 (s), 109.8 (vt, 2JPC = 8 Hz), 54.5 
(s, NCH2), 24.3 (vt, 1JPC = 13 Hz, PCH(CH3)2), 19.3 (s, PCH(CH3)2), 
17.1 (s, PCH(CH3)2). 31P{1H} NMR for 4rac (C6D6, 162.0 MHz): δ 
49.3 (s). ESI-MS m/z: calcd for C32H36N2NiP2 568.1707; found 
568.1708. 

2Ph,propylene[PNNP]Ni (5). To a stirring solution of 2 (0.10 g, 
0.16 mmol) in THF (5 mL) was added a solution of 1,3-dibro-
mopropane (0.038 g, 0.19 mmol) in THF (5 mL) at -20 °C. The 
mixture was allowed to warm to room temperature and stirred 
overnight. The resulting orange solution with white precipitate 
was evaporated to dryness under vacuum. The residue was ex-
tracted with CH2Cl2 (10 mL) and filtered through a pad of Celite. 
The filtrate was reduced in volume to ca. 2 mL under vacuum, 
layered with Et2O, and stored at -20 °C to yield orange solid. 
The diffusion of pentane vapor into the concentrated solution 
of 5 in benzene yielded orange needles. Yield: 0.045 g (54%). 
X-ray quality single crystals of 5meso were obtained from the 
diffusion of pentane vapor into a concentrated benzene solu-
tion of 5meso. Anal. Calcd for C29H28N2NiP2·(CH2Cl2)0.2: C, 64.69; 
H, 5.28; N, 5.17. Found: C, 64.46; H, 5.39; N, 5.22 (Note: 1H NMR 
spectrum of 5meso contains ~0.05 equiv of residual CH2Cl2). 1H 
NMR for 5meso (CD2Cl2, 400 MHz): δ 7.49 (m,P-Ph, 4H), 7.30 (m, 
Ar-H, 2H), 7.19 (m, P-Ph, 4H),  7.06 (m, Ar-H, 2H), 6.87 (m, Ar-
H, 2H), 6.39 (m, Ar-H, 2H), 6.17 (m, Ar-H, 2H), 3.73 (m, NCH2, 
2H), 3.60 (m, NCH2, 2H), 2.92 (m, PCH2, 2H), 2.51 (m, 
CH2CH2CH2, 1H), 1.80 (m, PCH2, 2H), 1.35 (m, CH2CH2CH2, 1H). 
13C{1H} NMR for 5meso (CD2Cl2, 150.9 MHz): δ 165.1 (br), 133.4 
(s), 132.5 (s), 132.3 (vt, 2JPC = 5 Hz), 130.8 (s), 129.8 (vt, 1JPC = 
22 Hz), 128.9 (vt, 2JPC = 4 Hz), 120.0 (br), 112.0 (s), 109.7 (s), 
54.8 (s, NCH2), 24.8 (vt, 1JPC = 17 Hz, PCH2CH2CH2P), 19.6 (s, 
PCH2CH2CH2P). 31P{1H} NMR for 5meso (CD2Cl2, 162.0 MHz): δ 
28.9 (s). ESI-MS m/z: calcd for C29H29N2NiP2 525.1159; found 
525.1132 

{K(THF)x}22Me[PNNP]Ni (6). A mixture of 3 (0.20 g, 0.39 
mmol) and KH (0.046 g, 1.15 mmol) in THF (20 mL) was heated 
at 50 °C for 72 h. The resulting dark red mixture was filtered 
through a pad of Celite and the filtrate was evaporated to dry-
ness under vacuum. The residue was dissolved in THF (2 mL) 
and diffusion of pentane vapor into the resulting concentrated 
solution yielded 6 as a dark red solid. Crude yield: 0.18 g 
(~91%). X-ray quality single crystals were grown by decanting 
the mother liquor from the initial precipitation of 6, followed 
by diffusion of pentane vapor into this THF solution. Although 
three K-coordinated THF molecules were present in the solid-
state structure of 6 (x = 1.5), integration of the THF resonances 
in the 1H NMR spectra of a dried samples of 6 are consistent 
with just one THF molecule (x = 0.5), Satisfactory elemental 

analysis data for 6 could not be obtained owing to its air and 
moisture sensitivity. 1H NMR (THF-d8, 400 MHz): δ 6.80 (m, Ar-
H, 2H), 6.50 (m, Ar-H, 2H), 5.87 (m, Ar-H, 2H), 5.80 (m, Ar-H, 
2H), 3.61 (m, THF, 4H), 3.30 (s, NCH2, 4H), 1.77 (m, THF, 4H), 
1.30 (br, PMe2, 6H). 13C{1H} NMR (THF-d8, 150.9 MHz): δ 162.1 
(s), 145.0 (s), 130.6 (s), 124.7 (s), 109.1 (s), 105.2 (s), 68.2 (s, 
THF), 54.3 (s, NCH2), 26.4 (s, THF), 10.1 (d, 1JPC = 28 Hz, PMe). 
31P{1H} NMR (THF-d8, 162.0 MHz): δ -3.5 (s). 

4Me[PNNP]Ni (7). To a frozen solution of 6 (0.047 g, 0.091 
mmol) in THF (10 mL) inside a liquid N2-cooled cold well was 
added MeI (0.033 g, 0.23 mmol). The reaction mixture was al-
lowed to warm to room temperature and stirred for 2 h. The 
reaction mixture was filtered through a pad of Celite and the 
filtrate was evaporated to dryness under vacuum. The residue 
was extracted with toluene (6 mL) and filtered through a pad 
of Celite. The filtrate was reduced in volume to ca. 2 mL under 
vacuum. The diffusion of pentane vapor into the concentrated 
toluene solution yielded red-orange blocks and needles. Yield: 
0.026 g (74 %). Alternative one-pot synthesis: A mixture of 3 
(0.10 g, 0.20 mmol) and KH (0.023 g, 0.57 mmol) in THF (10 
mL) was heated at 50 °C for 72 h. The reaction mixture was al-
lowed to cool to room temperature, filtered through a pad of 
Celite, and frozen inside a liquid N2-cooled cold well. MeI (0.071 
g, 0.50 mmol) was added. The reaction mixture was allowed to 
warm to room temperature, stirred for 2 h, filtered through a 
pad of Celite, and evaporated to dryness under vacuum. The 
residue was extracted with toluene (6 mL) and filtered through 
a pad of Celite. The filtrate was reduced in volume to ca. 3 mL 
under vacuum and diffusion of pentane vapor into this concen-
trated toluene solution yielded red-orange blocks. Yield: 0.053 
g (70%).  1H NMR (C6D6, 400 MHz): δ 7.29 (m, Ar-H, 2H), 6.83 
(m, Ar-H, 2H), 6.59 – 6.50 (m, two overlapping Ar-H signals, 
4H), 3.68 (s, NCH2, 4H), 0.82 (m, PMe2, 12H). 13C{1H} NMR 
(C6D6, 150.9 MHz): δ 165.4 (vt, 2JPC = 13 Hz), 134.0 (s), 129.8 
(s), 119.6 (vt, 1JPC = 28 Hz), 112.0 (s), 109.6 (vt, 2JPC = 8 Hz), 54.7 
(s, NCH2), 13.1 (vt, 1JPC = 14 Hz, PMe). 31P{1H} NMR (C6D6, 162.0 
MHz): δ 13.5 (s). ESI-MS m/z: calcd for C18H25N2NiP2 389.0846; 
found 389.0850. 

H24Me[PNNP] (8). To a stirring solution of 7 (0.085 g, 0.22 
mmol) in CH2Cl2 (20 mL) were added degassed H2O (10 mL) 
and KCN (2.52 g, 38.7 mmol). Note: KCN could release a highly 
toxic chemical asphyxiant HCN. It should be handled only inside 
a fume hood and should not be mixed with an acid. Stirring the 
mixture for 1 h turned the organic layer colorless and the aque-
ous layer orange-yellow. The organic layer was transferred to 
a new flask and dried over MgSO4. The solution was filtered, 
and the solid was washed with CH2Cl2 (20 mL). The combined 
organic extracts were evaporated to dryness under vacuum 
and triturated with pentane 3 times. The residue was dissolved 
in a 1:1 mixture of Et2O and pentane (4 mL) and stored at -35 
°C to yield off-white needles. Yield: 0.053 g (73%). Anal. Calcd 
for C18H26N2P2: C, 65.05; H, 7.89; N, 8.43. Found: C, 64.96; H, 
8.05; N, 8.32. 1H NMR (C6D6, 400 MHz): δ 7.26 – 7.22 (m, Ar-H, 
2H), 7.22 – 7.17 (m, Ar-H, 2H), 6.81 (m, Ar-H, 2H), 6.47 (m, Ar-
H, 2H), 5.31 (br m, NH, 2H), 2.98 (m, NCH2, 4H), 1.07 (d, 2JPH = 
2.6 Hz, PMe2, 12H). 13C{1H} NMR (C6D6, 150.9 MHz): δ 151.3 (d, 
1JPC = 20 Hz), 130.4 (s), 129.8 (s), 124.2 (d, 2JPC = 9 Hz), 118.0 
(s), 110.4 (s), 43.3 (s, NCH2), 13.2 (d, 1JPC = 10 Hz, PMe). 31P{1H} 
NMR (C6D6, 162.0 MHz): δ -69.8 (s). ESI-MS m/z: calcd for 
C18H27N2P2 333.1649; found 333.1646. 

4Me[PNNP]Pd (9). To a stirring suspension of PdCl2 (0.016 g, 
0.090 mmol) in THF (2 mL) was added a solution of 8 (0.030 g, 
0.090 mmol) in THF (4 mL). The mixture was stirred overnight 
to yield a bright yellow precipitate. To the stirring suspension 
was added a solution of NaOtBu (0.018 g, 0.19 mmol) in THF (4 



 

mL). A yellow solution formed immediately. The reaction mix-
ture was stirred for 3 h, then filtered through a pad of Celite. 
The filtrate was evaporated to dryness under vacuum. The re-
sulting yellow solid was dissolved in THF (4 mL), and diffusion 
of pentane vapor into the resulting solution formed yellow nee-
dles. Yield: 0.027 g (69%). Anal. Calcd for C18H24N2P2Pd: C, 
49.50; H, 5.53; N, 6.41. Found: C, 49.67; H, 5.47; N, 6.38. 1H NMR 
(CD2Cl2, 400 MHz): δ 7.06 (m, Ar-H, 2H), 7.00 (m, Ar-H, 2H), 
6.37 – 6.28 (m, overlapping Ar-H signals, 4H), 3.59 (t, NCH2, 4H, 
4JPC = 1.4 Hz), 1.67 (m, PMe2, 12H). 13C{1H} NMR (CD2Cl2, 150.9 
MHz): δ 165.0 (m), 133.3 (s), 131.5 (s), 120.8 (m), 112.4 (vt, 2JPC 
= 4 Hz), 109.1 (vt, 2JPC = 10 Hz), 56.4 (s, NCH2), 15.4 (m, PMe). 
31P{1H} NMR (CD2Cl2, 162.0 MHz): δ 9.4 (s). ESI-MS m/z: calcd 
for C18H25N2P2Pd 437.0528; found 437.0528. 

Crystallographic Studies. Single crystals were mounted on 
a MiTeGen micromount using ParatoneN oil in air. The data 
were collected on a Bruker Nonius diffractometer with APEX II 
charge coupled detector (CCD) at 100(2) or 200(2) K using an 
Oxford Cryostreams low temperature device. The instrument 
was equipped with a graphite-monochromated Mo Kα radia-
tion source. All manipulations including data collection, inte-
gration, scaling, and absorption corrections were carried out 
using the Bruker Apex2 software.27 The structures were solved 
with Direct Methods (SHELXT)28 and non-hydrogen atoms 
were confirmed with the least-square method (SHELXL).29 
Highly-disordered solvent molecules in 3 were eliminated us-
ing a solvent mask, which left two pockets with identical vol-
ume of 453.1 Å3 and electron density of 83.0 e-. The disordered 
carbon atoms (C17 and C18) in 4rac were refined over two po-
sitions with the sum of site occupancy factor of 1. The addi-
tional bond distance restraints were applied for adjacent C-C 
bond of 1.54 Å and C-O bond of 1.43 Å while the disorder was 
modeled. The twinned crystal of 6 was refined as a 2-compo-
nent twin with the scales of 0.4936(10) and 0.5064(10). The 
positional disorder of carbon atoms (C47 and C48) in 6 were 
modeled by refining over two positions for each atom while 
setting the sum of site occupancy factor 1. The positions of all 
hydrogen atoms were idealized and they were allowed to ride 
on the attached carbon atoms. The final refinement included 
anisotropic temperature factor on all non-hydrogen atoms. 
Structure solution and refinement were performed with 
OLEX2,30 and publication figures were generated with Mer-
cury.31 Crystallographic details are summarized in Table S1.   

Computational Details. All calculations were performed us-
ing Gaussian16 for the Linux operating system.32 DFT calcula-
tions were carried out using B3LYP hybrid functional33,34 with 
a mixed basis set of def2-TZVP with effective core potentials for 
Ni,35,36 6-311+G(d) for N and P,37,38 and D95V for C and H.39 The 
crystal structures of 1, 3rac, 4rac, and 5meso were used for the 
initial guess, and the geometry was optimized to a minimum. 
Subsequent frequency calculations were carried out to confirm 
the absence of imaginary frequencies and to obtain free ener-
gies and enthalpies. Transition state calculations were con-
firmed by intrinsic reaction coordinate calculations which led 
to each intermediate. Further details are summarized in Tables 
S2-S5, and XYZ coordinates are provided in Tables S6-S19. 
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