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ABSTRACT: Tripyridylamine (TPA), a tetradentate ligand that forms 5-membered chelate rings
upon metal coordination, has demonstrated signiﬁcant utility in synthetic inorganic chemistry. An
analogue with a phosphorus apical donor is a desirable target for tuning electronic structure and
enhancing reactivity. However, this congener has been synthetically elusive. Prior attempts have
resulted in tridentate coordination to transition metal ions due to a lack of ligand ﬂexibility.
Herein, we report the successful synthesis of tris(2-pyridylmethyl)proazaphosphatrane (TPAP), a
more accommodating tripyridyl ligand containing an apical phosphorus donor. The TPAP ligand
forms 6-membered chelate rings upon coordination and binds in the desired tetradentate fashion
to a Co(II) ion. Structural studies elucidate the importance of ligand ﬂexibility in tripodal ligands
featuring phosphorus donors. Cyclic voltammetry, UV−vis, and solution magnetic susceptibility
experiments of [Co(TPAP)(CH3CN)]2+ are also reported and compared to [Co(TPA)(CH3CN)]2+. Notably, magnetic susceptibility measurements of [Co(TPAP)(CH3CN)]2+
indicate a low spin electronic conﬁguration, in contrast to [Co(TPA)(CH3CN)]2+, which is
high spin.

■

INTRODUCTION
Complexes containing neutral tetradentate tripodal ligands1 are
widely used in coordination chemistry for a variety of catalytic
applications including oxygen reduction,2 hydroxylation,3
epoxidation,4 aziridination,5 and atom-transfer radical polymerization.6 These complexes have also been extensively used to
model enzymatic active-sites.7 Additionally, transition metal
complexes in this coordination environment are known to
exhibit interesting electronic properties such as spin-crossover
behavior.8 The most widely studied ligands of this type are
neutral tripyridyl ligands containing an apical nitrogen donor,
such as tris(2-pyridylmethly)amine (TPA) and, to a lesser
extent, tris[2-(2-pyridyl)ethyl]amine (TEPA), shown in Chart
1.
For TPA and TEPA, tetradentate chelation is predominately
observed, where the ligands form 5- and 6-membered chelate
rings, respectively, with the metal ion. This leaves an open
coordination site for substrate binding trans to the apical
nitrogen donor. As a result, replacing the apical nitrogen donor
has been the most eﬀective way to tune substrate activation. For
example, the nitrogen in TPA has been replaced with analogues
containing carbon,9 silicon,10 and tin11 to modulate the
reactivity of the corresponding metal complexes. Substituting
the apical nitrogen with a phosphorus donor, which is a
stronger π-acid, has been predicted to expand the scope of
reactivity, particularly with substrates capable of π interaction
with the metal, such as dinitrogen and dioxygen.12−15
However, a TPA congener with a phosphorus apical donor
has been synthetically elusive. Chiswell reported the synthesis
of a tripyridyl ligand with a central phosphine donor
(tri(pyridylmethyl)phosphine (TPPh), Chart 1) in 1967, but
© 2015 American Chemical Society

Chart 1. Neutral Tripodal Tripyridyl Ligands with N and P
Apical Donorsa

a

The ligands coordinate to form either 5- (TPA, TPPh, and TPAMP,
top row), or 6- (TEPA and TPAP, bottom row) membered chelate
rings with the metal.

did not structurally characterize the corresponding Mn(II),
Ni(II), and Co(II) complexes.16 More recently, Britovsek et al.
reported the synthesis of tri(N-methyl-pyridylamino)phosphine
(TPAMP) and an improved preparation for TPPh as potential
TPA analogues.17 Structural analysis by X-ray crystallography of
the corresponding Cr(III), Fe(II), and Ru(II) complexes for
both TPPh and TPAMP revealed tridentate coordination with
the phosphorus donor and two pyridine ligands.17 Britovsek
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and co-workers attributed the absence of tetradentate chelation
for TPPh and TPAMP to longer MP bond distances
compared to the MN distance in TPA complexes,
concluding that this “allow[s] only two pyridyl units to
comfortably coordinate to the metal center.”17
In contrast, Ballmann et al. reported tris(3-aminopropyl)phosphine (TRPN), with three anionic nitrogen ligands and an
apical phosphorus donor, which coordinates to group 4 metal
ions in a tetradentate fashion.18 Ballmann and co-workers
hypothesized that the coordination behavior of anionic [PN3]
ligands is dependent on the length of the NCnP linkage (n
= 1−3).19 They concluded that a 3-atom linker would provide
suﬃcient ﬂexibility for all four donor atoms to chelate, forming
6-membered chelate rings. Although their work is based on
trianionic [PN3] ligands, we applied their hypothesis regarding
linker length to neutral [PN3] ligand systems in order to
successfully synthesize a tetradentate phosphine derivative of
TPA.
Herein, we present the synthesis of a new tripyridyl ligand
with a phosphorus donor that coordinates in the desired
tetradentate fashion to a Co(II) ion. Preparation of this ligand,
tris(2-pyridylmethyl)proazaphosphatrane (TPAP) (Chart 1),
begins by modifying a proazaphosphatrane colloquially known
as Verkade’s superbase.20 The modular synthesis of Verkade’s
superbase permits facile incorporation of three pyridyl ligands
above the proazaphosphatrane base,21 which forms 6membered chelate rings upon metal coordination.

Figure 1. Crystal structure of 2. Thermal ellipsoids drawn at 50%
probability; hydrogen atoms and chloride anion were omitted for
clarity except for H1, which was located in the diﬀerence map and
reﬁned freely.

electron donation from the trans nitrogen atom (Ntrans, or N1
in structure of 2) to the phosphorus, which stabilizes the
protonated form. This strong interaction between the P and
Ntrans has been observed in prior structural characterization of
protonated versus nonprotonated bases.27 When protonated,
the PNtrans distances are typically 2.0 Å or less, while the
corresponding free bases have PNtrans distances of over 3.0 Å
(see Table S1 for compiled structural data).
Deprotonation of 2 with excess potassium tert-butoxide in
tetrahydrofuran furnishes TPAP (3) as a white solid in 85.4%
yield. Ligand 3 was characterized by 1H and 13C{1H} NMR
spectroscopy (shown in Figures S5 and S6, respectively).
Additionally, the 31P NMR spectrum of 3 exhibits a singlet at
126 ppm (Figure S7), consistent with complete deprotonation.
Synthesis and Structural Studies of Cobalt Complexes. To examine the relationship between linker length and
tetradentate coordination in tripyridyl ligands with an apical
phosphorus donor, we also prepared the Co(II) complex of the
previously reported TPAMP ligand (4 in Chart 2).17 TPAMP

■

RESULTS AND DISCUSSION
Synthesis and Characterization of TPAP. Synthesis of
the new TPAP ligand is shown in Scheme 1. The precursor,

Scheme 1. Synthesis of Tris(2pyridylmethyl)proazaphosphatrane

Chart 2. Co(II) Complexes

tris[2-[N-(2-pyridinemethyl)-amino]ethyl]amine (1), was prepared as previously described.22 Schiﬀ-base condensation of 3
equiv of picolinaldehyde with tris(2-aminoethyl)amine followed
by hydrogenation gave 1 as a dark orange oil in 84.3% yield.
The addition of bis(dimethylamino)chlorophosphine to 1
yielded the protonated ligand [HTPAP][Cl] (2) along with
dimethylamine. The latter can easily be removed by washing
with tetrahydrofuran, and drying the resulting solid under
reduced pressure overnight furnishes 2 as a white solid in 61.9%
yield (1H NMR and 13C{1H} NMR shown in Figures S1 and
S2, respectively). The 31P{1H} NMR spectrum of 2 features a
singlet at −10.0 ppm, which appears as a doublet in the 31P
NMR with a J-coupling of 506 Hz, consistent with a protonated
phosphine (Figure S3 and S4).23
Single crystals suitable for X-ray analysis were grown by
layering diethyl ether over a solution of 2 in acetonitrile. The
solid-state structure of compound 2 displayed a PN1
distance of 1.971(16) Å and a PH distance of 1.24(2) Å
(Figure 1). These bond distances are similar to previously
reported variations of protonated Verkade’s superbase.23−25
The signiﬁcant Brönsted basicity of Verkade’s superbase (pKa
of protonated superbase = 32.9 in CH3CN)26 is attributed to

lacks the methylene linker between the phosphorus donor and
the pyridine ligand. As a result, coordination of the pyridine
linker and the phosphorus donor forms 5-membered chelate
rings. One equivalent of TPAMP in dichloromethane was
combined with one equivalent of [Co(CH3CN)6][BF4]2 in
acetonitrile. Electrospray ionization mass spectrum (ESI-MS)
of the reaction mixture reveals the presence of the [Co(TPAMP)2]2+ ion and an absence of the [Co(TPAMP)]2+ ion.
The isolated product [Co(TPAMP)2][BF4]2 (4) was precipitated and washed with diethyl ether to aﬀord a green solid in
32.5% yield. Complex 4 was analyzed by single crystal X-ray
diﬀraction (Figure 2). Selected bond distances and angles are
shown in Table 1. The crystal structure shows two 6-coordinate
[Co(TPAMP)2]2+ complexes in the asymmetric unit. In each
TPAMP ligand, only two pyridines and the central phosphorus
donor are coordinated, leaving one pyridine unbound to the
Co(II) center. This is similar to the binding mode previously
observed with Cr(III), Fe(II), and Ru(II).17
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Twenty-four structures of this type are reported in the CCDC,
and all but 1 are closer to a trigonal bipyramidal coordination
geometry (τ5 > 0.5). A complete list of reported structures and
analysis is available in the SI. The TPAP and TPA ligands in 5
and 6 contain apical donors close to tetrahedral geometry. The
average angle between the Co(II), apical donor, and N or C
bound to the apical donor is 109.9° and 106.6° for 5 and 6,
respectively. In contrast, the two pyridines bound to Co(II) in
4 exhibit an average CoPapicalN angle of 104.5°. The
smaller angle found in TPAMP is likely the source of the steric
strain that prevents the third pyridine from coordinating to the
metal.
In the three structurally characterized examples of Verkade’s
superbase coordinated to the metal ions Pt(II),30 Re(I),31 and
Hg(II),31 the PNtrans distances are all around 3.0 Å,
indicating little or no interaction between the phosphorus
and Ntrans. This is consistent with the PNtrans distance of
2.877(2) Å observed in [Co(TPAP)(CH3CN)][BF4]2 (5).
However, these examples all involve coordination to electron
rich metal centers. It is possible that Ntrans can serve as an
electron donor to the P and stabilize electron deﬁcient metal
centers, similar to the protonated ligand. We are currently
exploring this feature of TPAP.
Magnetic Susceptibility. The magnetic moment of sixcoordinate 4, measured by the Evans method in CD3CN, was
2.11 μB, consistent with an S = 1/2 spin state. This is due to the
strong ligand donation of both TPAMP ligands in an octahedral
coordination geometry around Co(II).
The solution μeff of 5 was also measured by the Evans
method in CD3CN to yield a magnetic moment of 2.67 μB,
corresponding to an S = 1/2 system (Figure S8). This is
consistent with other cobalt complexes containing strong ligand
donors.32,33 Additionally, perpendicular (⊥)-mode EPR spectroscopy was performed on 5 in acetonitrile at 77 K (Figure 3).
The signal for 5 was centered at g = 2.18, corroborating the
spin state observed at room temperature using Evans method.
In contrast, TPA is a weak ligand donor; the solution
magnetic moment of 6 was reported by Karlin et al. to be 4.16
μB, corresponding to an S = 3/2 system.29 We attribute the
change in the low spin character of 5 to high spin in 6 to the
change in apical ligand from P to N. However, we note that we
are unable to make a direct comparison of the electronic eﬀect
from the diﬀerent apical donors since 5 and 6 exhibit diﬀerent
coordination geometries in their solid state structures.
Electrochemistry. Cyclic voltammetry was performed on 5
and [Co(TPA)(CH3CN)][BF4]2. TPA was synthesized according to a literature procedure29 and was complexed using
[Co(CH3CN)6][BF4]2 to give [Co(TPA)(CH3CN)][BF4]2.
Complex [Co(TPA)(CH3CN)][BF4]2 was synthesized instead

Figure 2. Crystal structure of (left) one of two [Co(TPAMP)2][BF4]2
(4) molecules in the asymmetric unit and (right) [Co(TPAP)
(CH3CN)][BF4]2 (5). Thermal ellipsoids drawn at 50% probability;
hydrogen atoms and BF4− anions omitted for clarity.

[Co(TPAP)(CH3CN)][BF4]2 (5) was prepared by reacting
stoichiometric quantities of TPAP (3) with [Co(CH3CN)6][BF4]2 in acetonitrile. The product was precipitated and washed
with diethyl ether to give the analytically pure product in 56.2%
yield. The formulation was conﬁrmed by ESI-MS. A single
crystal for X-ray analysis was grown by layering pentane over a
solution of 5 in dichloromethane. The structure is shown in
Figure 2, and selected bond distances and angles are shown in
Table 1. The CoNpyr distance is similar for all three pyridines
(1.997(2), 2.035(2), and 2.094(2) Å), and the CoP distance
is 2.1693(7) Å. The ligand chelates in the desired tetradentate
fashion, with an acetonitrile solvent taking up a ﬁfth
coordination site. The pseudosquare 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.28
In terms of linker length, TPAP is a closer analogue to the
amine donor TEPA. However, only two structurally characterized examples of cobalt complexed to TEPA were found in
the Cambridge Crystallographic Database Centre (CCDC)
(Table S3). In both cases, the cobalt was in the 3+ oxidation
state and formed 6-coordinate complexes with bidentate CO32−
or HCO3− anions. As a result, we compared the crystallographic
structure of [Co(TPAP)(CH3CN)][BF4]2 (5) to the structure
of the previously reported [Co(TPA)(CH3CN)][ClO4]2 (6).29
The distances of CoNpyr in 6 are 2.037(3), 2.041(3), and
2.053(3) Å for an average distance of 2.044 Å, comparable to
the 2.042 Å distance in 5. The CoNapical distance of 6 is 2.177
Å, which is also close to the CoPapical distance of 2.169 Å in 5.
However, 6 has a τ5 value of 0.99, a geometry much closer to
trigonal bipyramidal compared to the pseudosquare pyramidal
geometry of 5. This appears to be a general trend among
structurally characterized 5-coordinate [Co(TPA)(X)]2+ ions.

Table 1. Selected Bond Lengths (Å) and Angles (deg) for 4 and 5
[Co(TPAMP)2][BF4]2 (4)
Co(1)P(1)
Co(1)P(2)
Co(1)N(2)
Co(1)N(4)
Co(1)N(8)
Co(1)N(10)

[Co(TPAP)(CH3CN)][BF4]2 (5)
2.1095(6)
2.1175(6)
2.1943(19)
2.0468(18)
2.2169(19)
2.0935(19)

Co(1)P(1)
Co(1)N(5)
Co(1)N(6)
Co(1)N(7)
Co(1)N(8)
P(1)N(1)
P-(1)Co(1)N(8)
N(5)Co(1)N(6)
11507

2.1693(7)
2.035(2)
1.997(2)
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2.877(2)
176.94(7)
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Figure 5. UV−vis spectrum of 5 in acetonitrile at 22 °C. An inset
displays a close up of the bands between 500 and 1000 nm.

Figure 3. EPR spectrum of 5 in a frozen solution of acetonitrile at 77
K.

spin Co(II) in the coordination geometry observed in the solid
state structure.
By comparison, the room-temperature UV−visible spectrum
of 6 was previously reported by Karlin et al.35 Complex 6
displayed d−d transitions at 472, 552, and 945 nm with ε value
of 82, 52, and 5 M−1cm−1, respectively.

of the previously published complex 6 [Co(TPA)(CH3CN)][ClO4]2 due the potential hazard of perchlorate salts.
The cyclic voltammogram of 5 in acetonitrile exhibited an
irreversible oxidation event at 0.13 V and a reversible event at
−1.47 V (vs Fe(C5H5)20/+, at 100 mV/s scan rate) (Figure S9).
The isolated reversible event at −1.47 V is assigned as the
Co+/+2 couple and is shown in Figure 4. Under the same

■

CONCLUSIONS
We have successfully modiﬁed a proazaphosphatrane to furnish
the ﬁrst tetradentate tripyridyl ligand featuring a phosphorus
apical donor, TPAP. The magnetic properties of the [Co(TPAP)(CH3CN)]2+ complex displayed a diﬀerent spin state
(low) to that of [Co(TPA)(CH3CN)]2+ (high) but have similar
redox properties. Comparing the coordination geometry to
Co(II) for TPAMP and TPAP, which have one- and two- atom
spacers between the phosphorus donor and pyridyl arms,
respectively, demonstrates the importance of ligand ﬂexibility in
supporting the desired tetradentate coordination geometry.
The result of our study provides a useful guide to the design of
new tripodal ligands containing nonamine apical donors.

■

Figure 4. Variable scan rate cyclic voltammograms of 5 with 1.0 mM
analyte in acetonitrile with 0.02 M Bu4NPF6.

EXPERIMENTAL SECTION

General Considerations. The complexes described below are airand 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. Halocarbon
solvents were passed through packed columns of neutral alumina and
Q5 reactant. Acetonitrile, diethyl ether, and halogenated solvents were
passed through two columns of neutral alumina. Methanol was dried
through columns of activated molecular sieves. Compounds tris[2-[N(2-pyridinemethyl)-amino]ethyl]amine22 (1), N,N′,N″-trimethyl-tri(pyridylamino)phosphine (TPAMP),17 tris(2-pyridylmethyl)amine
(TPA),29 and [Co(CH3CN)6][BF4]236 were synthesized according
to established procedures. CD3CN was freeze−pump−thawed three
times and dried over molecular sieves. All other materials 2pyridinecarboxyaldehyde (99%), tris(2-aminoethyl)amine (96%),
10% Palladium/Carbon Type 487, potassium tert-butoxide (97%)
and bis(dimethylamino)chlorophosphine (96%) 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. 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
31
P) 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.37 All

conditions, [Co(TPA)(CH3CN)][BF4]2 also exhibited an
irreversible oxidation at 0.66 V (Figure S9). When isolated,
the assigned Co+/+2 couple is observed as a quasi-reversible
event at −1.54 V (vs Fe(C5H5)20/+, at 100 mV/s scan rate)
(Figure S10). This reduction event matches that of other
[Co(TPA)(X)]2+ complexes reported in literature.34
In the study conducted by Britovsek et al. using a Ru metal
center, they found that “changing the nitrogen amine donor in
TPA for a strong ﬁeld P-donor (and one pyridine ligand for an
acetonitrile ligand) increases the Ru+2/+3 redox potential
considerably”.17 In this study, we found only a modest increase
(7 mV) in the Co+/+2 redox potential for complex 5 compared
to [Co(TPA)(CH3CN)][BF4]2.
UV−vis. The room-temperature UV−visible spectrum of 4
and 5 was obtained in acetonitrile (Figure S11 and 5,
respectively). For 5, a charge transfer band is shown in the
UV region (255 nm) while two broad bands are shown in the
visible region (400 and 595 nm). A fourth band is seen in the
Near-IR at 975 nm. The two charge transfer bands at 255 and
400 nm have an ε value of 8064 and 3058 M−1cm−1,
respectively, while the bands at 595 and 975 nm (d−d
transition) have an ε value of 212 and 50.3 M−1cm−1,
respectively. The latter two features are consistent with a low
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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. Elemental analyses were performed on a PerkinElmer
2400 Series II CHNS elemental analyzer. Perpendicular-mode X-band
electron paramagnetic resonance (EPR) spectrum was collected using
a Bruker EMX spectrometer. 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.
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 88 K
for 5, 173 K for 4 and 296 K for 2 using Mo Kα radiation (λ =
0.710 73 Å). A full sphere of data were 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 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, 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 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, we did not deem it appropriate to model any further
disorder.
[Co(TPAMP)2][BF4]2 (4). In the glovebox, [Co(CH3CN)6][BF4]2
(61.3 mg, 0.128 mmol) was added to a solution of TPAMP (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 redissolved 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 − BF 4 ] + 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.
[HP((2-PyrCH2)-NCH2CH2)3N][Cl] ([HTPAP][Cl]) (2). In the glovebox, a solution of 1 (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, and the
precipitate was washed with tetrahydrofuran and dried on the high
vacuum line to aﬀord a white solid in 61.9% yield. 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).
13
C{1H}NMR (CD3CN, 126 MHz) δ = 40.25 (NCH2CH2NP), 47.91
(PhCH2N), 53.39 (NCH2CH2NP), 122.6 (Pyr), 123.4 (Pyr), 137.87
(Pyr), 150.5 (Pyr), 159.2 (Pyr). 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]+ Calculation for C24H31N7P, 448.27;
Found, 448.23.
P((2-PyrCH2)-NCH2CH2)3N (TPAP) (3). In the glovebox, a solution of
potassium tert-butoxide (148 mg, 1.32 mmol) in 5 mL of
tetrahydrofuran was added to a suspension of [HTPAP][Cl] (320
mg, 0.661 mmol) in 10 mL of tetrahydrofuran. The mixture was stirred
overnight and KCl precipitated from the solution. 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 KCl
and potassium tert-butoxide. The solvent from the ﬁltrate was removed
under reduced pressure to aﬀord the product as a tan 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
(NCH2CH2NP), 51.7 (PyrCH2N), 55.8 (NCH2CH2NP), 122.8 (Pyr),
122.9 (Pyr), 137.5 (Pyr), 150.0 (Pyr), 162.5 (Pyr). 31P{1H}NMR
(CD3CN, 162 MHz) δ = 126.6. ESI-MS (m/z): [M + H]+ Calculation
for C24H31N7P, 448.27; Found, 448.27.
[Co(TPAP)(CH3CN)][BF4]2 (5). In the glovebox, [Co(CH3CN)6][BF4]2 (23.8 mg, 0.049 mmol) was added to a solution of TPAP (22.2
mg, 0.049 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.
[Co(TPA)(CH3CN)][BF4]2. In the glovebox, [Co(CH3CN)6][BF4]2
(100 mg, 0.209 mmol) was added to a solution of TPA (60.6 mg,
0.209 mmol) in 5 mL of acetonitrile. The solution became purple and
was stirred for 1 h at room temperature. The solvent was removed
under reduced pressure, and the resulting purple solid was washed
with diethyl ether. The purple solid was redissolved in acetone and
ﬁltered through a glass pipet packed with a glass microﬁber ﬁlter. To
this solution, diethyl ether was layered to grow purple crystals that
were isolated in 87.7% yield. ESI-MS (m/z): [M − (BF4)2 −
CH3CN]2+ Calculation for C18H18CoN4, 174.54; Found, 175.51.
Analytical Calculation for C20H21B2CoF8N5·(C3H6O)0.75: C, 43.99; H,
4.23; N, 11.53. Found: C, 43.52; H, 4.11; N, 11.02.
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