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Square-planar imido complexes of cobalt:
synthesis, reactivity and computational study†
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Treatment of [Co(N2)(
tBuPNP)] (tBuPNP = anion of 2,5-bis(di-tert-butylphosphinomethyl)pyrrole) with one

equivalent of an aryl azide generates the four-coordinate imido complexes [Co(NAr)(tBuPNP)] (Ar = mesityl,

phenyl, or 4-tBu-phenyl). X-ray crystallographic analysis of the compounds shows an unusual square-planar

geometry about cobalt with nearly linear imido units. In the presence of the hydrogen atom donor,

TEMPOH, [Co(NPh)(tBuPNP)] undergoes addition of the H atom to the imido nitrogen to generate the

corresponding amido complex, [Co(NHPh)(tBuPNP)], whose structure and composition were verified by

independent synthesis. Despite the observation of H atom transfer reactivity with TEMPOH, the imido com-

plexes do not show catalytic activity for C–H amination or aziridination for several substrates examined. In

the case of [Co(NPh)(tBuPNP)], addition of excess azide produced the tetrazido complex, [Co(N4Ph2)

(tBuPNP)], whose bond metrics were most consistent with an anionic Ph2N4 ligand. Density Functional

Theory (DFT) investigations of the imido and tetrazido species suggest that they adopt a ground state best

described as possessing a low-spin cobalt(II) ion ferromagnetically coupled to an iminyl radical.

Introduction

Transition metal-catalyzed nitrene addition/insertion is among
the most desirable methods for construction of carbon–nitro-
gen bonds due to its atom economy and compatibility with
late stage functionalization.1 Several catalyst systems have
proven successful in this regard demonstrating the ability to
aminate C–H bonds with high efficiency and selectivity.2–4

Azides are among the molecules most frequently employed as
the source of nitrene units in these reactions as their conver-
sion to C–N bonds results in molecular nitrogen as the only
by-product. The reaction of organic azides with transition
metal centres proceeds via oxidative group transfer of the “NR”
fragment to generate metal-imido species.5 The electronic
structures of these compounds are often key to their ability to
activate C–H bonds. Accordingly, early-metal imido complexes,
which feature metals in high formal oxidation states and
closed-shell NR2− ligands, are usually eschewed in favour of

later metal systems that may feature more electronic flexibility
in the M-NR unit.6–12

In the area of first-row transition metal chemistry, several
compounds of the mid-to-late transition elements have been
reported to support well-defined metal imido species while
also demonstrating catalytic efficacy in amination protocols.13

Cobalt, in particular, has proven promising as a focal point for
further catalyst design with several systems displaying both
efficiency and selectivity for C–H amination.14–19 In this vein,
recent work with a cobalt PNP pincer system by Chirik and co-
workers disclosed one of the first examples of an isolable
imido complex possessing a square-planar geometry
(Scheme 1).20 The compound was prepared by treatment of a
cobalt(I) dinitrogen complex with mesityl azide. As noted by
the authors, such geometries are rare for species containing
metal–ligand multiple bonds. Moreover, the ground state for

Scheme 1 Pincer-supported Co imido complexes.
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the imido was found to be best described as a low-spin Co(II)
centre ferromagnetically coupled to an iminyl radical giving an
overall ground state of S = 1. Despite this unusual electronic
structure, the imido proved unreactive in typical nitrene trans-
fer protocols and instead was found to decompose by
migration of the nitrene unit to one of the phosphine ligands.
The resulting cobalt(I) species was computed to be stabilized
by ca. 9 kcal mol−1 by resonance contributions from the non-
innocent PNP ligand (Scheme 1).

Encouraged by the precedent of cobalt compounds in
nitrene chemistry21–32 and the demonstrated ability of pincer
ligands to support novel metal imido species,33–38 we turned
our focus to the chemistry of the Co(I) compound featuring the
pyrrole-based pincer ligand (Scheme 1).39,40 We have already
established the propensity for this species to carry out two-
electron oxidative addition reactions with concomitant bond
activation. Accordingly, we hypothesized that the corres-
ponding reactions with azides would generate similar imido
species to those reported by Chirik, but with a ligand that
would not be as prone to formation of the P–N coupling
product due to the lack of possible resonance contributors
with the pyrrole-based pincer ligand and its greater structural
rigidity. We describe our findings herein.

Results and discussion
Synthesis

We have demonstrated previously that the Co(I) species, [Co
(N2)(

RPNP)] (R = Cy, tBu), is capable of H–H, C–H, C–X, and Si–
H bond activation under mild conditions.41–43 These reactions
occur via formal oxidative addition to generate Co(III) species.
We therefore reasoned that the reducing potential of the Co(I)
complex would be similarly effective for activation of organic
azides. Treatment of the tert-butyl analogue, 1, with mesityl
azide was found to proceed rapidly at room temperature with
the evolution of nitrogen to produce a new paramagnetic
species formulated as the formally cobalt(III) imido species, 2a
(Scheme 2), as determined by NMR spectroscopy. The solution

magnetic susceptibility measurements of the compound in
benzene provided a magnetic moment of 2.6(2)μB. This value
is low but most consistent with a triplet ground state (S = 1).
Identical reactions of phenyl azide and 4-tert-butylphenyl azide
generated comparable spectra although alkyl azides such as
benzyl azide led to intractable mixtures. The bulkier alkyl
azide 1-AdN3 failed to react with 1 under the conditions
employed. Compound 2a was found to precipitate readily from
cold pentane to afford dark olive-green crystals. Slow degra-
dation was observed in solution at room temperature with
more rapid decomposition evident at 80 °C in benzene-d6.

The solid-state structure of 2a is displayed in Fig. 1. The
compound displays a square-planar coordination geometry
about cobalt much like that found for the related PNP pincer
system studied by Chirik and coworkers.20 The cobalt imido
distance of 1.728 Å is nearly 0.2 Å shorter than the Co–Npyrrole

contact indicating a degree of cobalt–nitrogen multiple
bonding consistent with the imido formulation. In addition,
the Co(1)–N(2)–C(23) angle is very close to linear at 178.2°.
Within the mesityl ring, the C–C distances are not equivalent,
with the Cipso–Cortho distances measuring ca. 0.05 Å longer
than the remaining bonds. Similar elongation has been
observed previously for transition metal imido species contain-
ing radical delocalisation into the pi system.44–47 The structure
of the phenyl analogue, 2b, is similar to that of 2a with a
slightly more bent Co–N–C angle of 155.2° (see the ESI†). The
deviation from linearity is likely made possible by the reduced
steric congestion encountered by the smaller phenylimido
ligand. Cobalt arylimido complexes are known to display a
range of Co–N–C angles, with that in 2b falling at the lower
end of structurally characterized examples.21 Nonetheless, this
angle is substantially more linear than that found for the
amido analogue (vide infra).

Scheme 2 Azide reactivity of [Co(N2)(
tBuPNP)].

Fig. 1 Thermal ellipsoid drawing of the solid-state structure of 2a.
Hydrogen atoms omitted for clarity. Selected bond distances (Å) and
angles (°): Co(1)–N(2) = 1.7278(14); Co(1)–N(1) = 1.8922(14); Co(1)–P(1) =
2.2549(4); Co(1)–P(2) = 2.2521(4) N(2)–C(23) = 1.334(2); Co(1)–N(2)–C
(23) = 178.25(13); P(1)–Co(1)–P(2) = 161.654(19); N(1)–Co(1)–N(2) =
169.90(7).
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Cyclic voltammetry of 2a in THF demonstrated a quasi-
reversible oxidation centred at −0.60 V (vs. Fc+/0) and an irre-
versible reduction event at −2.38 V (see the ESI†). Attempted
chemical oxidation of 2a with ferrocenium salts generated a
deep red material that appeared silent in NMR spectroscopy;
however, attempts to isolate the material for further character-
ization were unsuccessful.

During the synthesis of 2b, prolonged reaction with excess
phenylazide was found to produce a new compound as studied
by NMR spectroscopy. Crystallization of the species and ana-
lysis by X-ray diffraction demonstrated the formation of a tetra-
zido complex (3, Scheme 2), congruent with observations from
other metal imido systems.15,44,48 Compound 3 features a dis-
torted square-pyramidal geometry in the solid state with one
of the tetrazido nitrogen atoms occupying the axial position
(Fig. 2). The 1H NMR spectrum of 3 contains a single broad
resonance for the tert-butyl groups indicating a fluxional geo-
metry in solution with the N4 moiety likely rocking back and
forth about the PNPCo plane. The bond distances within the
N4 metallacycle vary between 1.35 Å for N(2)–N(3) and N(4)–N
(5), and 1.29 Å for N(3)–N(4). This shortening of the central N–
N contact is most consistent with a ‘closed-shell dianionic’
description of the tetrazido moiety(N4

2−),49 although calcu-
lations of 3 suggest a multi-determinantal ground state
(vide infra). Similar tetrazido formation was not observed for
2a, probably because of the enhanced steric bulk of the
mesityl substituents. In addition, a species analogous to 3 was
not observed by Chirik for the pyridine-based PNP system con-
taining a mesitylimido moiety.20

Hydrogen atom abstraction by metal imido species is com-
monly invoked as an initial step in the mechanism for catalytic

C–H amination.50 To provide a benchmark for spectroscopic
features of such species we next pursued the synthesis of the
Co(II) amido species, 4 (Scheme 3). Addition of LiNAr salts to
[CoCl(tBuPNP)] afforded the desired amido compounds in
moderate isolated yields.

Compounds 4a and 4b precipitate readily from pentane to
afford deep purple crystals. The EPR spectrum of 4b displays a
pseudo-axial signal with hyperfine coupling to 57Co. These fea-
tures are broadly similar to those of other low-spin S = 1

2 cobalt
(II) compounds of PNP pincers containing alkyl and halogen
ligands (Fig. 3).51 Simulation of the spectrum produced aniso-
tropic g values of 3.288, 1.994, and 1.853, further consistent
with a low-spin square-planar Co(II) system displaying substan-
tial spin–orbit coupling.51–53 In line with this spectroscopic
data, the effective magnetic moment of 4a in solution was
determined to be 2.2(2)μB, greater than the predicted spin-only
value for an S = 1

2 system.
The solid-state structure of 4a is depicted in Fig. 4. Most

notably, the bond metrics about the cobalt-amido unit show a
substantial change from those observed for the cobalt-imido
unit of compound 2a. The Co(1)–N(2) bond distance of 4a is
over 0.1 Å longer than that in 2a at 1.875 Å. Similarly, the Co
(1)–N(2)–C(23) bond angle of 4a is significantly more bent at
135.45°. In addition to the metrics about Co, the C–C intra-
ring distances of the mesityl unit and the N(2)–C(23) distance
demonstrate less deviation from normality than seen in 2a
consistent with less radical delocalization into the arene pi
system. The remaining metrics about the CoPNP unit are com-
parable to those of 2a with the exception of the Co(1)–P(2) dis-
tance, which is slightly elongated with respect to the Co(1)–P
(1) distance. This distortion most likely takes place to accom-
modate the bulk of the amido substituent, as it is also
observed in the structure of 4b (see the ESI†).

Reactivity

With the imido compounds in hand, we turned to an investi-
gation of their reactivity relevant to C–H amination processes.
We began by examining the propensity for hydrogen atom
abstraction by 2a. Reaction of 2a with H atom donors, 1,4-
cyclohexadiene or TEMPOH (2,2,6,6-tetramethylpiperidin-1-ol)
in benzene-d6 resulted in no apparent reactivity as judged by
1H NMR spectroscopy. Resonances for 2a were still apparent
after prolonged exposure to the H atom donors and extended
reaction time and/or elevated temperatures led to decompo-
sition. Reasoning that the steric bulk of 2a was shutting down
potential HAT reactivity, we next examined compound 2b.

Fig. 2 Thermal ellipsoid drawing of the solid-state structure of 3.
Hydrogen atoms omitted for clarity. Selected bond distances (Å) and
angles (°): Co(1)–N(2) = 1.8772(18); Co(1)–N(5) = 1.9650(19); Co(1)–N(1)
= 1.9090(18); Co(1)–Pavg = 2.3904(6); N(2)–N(3) = 1.354(3); N(3)–N(4) =
1.288(3); N(4)–N(5) = 1.359(2); P(1)–Co(1)–P(2) = 146.23(2); N(1)–Co(1)–
N(2) = 175.74(8); N(1)–Co(1)–N(5) = 97.45(7); N(2)–Co(1)–N(5) = 78.30
(8). Scheme 3 Synthesis of Co(II) amido species.
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Reaction of 2b with 1,4-cyclohexadiene resulted in the detec-
tion of small quantities of aniline and 1 by NMR spectroscopy,
although it remains uncertain if direct hydrogen atom transfer
(HAT) to the imido nitrogen atom of 2b occurred as no evi-
dence for the formation of 4b was observed.54 In contrast,

treatment of 2b with TEMPOH led to the immediate formation
of 4b as judged by NMR spectroscopy (Scheme 4).

In addition to stoichiometric experiments with 2a and 2b,
we also examined the potential catalytic activity of 1 with
several typical amination substrates. Reactions of 1 with a 5–10
fold excess of styrene or toluene in the presence of phenyl and
benzyl azides failed to demonstrate any reactivity consistent
with nitrene transfer. In all cases complete consumption of 1
was observed, but no products indicative of C–N bond for-
mation were apparent. We also considered intramolecular
nitrene transfer employing the substrate (3-azidobutyl)
benzene. As with the intermolecular experiments, treatment of
1 with an excess of the azide led to the immediate consump-
tion of reagents but failed to produce the expected phenylpyr-
rolidine product as judged by NMR spectroscopy. These results
demonstrate that imido formation is facile with the azide sub-
strate, but that subsequent C–H abstraction and amination are
not occurring, likely due to the decomposition or orthogonal
reactivity of the intermediate alkylimido such as tetrazido
formation.

Computational studies

The electronic structures of the imido, amido and tetrazido
complexes were investigated by performing a series of DFT and
ab initio Complete Active Space Self Consistent Field (CASSCF)
calculations on structural models derived from the crystal
structures. DFT calculations employed pure BP86 and hybrid
B3LYP and TPSSH functionals in conjunction with the
Karlsruhe triple-zeta def2-TZVPP basis set.55

Imido complexes. The DFT calculations predict that the
imido complex, 2a, adopts a triplet ground state (S = 1) consist-
ent with experimental data. The lowest energy excited state sits
ca. 1200 cm−1 above the ground state and is best described as
a broken symmetry (BS) S = 0 state. The energy of the lowest
genuine S = 0 state is ca. 8000 cm−1 above the ground state
and was inferred from restricted Kohn–Sham calculations
(rks). Moreover, the lowest quintet state (S = 2) has similar
energy as that of the rks S = 0 state. Inspection of the DFT pre-
dicted atomic charges and spins (see the ESI†) shows that the
two unpaired electrons of the lowest S = 0, BS state and of the
S = 1 ground state are nearly equally distributed between the
cobalt site and the imido ligand (Fig. 5). Evidently, for the BS
state the electron localized on the ligand has an opposite spin
when compared to that localized on the metal site. This obser-
vation suggests that the ground state may be described as orig-

Fig. 3 X-band EPR spectrum recorded at 77 K for a 2-MeTHF solution
of 4b (red) recorded at a microwave frequency of ν = 9.44869 GHz and
a microwave power of 2 mW. The theoretical spectrum (blue) was
obtained using a model consisting of an S = 1

2 coupled to a I = 7
2

59Co
nucleus (100% abundance). The parameters used to derive this simu-
lation are gx = 3.288, gy = 1.994, gz = 1.853, σ(gx) = 0.077, σ(gy) = 0.046,
σ(gz) = 0.071, Ax = 489 MHz, Ay = 5 MHz, Az = 29 MHz, σ(Ax) = 120 MHz,
σ(Ay) = 51 MHz, σ(Az) = 2 MHz and a linewidth of 57 G. Although the
simulation was not able to reproduce the small ridges centered around
g ∼ 2.2, their peak-to-peak splitting suggests that they originate from a
hyperfine splitting of ca. 210 MHz.

Fig. 4 Thermal ellipsoid drawing of the solid-state structure of 4a.
Hydrogen atoms except that attached to N(2) omitted for clarity.
Selected bond distances (Å) and angles (°): Co(1)–N(2) = 1.8750(15); Co
(1)–N(1) = 1.8877(14); Co(1)–P(1) = 2.2626(5); Co(1)–P(2) = 2.3198(5);
N(2)–C(23) = 1.395(2); Co(1)–N(2)–C(23) = 135.44(13); P(1)–Co(1)–P(2) =
158.022(19); N(1)–Co(1)–N(2) = 172.54(6).

Scheme 4 HAT reactivity of 2b with TEMPOH.
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inating from the ferromagnetic (F) coupling of a metal-based
SCo = 1

2, such as that obtained for a low-spin Co(II) site, with the
Simido = 1

2 of an imido-based spin.
The energy spacing of the F and BS states suggests a spin

coupling constant of J ∼ −2400 cm−1, obtained using the
Hamiltonian, Ĥ = J·ŜCo·Ŝimido and the J = (εF − εBS)/2SCoSimido

relationship. Just as expected, the large J value is indicative of
a direct exchange interaction as opposed to superexchange
interactions encountered when the spin coupling is mediated
by a diamagnetic bridge.

In the ferromagnetically coupled ground state of 2a the
unpaired spin density of the imido ligand is, in most cases,
nearly equally distributed between the nitrogen atom and the
aromatic core (Fig. 5). The delocalization of the unpaired elec-
tron over the latter moiety is consistent with the elongated
C–C bonds of the aromatic ring, and likely accounts for the
added stability of the arylimido compounds vis-a-vis alkylimi-
dos. The unpaired spin density localized specifically on the
nitrogen atom is accommodated by the 2pz and 2py orbitals,
which are orthogonal to the Co–N bond. The pz fraction is typi-
cally twice as large as py (see the ESI†). This difference may be
traced to the fact that only py interacts with the π system of the
benzene core. Thus, the two unpaired electrons of both the F
and BS states occupy two π*-type MO orbitals: πy* ∼ 3dxy(Co)–
[py(Nimido) + p(C6)]; πz* ∼ 3dxz(Co)–pz(Nimido) (see ESI
Fig. S12†). Importantly, this difference leads to unequal contri-
butions of the 3d cobalt orbitals to the (πy*, πz*) MOs and, in
turn, is responsible for the stabilization of a ferromagnetic-
type ground state.

Orbital occupation in the ground state of 2a is best
described as having single occupation of the 3dxz orbital with
double occupancy of 3dz2, 3dxy and 3dyz (see the ESI†). The
metal-based 3dx2−y2 orbital also appears to accommodate one
electron; however the population of this orbital is spin unpo-
larized and is traced to the σ-bonding interaction between the
empty metal orbital and doubly occupied ligand orbitals.
Therefore, the metal site is best described as a low-spin Co(II)
ion. The increased π-bonding interaction is also reflected in a
strong Co–Nimido bond. Thus, the bond order calculated for
this bond is nearly 1.5 times larger than the other metal–
ligand bonds.

The CAS(8,12) calculations of 2a also predict that there is a
strong π-bonding interaction between the cobalt ion and the

imido ligand (see ESI, Fig. S13†). Unlike DFT, however, the
CAS(8,12) calculations forecast that the two unpaired electrons
are localized primarily on the metal ion such that, according
to the Löwdin population analysis, the cobalt site has a spin
density of +1.68 and the imido ligand of +0.22. In addition,
these calculations suggest that the S = 1 ground state exhibits
an exceptionally large zero field splitting (ZFS), D ∼ 92 cm−1

with a large contribution from the singlet states of ca.
51 cm−1. This D value is similar to that observed experi-
mentally for a S = 1, square-planar Co(III) complex supported
by perfluoropinacolates,56 and could potentially explain our
inability to detect an EPR signal for this species even when
using a microwave frequency greater than 600 GHz (hν >
20 cm−1).

Amido complexes. Analysis of the DFT predicted charge and
spin distributions suggests that the lone unpaired electron of
the S = 1

2 ground state of the amido complex 4a is localized on
the metal ion (see ESI, Fig. S14†). The lowest quartet excited
state (S = 3

2) has an energy of ca. 10 000 cm−1 above the ground
state. Moreover, inspection of the orbital populations, indi-
cates that the unpaired electron is accommodated in a 3dxz
orbital with double occupation of 3dz2, 3dxy and 3dyz akin to
that calculated for the low-spin Co(II) centre in 2a. Therefore,
the electronic configuration of the low-spin cobalt(II) ion of the
amido complex is quite similar to that of the imido except that
the π-bonding interactions between the metal site and the
amido ligand are not as important.

Tetrazido complex. The DFT study of 3 suggests that the
electronic structures of the tetrazido and imido species share
many characteristics. Thus, DFT predicts a triplet (S = 1)
ground state that originates from the ferromagnetic coupling
of a S = 1

2 low-spin cobalt(II) ion to the S = 1
2 spin delocalized

over the N4 moiety (Fig. 6 and the ESI†). In addition, the
lowest excited state is a broken symmetry singlet (S = 0) with
an energy of ∼900 cm−1 ( J ∼ 1800 cm−1). While the unpaired
electron of the tetrazido ligand occupies a b1 molecular orbital
delocalized over the N4 moiety, that of the metal ion is best
described as occupying 3dz2 (see ESI, Fig. S17†). The CAS(7,10)
calculations predict that 3 adopts a multi-determinantal
ground state with contributions from multiple leading con-
figurations and that the unpaired electron is localized primar-

Fig. 5 Spin density plots of 2a obtained for the F, S = 1 states (left) and
the BS, S = 0 (right) obtained at the BP86/def2-TZVPP (left) level of
theory. These plots were obtained using an isosurface value of ±0.008.

Fig. 6 Spin density plots of 3 obtained for the F, S = 1 states (left) and
the BS, S = 0 (right) obtained at the BP86/def2-TZVPP (left) level of
theory. The density plots were generated using an isosurface value of
±0.008.
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ily on the metal ion (see ESI, Fig. S18†). Just as for the imido,
these calculations suggest that the tetrazido complex exhibits a
very large ZFS except that in this case the theoretical D is nega-
tive (D < −80 cm−1).

Conclusions

In conclusion, the Co(I) compound [Co(N2)(
tBuPNP)] has been

found to serve as a precursor to aryl imido species of the type
[Co(NAr)(tBuPNP)] through treatment with organic azides. The
imido species adopt rare square-planar geometries with bond
distances indicative of radical delocalization into the aryl ring.
Hydrogen atom transfer was observed in the case of the phenyl
imido compound, but only with very active H atom donors.
With the smaller phenylamido ligand, addition of two or more
equivalents of azide was found to result in the formation of a
tetrazido complex. Computational studies on the cobalt imido
compounds indicate that the electronic structure is best
regarded as arising from low-spin Co(II) centres ferromagneti-
cally coupled to an iminyl radical. The strong ligand field
engendered by the PNP ligand likely results in the low-spin
configuration for cobalt and may explain the differential reac-
tivity in comparison to other well-defined Co(III) imido
complexes.

Experimental
General

Manipulations of air- and moisture-sensitive materials were
performed under an atmosphere of purified nitrogen gas
using a Vacuum Atmospheres glovebox. Tetrahydrofuran,
diethyl ether, pentane, and toluene were purified by sparging
with argon and passage through two columns packed with 4 Å
molecular sieves and/or activated alumina (THF). Benzene-d6
and toluene-d8 were dried over sodium and vacuum-distilled
prior to use. NMR spectra were recorded on a Varian INOVA
spectrometer operating at 300 or 500 MHz (1H) and referenced
to the residual protium resonance of the solvent. UV–Vis
spectra were recorded on a Cary-60 spectrophotometer in air-
tight Teflon-capped quartz cells. Cyclic voltammetry was per-
formed under purified nitrogen at 23 °C on a CH Instruments
620D electrochemical workstation. A three-electrode setup was
employed, comprising a glassy-carbon working electrode, plati-
num-wire auxiliary electrode, and an Ag/AgCl quasi-reference
electrode. Triply recrystallized Bu4NPF6 was used as the sup-
porting electrolyte. All electrochemical data were referenced
internally to the ferrocene/ferrocenium couple at 0.00
V. Elemental analyses were performed by the CENTC facility at
the University of Rochester.

Materials

Compound 1 and [CoCl(tBuPNP)] were synthesized according to
literature procedures or slight modifications thereof.57 Aryl
azides were prepared following published procedures with

strict adherence to recommended safety precautions.58

LiNHPh and LiNHMes were prepared by deprotonation of the
corresponding anilines with n-butyllithium in pentane. All
other materials were purchased from commercial sources and
used as received.

Crystallography

Crystals suitable for X-ray diffraction were mounted, using
Paratone oil, onto a nylon loop. Data were collected at 98(2) K
using a Rigaku AFC12/Saturn 724 CCD fitted with Mo Kα radi-
ation (λ = 0.71075 Å) or at 100.0(1) K using a Rigaku XtaLAB
Synergy/Dualflex, HyPix fitted with Cu Kα radiation (λ =
1.54184 Å). Data collection and unit cell refinement were per-
formed using the CrysAlisPro software.59 Data processing and
absorption correction were ac-complished with CrysAlisPro
and SCALE3 ABSPACK,60 respectively. The structure, using
Olex2,61 was solved with the ShelXT structure solution
program using direct methods and refined (on F2) with the
ShelXL refinement package using full-matrix, least-squares
techniques.62,63 All nonhydrogen atoms were refined with an-
isotropic displacement parameters. All hydrogen atom posi-
tions were determined by geometry and refined by a riding
model. Crystallographic data and refinement parameters for
each structure can be found in the ESI.†

Computational studies

The electronic structures of 2a, 3 and 4a,b were investigated
using Density Functional Theory (DFT) and ab initio Complete
Active Space (CAS) Self Consistent Field (SCF) methods as
implemented in the ORCA 5 quantum-chemical software
package.64,65 All calculations used the def2-TZVPP5,66 basis set
and the required auxiliary basis set were included using the
autoaux keyword. In addition, resolution of identity (RI)
approximation67 and chain of spheres (COSX) numerical inte-
gration were employed for the HF exchange to speed up the
SCF calculations.68 All SCF calculations used the default tight
convergence criteria. In all the cases, the structural models
were oriented such that the z axis was set perpendicular to the
approximate CoP2 plane, the y axis aligned with the Co–P
bonds and the x axis with the co-ligand, as shown in ESI
Scheme S1.† Additional computational details appear in the
ESI.†

Synthesis

[Co(NMes)(tBuPNP)], 2a. In a 20 mL scintillation vial, 0.051 g
(0.11 mmol) of 1 was dissolved in 10 mL of pentane and
cooled to −40 °C. In a separate vial, 0.018 g (0.12 mmol) of
mesityl azide was dissolved in 2 mL pentane and similarly
cooled to −40 °C. Once cold, the solution of azide was added
dropwise to that of 1 while stirring accompanied by efferves-
cence from liberated N2. The reaction was allowed to continue
stirring at room temperature for 1 h. After this time, the reac-
tion mixture was filtered through a short plug of Celite and the
resulting solution evaporated to dryness. The remaining
residue was dissolved in a minimal amount of pentane and
the solution set aside at −40 °C for 24 h during which time the
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desired compound precipitated as 0.052 g (82%) of olive-green
crystals. NMR 1H (500 MHz, C6D6)

1H δ 13.98 (4H, PCH2), 5.1
(36H, tBu), −49.44 (2H, pyr–CH). μeff = 2.6(2)μB. Anal. calcd for
C31H53CoN2P2: C, 64.79; H, 9.30; N, 4.87. Found: C, 65.28; H,
9.44; N, 4.74.

[Co(NPh)(tBuPNP)], 2b. This compound was prepared in an
identical fashion to 2a starting from 0.053 g (0.11 mmol) of 1
and 0.014 g (0.12 mmol) of phenyl azide. The resultant
product precipitated from pentane as 0.050 g (86%) of dark
green crystals. NMR 1H (500 MHz, C6D6) δ 16.12 (4H, PCH2),
5.89 (36H, tBu), −51.77 (2H, pyr–CH). Anal. calcd for
C28H47CoN2P2: C, 63.15; H, 8.90; N, 5.26. Found: C, 60.74; H,
8.97; N, 5.14. Repeated analyses returned low values for C
likely due to the presence of small quantities of 3.

[Co(N4Ph2)(
tBuPNP)], 3. In a 20 mL scintillation vial, 0.052 g

(0.11 mmol) of 1 was dissolved in 10 mL pentane. In a separate
vial, 0.025 g (0.21 mmol) of phenyl azide was dissolved in
3 mL pentane and then added dropwise to the stirring solution
of 1 over several minutes. The reaction was allowed to stir for
an additional 2 hours after which time it was filtered through
a short plug of Celite. The resulting solution was evaporated to
dryness and the remaining residue dissolved in a minimal
amount of pentane. Cooling of the pentane solution to −40 °C
for several days afforded the desired compound as 0.063 g
(88%) of olive green crystals. NMR 1H (500 MHz, C6D6) δ 11.2
(36H, tBu), −24.02 (2H, pyr–CH). μeff = 2.9(2)μB. Anal. calcd for
C34H52CoN5P2: C, 62.66; H, 8.04; N, 10.75. Found: C, 62.81; H,
7.89; N, 12.22.

[Co(NHMes)(tBuPNP)], 4a. In a 20 mL scintillation vial,
0.075 g (0.16 mmol) of [CoCl(tBuPNP)] was dissolved in 10 mL
of tetrahydrofuran. In a separate vial, 0.024 g (0.17 mmol) of
LiNHMes was dissolved in 2 mL of THF. The solution of
LiNHMes was added dropwise to the stirring solution of [CoCl
(tBuPNP)], which caused a darkening of the colour. The reac-
tion was allowed to stir for 2 hours at ambient temperature. All
volatiles were removed in vacuo and the remaining residue was
extracted into 10 mL of pentane and filtered through a short
Celite plug. The resulting solution was evaporated to dryness
to afford the crude material as 0.078 g (90%) of a dark
coloured solid. Crystals suitable for diffraction were grown by
slow cooling of a saturated pentane solution of the compound
at −40 °C. NMR 1H (300 MHz, C6D6) δ 30.2 (3H, p-Me), 22.0
(2H, pyr–CH), 12.7 (4H, PCH2), 6.3 (12H, o-Me), 3.4 (36H, tBu),
−38.6 (2H, m-ArH). μeff = 2.3(2)μB. Anal. calcd for
C31H54CoN2P2: C, 64.68; H, 9.46; N, 4.87. Found: C, 62.63; H,
9.61; N, 4.31. Repeated analysis returned low values for C.

[Co(NHPh)(tBuPNP)], 4b. This compound was prepared in an
identical fashion to 4a starting from 0.100 g (0.21 mmol) of
[CoCl(tBuPNP)] and 0.023 g (0.23 mmol) of LiNHPh. After evap-
oration, the crude material was isolated as 0.123 g (90%) of a
purple solid. Crystals suitable for diffraction were grown by
slowing cooling a saturated pentane solution of the compound
at −40 °C. NMR 1H (500 MHz, C6D6) δ 13.9 (4H, PCH2), 12.27
(2H, pyr–CH), 5.1 (36H, tBu), −28.2 (1H, p-Ph), −44.8 (2H, o/
m-Ph), −49.7 (2H, o/m-Ph). Anal. calcd for C28H47CoN2P2: C,
63.15; H, 8.90; N, 5.26. Found: C, 62.66; H, 9.01; N, 5.05.

General procedure for NMR scale reactions

An NMR tube was charged with 10 mg (0.02 mmol) of the
desired cobalt complex and 500 µL of C6D6. The H atom donor
was then added (1 eq. 0.02 mmol) as a solution in 200 µL of
C6D6. The reaction mixture was transferred to an NMR tube
and spectra were recorded via an automated time course every
3 hours over 24 hours.
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