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ABSTRACT: The electronic structure of the diamagnetic pyr-
idine imine enamide cobalt dinitrogen complex, (iPrPIEA)-
CoN2 (

iPrPIEA = 2-(2,6-iPr2−C6H3NCMe)-6-(2,6-iPr2−
C6H3NCCH2)C5H3N), was determined and is best
described as a low-spin cobalt(II) complex antiferromagneti-
cally coupled to an imine radical anion. Addition of potential
radical sources such as NO, PhSSPh, or Ph3Cl resulted in C−C
coupling at the enamide positions to form bimetallic cobalt
compounds. Treatment with the smaller halocarbon, PhCH2Cl,
again induced C−C coupling to form a bimetallic bis(imino)-
pyridine cobalt chloride product but also yielded a monomeric
cobalt chloride product where the benzyl group added to the enamide carbon. Similar cooperative metal−ligand addition was
observed upon treatment of (iPrPIEA)CoN2 with CH2CHCH2Br, which resulted in allylation of the enamide carbon. Reduction
of Coupled-(iPrPDI)CoCl (Coupled-(iPrPDI)CoCl = [2-(2,6-iPr2−C6H3NCMe)-C5H3N-6-(2,6-

iPr2−C6H3NCCH2−)CoCl]2)
with NaBEt3H led to quantitative formation of (iPrPIEA)CoN2, demonstrating the reversibility of the C−C bond forming reactions.
The electronic structures of each of the bimetallic cobalt products were also elucidated by a combination of experimental and
computational methods.

■ INTRODUCTION

The transition metal chemistry of so-called noninnocent and
redox-active ligands continues to attract attention.1,2 Ligand radical
chemistry has now been identified in the function of certain
metalloenzymes,3−5 small molecule activation,6 and group transfer
reactions7,8 as well as base metal catalysis.9−11 The focus in most
cases has been the electronic consequences of ligand-centered
radicals on the overall function or reactivity of the metal complex.12

A more recent emphasis has been to exploit the redox activity
to promote chemistry at the ligand.13 Given the importance
of carbon−carbon bond-forming reactions, it is not surprising
that considerable emphasis has been placed on this specific
bond construction.14 Floriani and co-workers and more
recently Nocera and co-workers have observed carbon−carbon
bond cleavage resulting from ligand-centered redox changes in
transition metal porphyrinogen complexes.15,16 Wolczanski and
co-workers have reported a rich C−C bond forming chemistry
derived from first row transition metal complexes containing
redox-active bis(2-pyridyl)azaallyl chelates.17 The nonbonding
orbitals of the azaallyl fragment are described as having equal
ionic and covalent character that account for the dimerization
of an iron amide compound17 and bis(ligand) complexes of
titanium.18 This ligand-centered reactivity has been expanded
to include bis(pyridine-imines) and has resulted in elegant
examples of the simultaneous formation of three C−C bonds in
complexes of nickel, cobalt, and chromium.19

Most recently, Holland and co-workers reported the
reversible coupling of pyridine ligands in iron diketiminate

complexes.20 Spectroscopic and computational studies on the
iron bis(pyridine) complexes established significant radical
character on the basal pyridine ligand. Upon crystallization, a
bimetallic iron complex was isolated resulting from C−C bond
formation between two pyridine ligands. In solution, the
monomeric variant was trapped with a triphenylmethyl radical
and furnished a complex with a [Ph3C] substituent in the
4-position of the reduced heterocycle. Irreversible C−C bond
formation likely derived from ligand radical character has also
been observed with pyridine and polypyridine ligands in
reduced complexes of ruthenium,21 tungsten,22 yttrium,23 and
titanium.24

Bis(imino)pyridines are a well-established class of redox-
active ligands.25−28 Accordingly, Gambarotta and co-workers
have demonstrated that the imine methyl groups of the aryl-
substituted bis(imino)pyridine, iPrPDI (iPrPDI = 2,6-(2,6-iPr2−
C6H3−NCMe)2C5H3N), undergo C−C bond formation by
transfer hydrogenation in nickel complexes29 or following
deprotonation in manganese and iron compounds.30,31 Carbon−
carbon coupling of the pyridine ring has also been observed
upon treatment of (iPrPDI)CrCl3 with PhCH2MgCl.30

During the course of our investigations into the reduction
chemistry of the bis(imino)pyridine cobalt chloride complex,
(iPrPDI)CoCl, our laboratory discovered that addition of
NaOtBu resulted in formal deprotonation of one of the imine

Received: February 11, 2013
Published: April 18, 2013

Article

pubs.acs.org/IC

© 2013 American Chemical Society 5403 dx.doi.org/10.1021/ic400352r | Inorg. Chem. 2013, 52, 5403−5417

pubs.acs.org/IC


methyl groups to furnish (iPrPIEA)CoN2 (iPrPIEA = 2-
(2,6-iPr2−C6H3NCMe)-6-(2,6-iPr2−C6H3NCCH2)-
C5H3N; eq 1).32 The latter will be depicted in its redox-
innocent form in all equations until the data establishing its
electronic structure have been presented. Formation of
enamide ligands from deprotonation of bis(imino)pyridines is
well-precedented among complexes of iron,33 manganese,30

chromium,34 and the lanthanides.35,36

The isolation of (iPrPIEA)CoN2 prompted comparison to
(iPrPDI)CoN2, a compound that is best described as a low-spin
Co(I) complex with a bis(imino)pyridine-centered radical as
the SOMO.32 Related studies by Zhu and Budzelaar have
examined the oxidative addition reactivity of (ArPDI)CoN2 with
various aryl halides and demonstrated the predominance of radical
pathways, some of which result in chelate alkylation.37−39 In the
enamide variant, (iPrPIEA)CoN2, the remaining imino-
(pyridine) portion of the ligand preserves the possibility of
redox activity40,41 and therefore has prompted additional
studies to elucidate the electronic structure of the compound
along with exploration of its reactivity toward alkyl halides.
Here, we describe these efforts and report a reversible C−C
bond forming event that can be triggered by sequential one-
electron oxidation and reduction.

■ RESULTS AND DISCUSSION
Molecular and Electronic Structure of (iPrPIEA)CoN2.

Distortions to the bond distances of bis(imino)pyridines and
related ligands are a useful diagnostic for evaluating redox
activity.27,42 Although (iPrPIEA)CoN2 was previously charac-
terized by NMR and IR spectroscopies and combustion
analysis, the solid state structure was not determined. The
molecular structure of (iPrPIEA)CoN2 was determined by X-ray
diffraction and is shown in Figure 1. Selected bond distances
and angles are reported in Table 1. Also included in Table 1 are
metrical parameters for (iPrPIEA)Li(THF)43 and (iPrPIEA)Cr-
(THF)35 for comparison.
As with the bis(imino)pyridine counterpart,32 the geometry

about the metal in (iPrPIEA)CoN2 is best described as planar.
The imine methyl group can be distinguished from the
methylene by both the C−C bond distances (imine methyl
C(1)−C(2) = 1.475(3) Å and the enamide methylene (C(8)−
C(9) = 1.400(3) Å) and the location of the hydrogen atoms.
Bond contractions and elongations are often one of the most
reliable indicators of redox activity.5 The modification of the
chelate renders comparison to bis(imino)pyridines unreliable;
rather, parameters for related α-iminopyridines are more appro-
priate.40,41 The Cimine−Nimine bond distance of 1.364(2) Å is
elongated from the neutral ligand value of 1.28 Å established by
Wieghardt and co-workers but is shorter than the value of 1.46
Å defined for an imino(pyridine) dianion. The data are most
consistent with one-electron reduction (1.34 Å). Likewise, the
Cimine−Cipso distance of 1.429(3) Å is contracted compared to
the value of 1.47 Å for the neutral form of the ligand and longer
than the value of 1.35 Å accepted for the dianion. It is most

comparable to the value of 1.41 Å accepted for the
monoreduced ligand. The bond distortions of the chelate in
the cobalt compound are also comparable to the values
observed in a related chromium complex where the ligand is
monoreduced.34 Thus, the crystallographic data are most con-
sistent with a cobalt(II) center antiferromagnetically coupled to
an imino(pyridine) radical anion.
The electronic structure of (iPrPIEA)CoN2 was also studied

computationally with full molecule calculations at the B3LYP
level of DFT.44 A broken symmetry (BS) (1,1) solution45 was
found to be lowest in energy and successfully reproduced
the experimentally determined metrical parameters (Table 1).

Figure 1. Solid state structure of (iPrPIEA)CoN2 at 30% probability
ellipsoids. Hydrogen atoms, except for those on C(1) and C(9), are
omitted for clarity.

Table 1. Experimental and Calculated Bond Distances (Å)
and Angles (deg) for (iPrPIEA)CoN2

a

experimental calculated
(iPrPIEA)
Li(THF)

(iPrPIEA)
Cr(THF)

M(1)−N(1) 1.8679(17) 1.911 2.364(4) 2.020(3)
M(1)−N(2) 1.8216(16) 1.850 2.033(4) 1.946(3)
M(1)−N(3) 1.8586(17) 1.878 2.013(5) 2.020(3)
M(1)−N(4) 1.8176(19) 1.848
N(1)−C(2) 1.364(2) 1.354 1.290(3) 1.382(4)
N(2)−C(3) 1.372(2) 1.368 1.347(3) 1.382(4)
N(2)−C(7) 1.364(3) 1.343 1.337(3) 1.361(4)
N(3)−C(8) 1.373(3) 1.393 1.355(3) 1.375(4)
C(1)−C(2) 1.475(3) 1.501 1.500(3) 1.447(5)
C(2)−C(3) 1.429(3) 1.430 1.491(3) 1.424(5)
C(7)−C(8) 1.468(2) 1.484 1.496(3) 1.440(5)
C(8)−C(9) 1.400(3) 1.359 1.369(3) 1.421(5)
N(4)−N(5) 1.110(3) 1.100
N(1)−M(1)−N(2) 82.27(7) 82.11 72.54(14) 78.90(11)
N(1)−M(1)−N(3) 165.08(7) 165.49 151.9(2) 157.86(11)
N(1)−M(1)−N(4) 97.48(8) 97.24
N(2)−M(1)−N(3) 82.83(7) 83.38 79.32(15) 79.0(11)
N(2)−M(1)−N(4) 179.34(8) 179.35
N(3)−M(1)−N(4) 97.40(8) 97.27
M(1)−N(4)−N(5) 179.2(2) 179.87

aMetrical parameters for (iPrPIEA)Li(THF)43 and (iPrPIEA)Cr(THF)34

are included for comparison.
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As illustrated in Figure 2, this solution produces a frontier
molecular orbital diagram expected for a four-coordinate, planar
transition metal complex. The essentially dyz cobalt orbital is
engaged in the antiferromagnetic coupling interaction (S =
0.58, S = spatial overlap of the magnetic orbitals) with an a′′
orbital of the imino(pyridine) portion of the chelate. Notably,
the spin on the α-imino(pyridine) is opposite the cobalt-based
spin and the radical character on the enamide carbon.
Reactivity of (iPrPIEA)CoN2 with Organic Halides. The

reactivity of (iPrPIEA)CoN2 with alkyl halides was examined
to explore the role of the redox active imino(pyridine) and
the unsaturation of the enamide portion of the ligand in
oxidative processes. Recently our laboratory reported C−C
oxidative addition of biphenylene to the bis(imino)pyridine
iron dinitrogen compound, (iPrPDI2‑)FeII(N2), and established
the overall two-electron process occurred with concomitant
one-electron loss at both the iron center and the bis(imino)-
pyridine chelate.46 In bis(imino)pyridine cobalt chemistry, Zhu

and Budzelaar demonstrated that oxidative addition of alkyl
halides to (ArPDI−)CoI(N2) resulted in two separate cobalt-
based one-electron oxidations to form mixtures of (ArPDI−)-
CoIIX and (ArPDI−)CoIIR.37,38 Similar reactivity has been ob-
served by our group upon the addition of alkyl halides and
certain C−O bonds to (iPrPDI)FeN2.

47,48

Addition of one equivalent of benzyl chloride to an approx-
imately 36 mM benzene-d6 solution of (iPrPIEA)CoN2 in
benzene-d6 produced a 3:1 mixture of two cobalt compounds
(Scheme 1). We note that, because of the mixture of products,
the equations presented in Schemes 1 and 2 are not balanced.
The major product was identified as the modified bis(imino)-
pyridine cobalt chloride complex, Benzyl-(iPrPDI)CoCl (Benzyl-
(iPrPDI) = 2-(2,6-iPr2−C6H3NCMe)-6-(2,6-iPr2−C6H3NC-
(CH2)2Ph)C5H3N), where the benzyl group had added across
the enamide to reconstitute the imine. The minor product was
identified based on comparison to independent synthesis (vide
inf ra) as a bimetallic cobalt compound, Coupled-(iPrPDI)CoCl

Figure 2. (a) Qualitative molecular orbital diagram for (iPrPIEA)CoN2 from a geometry-optimized B3LYP DFT calculation. (b) Spin density plot
obtained from Mulliken population analysis (red, positive spin density; yellow, negative spin density).

Scheme 1
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(Coupled-(iPrPDI)CoCl = [2-(2,6-iPr2−C6H3NCMe)-C5H3N-6-
(2,6-iPr2−C6H3NCCH2−)CoCl]2), arising formed from C−C
bond formation at the enamide positions. Attempts to perturb
the product ratio by changing the ratio of the reactants, slow
addition of reagents, use of different solvents, or varying the
temperature had little effect.
Because Coupled-(iPrPDI)CoCl was the minor product from

benzyl chloride addition to (iPrPIEA)CoN2, an independent
synthesis was sought to isolate the compound and facilitate full
characterization. A more hindered alkyl chloride was selected
to inhibit C−C bond formation with the alkyl radical at the
enamide position of the chelate. Addition of one equivalent of
Ph3CCl to a toluene solution of (iPrPIEA)CoN2 resulted in
clean and quantitative formation of Coupled-(iPrPDI)CoCl
along with a stoichiometric quantity of the Gomberg dimer,
Ph3CCH(CHCH)2CCPh2 (eq 2).

The benzene-d6
1H and 13C NMR spectra of Coupled-

(iPrPDI)CoCl exhibit the number of resonances consistent
with Cs symmetry and two equivalent cobalt subunits. The
p-pyridine and imine methyl resonances were located at
9.67 ppm and 0.34 ppm, respectively, slightly shifted from
the 9.54 ppm and 0.05 ppm values for (iPrPDI)CoCl.49 The
methylene bridge appears as a singlet at 2.58 ppm, which is
shifted by +0.30 ppm from the imine methyl resonance of free
iPrPDI.50 The 1H NMR resonances of Coupled-(iPrPDI)CoCl are
consistent with other (ArPDI)CoX (X = halide, alkyl, hydride)
compounds where the p-pyridine and imine methyl protons are
significantly shifted compared with the free chelate. A similar
trend has been observed with (iPrPDI)Fe(N2), where the protons
on the chelate plane exhibit unusual 1H NMR resonances.26,51

The solid-state structure of Coupled-(iPrPDI)CoCl was
determined by X-ray diffraction, and a representation of the
molecule is shown in Figure 3. Selected metrical parameters are
reported in Table 2. Two half molecules were present in the
asymmetric unit, and half of the dimer was generated by
symmetry. One of the two THF molecules in the asymmetric
unit was modeled as a cyclopentane because definitive assign-
ment of the oxygen atom was not possible due to disorder. The
geometry about each cobalt center is best described as idealized
planar with the sum of the bond angles totaling to 359.98(48)°
and 360.05(44)°, respectively. The metrical parameters of the
bis(imino)pyridine ligand are consistent with one-electron
reduction (see Table 2) and comparable to those found in
(iPrPDI)CoCl (Cimine−Cipso = 1.444(5) and 1.435(5) and
Nimine−Cimine = 1.322(5) and 1.317(5)).49,52

The electronic structure of Coupled-(iPrPDI)CoCl was also
examined by DFT calculations. A single point calculation at
the B3LYP level was performed on the truncated Coupled-
(iPrPDI)CoCl, where the diisopropylphenyl substituents on the

imine nitrogen were replaced with methyl groups. The single
point calculation and the truncations were made to minimize
computational expense. The calculation converged to a BS(2,2)
solution with opposite spins on the chelate and the metal
center in each monomeric unit (Figure 4). Thus, both the

Figure 3. Solid state structure of Coupled-(iPrPDI)CoCl at 30% probability
ellipsoids. Only one of the two half molecules in the asymmetric unit
is shown. One half of the molecule was generated by symmetry. THF
molecules and hydrogen atoms were omitted for clarity.

Table 2. Selected Bond Distances (Å) and Angles (deg) for
Coupled-(iPrPDI)CoCl,a Coupled-(iPrPDI)CoBr,b Coupled-
(iPrPDI)CoSPh, and Coupled-(iPrPDI)CoNO

Coupled-
(iPrPDI)
CoCl

Coupled-
(iPrPDI)
CoBr

Coupled-
(iPrPDI)
CoSPh

Coupled-
(iPrPDI)
CoNO

Co(1)−N(1) 1.934(3) 1.920(2) 1.927(2) 1.9646(16)
Co(1)−N(2) 1.793(3) 1.803(2) 1.816(2) 1.8877(18)
Co(1)−N(3) 1.918(3) 1.909(2) 1.935(2) 1.9550(16)
Co(2)−N(4) 1.927(3) 1.932(2)
Co(2)−N(5) 1.798(3) 1.799(2)
Co(2)−N(6) 1.916(3) 1.928(2)
N(1)−C(2) 1.307(5) 1.316(4) 1.325(3) 1.316(3)
N(3)−C(8) 1.320(5) 1.322(3) 1.324(3) 1.339(3)
N(4)−C(35) 1.313(5) 1.316(4)
N(6)−C(41) 1.325(4) 1.322(3)
C(2)−C(3) 1.442(5) 1.443(4) 1.430(4) 1.448(3)
C(7)−C(8) 1.438(5) 1.439(4) 1.428(4) 1.425(3)
C(35)−C(36) 1.454(5) 1.441(4)
C(40)−C(41) 1.432(5) 1.437(4)
N(1)−Co(1)−N(2) 81.20(13) 81.30(10) 81.00(9) 78.99(7)
N(2)−Co(1)−N(3) 81.88(13) 81.70(10) 80.65(9) 79.46(7)
N(4)−Co(2)−N(5) 81.67(12) 81.06(10)
N(5)−Co(2)−N(6) 81.53(12) 81.93(10)
aThe values listed are for the two half molecules in the asymmetric
unit. bThe two cobalt subunits in the dimer are crystallographically
inequivalent.
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metrical parameters and the computational studies support
low spin cobalt(II) complexes with antiferromagnetic coupling
to a bis(imino)pyridine radical anion similar to monomeric
(ArPDI)CoX (X = halide, alkyl) previously reported in the
literature.53

The scope of the dimerization was further explored
with other chlorine sources. Addition of Me3SiCl, PbCl2,
4-chlorotoluene, or PhICl2 to a benzene-d6 solution of
(iPrPIEA)CoN2 all yielded Coupled-(iPrPDI)CoCl. In the case
of Me3SiCl, a slow reaction was observed and only 60% con-
version after 16 h at ambient temperature. Partial conversion
was also observed under similar conditions with PbCl2; PhICl2
proved more reactive as complete consumption of (iPrPIEA)-
CoN2 occurred after 1 h at ambient temperature. Although
Coupled-(iPrPDI)CoCl was observed as the major product,
unidentified side products were also formed. For 4-chlorotoluene,
no conversion was observed at ambient temperature, and partial
formation of Coupled-(iPrPDI)CoCl along with multiple side
products was observed upon heating to 80 °C for several hours.
Thus, Ph3CCl is the preferred reagent for synthesis of Coupled-
(iPrPDI)CoCl.
The oxidative addition of allylic halides was also explored.

The relative stability of the allyl radical was attractive in an
attempt to favor formation of monomeric, Cs-symmetric
bis(imino)pyridine cobalt complexes from cooperative metal−
ligand addition. Addition of one equivalent of CH2
CHCH2Br to an approximately 36 mM solution of (iPrPIEA)-
CoN2 in benzene-d6 in a J. Young tube furnished a mixture of

two cobalt products in a 3:1 ratio (Scheme 2). Analysis of the
volatile products of the reaction by 1H NMR spectroscopy
revealed formation of 1,5-hexadiene, presumably resulting from
coupling of allyl radicals. The major cobalt product was
identified as Allyl-(iPrPDI)CoBr (Allyl-(iPrPDI) = 2-(2,6-iPr2−
C6H3NCMe)-6-(2,6-iPr2−C6H3NC(CH2)2CHCH2)-
C5H3N) arising from cooperative metal−ligand addition.
Diagnostic 1H NMR resonances observed in benzene-d6 are
consistent with a diamagnetic, Cs symmetric bis(imino)pyridine
cobalt bromide. The free allylated bis(imino)pyridine ligand
has been previously synthesized and offered a useful reference
for NMR shifts.54 The minor product was identified as the
bimetallic bis(imino)cobalt bromide complex, Coupled-
(iPrPDI)CoBr.
The ratio of cobalt products from allyl bromide addition

could be perturbed by dilution. Performing the reaction with an
approximately 5.6 mM solution of (iPrPIEA)CoN2 in toluene
resulted in exclusive formation of Coupled-(iPrPDI)CoBr
(Scheme 2). Crystals suitable for X-ray diffraction were isolated
from a concentrated benzene solution. The 1H and 13C NMR
spectroscopic properties of Coupled-(iPrPDI)CoBr are similar
to Coupled-(iPrPDI)CoCl, the details of which can be found in
the Experimental Section.
The solid state structure of Coupled-(iPrPDI)CoBr is

presented in Figure 5, and selected metrical parameters are
presented in Table 2. The geometry about each cobalt center is
idealized planar with the sum of the bond angles around the
metal centers totaling to 360.10(34)° and 360.32(34)°,
respectively. The metrical parameters of the bis(imino)pyridine
ligand are consistent with one electron chelate reduction,26,27

suggesting two Co(II) centers (Table 2).
Attempts were made to extend cooperative metal−ligand

additions to alkyl halides. Treatment of a benzene-d6 solution of
(iPrPIEA)CoN2 with bromoethane resulted in partial (approx-
imately 70%) conversion to Coupled-(iPrPDI)CoBr with
concomitant formation of butane. Decreasing the ratio of
CH3CH2Br to (iPrPIEA)CoN2 to 0.5:1 reduced the conversion
to Coupled-(iPrPDI)CoBr. No cobalt ethyl or hydride
complexes were detected by 1H NMR spectroscopy. Thus,
the stability of the hydrocarbyl radical plays a role in the
addition to the enamide carbon where more stable radicals
favor C−C formation with the chelate.

Carbon−Carbon Bond Formation Promoted by Addition
of Ph2S2 and NO. The generality of the C−C coupling process
to form bimetallic cobalt complexes upon addition of reagents
poised to promote one-electron chemistry with (iPrPIEA)CoN2

Figure 4. Spin density plot obtained from Mulliken population
analysis of a truncated Coupled-(iPrPDI)CoCl (red, positive spin
density; yellow, negative spin density).

Scheme 2
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were explored. Addition of 0.5 equiv of Ph2S2 to a toluene
solution of (iPrPIEA)CoN2 resulted in isolation of a dark pink,
crystalline solid identified as Coupled-(iPrPDI)CoSPh based on
NMR spectroscopy, X-ray diffraction, and combustion analysis
(eq 3).

As with the corresponding chloride and bromide complexes,
the two monomeric units of Coupled-(iPrPDI)CoSPh are equiv-
alent by 1H and 13C NMR spectroscopy, and the spectra
exhibited the number of peaks consistent with a Cs-symmetric
molecule. The p-pyridine resonance appears as a pseudo triplet
at 9.28 ppm and the Nimine-CCH3 and Nimine-CCH2 protons are
observed as singlets at 0.36 ppm and 2.62 ppm, respectively.
The solid-state structure of Coupled-(iPrPDI)CoSPh was

determined by X-ray diffraction, and a representation of the
molecule is shown in Figure 6. Selected bond distances and
bond angles are reported in Table 2. The phenyl sulfide ligand
is slightly lifted from the idealized metal-chelate plane by
12.46(7)°. The metrical parameters of the bis(imino)pyridine
ligand are consistent with one-electron reduction (Table 2),

and the electronic structure of Coupled-(iPrPDI)CoSPh is best
described as low-spin Co(II) antiferromagnetically coupled to a
monoreduced chelate.

Figure 5. Molecular structure of Coupled-(iPrPDI)CoBr at 30% probability ellipsoids. Benzene molecules and hydrogen atoms were omitted for
clarity.

Figure 6. Molecular structure of Coupled-(iPrPDI)CoSPh at 30%
probability ellipsoids. One half of the molecule was generated by
symmetry. Benzene molecules and hydrogen atoms were omitted for
clarity.
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Similar C−C coupling and formation of a bimetallic
bis(imino)pyridine cobalt complex were observed upon
addition of one equivalent of nitric oxide to (iPrPIEA)CoN2
(eq 4). A dark pink crystalline solid was isolated in 96% yield
that exhibited a diagnostic NO stretch centered at 1712 cm−1 in
the benzene-d6 solution IR spectrum. This value is comparable
to the NO stretching frequencies observed with linear cobalt
nitrosyl complexes in a tetrahedral ligand field (νNO = 1620−
1710 cm−1)55−57 and with the related planar bis(imino)-
pyridine iridium nitrosyl complex, (iPrPDI)IrNO (νNO, KBr =
1759 cm−1).58

The benzene-d6 solution 1H and 13C NMR spectra of
Coupled-(iPrPDI)CoNO exhibit the number of resonances for
two equivalent Cs-symmetric bis(imino)pyridine cobalt sub-
units. The 1H resonances more closely resemble the chemical
shifts of the free bis(imino)pyridine ligand50 than reported
(ArPDI)CoX (X = halide, alkyl) complexes,53 suggesting a
different electronic structure. For example, the p-pyridine is
observed as a pseudo triplet at 7.21 ppm and the two doublets
for the m-pyridine hydrogens were located at 6.97 and 7.46 ppm.
The terminal NCCH3 and bridging NCCH2 appear as singlets
at 2.06 and 3.56 ppm, respectively.
The solid-state structure of Coupled-(iPrPDI)CoNO was

determined by X-ray diffraction, and a representation of the
molecule is shown in Figure 7. Selected bond distances and

bond angles are reported in Table 2. Unlike the other bimetallic
bis(imino)pyridine cobalt complexes reported in this work, the
metal center is slightly lifted from the idealized chelate plane
(Figure 8). The nitrosyl ligand is nearly linear with a Co−N−O

angle of 167.96(18)°. The Co−N and N−O bond distances are
1.6376(19) Å and 1.189(2) Å, respectively, and are well within
the range of other structurally characterized linear cobalt
nitrosyl complexes.53−55

The metrical parameters of the bis(imino)pyridine ligand are
consistent with redox-activity and participation in the overall
electronic structure of the compound. The Cimine−Cipso distance
in the terminal imine group is contracted to 1.448(3) Å, while
the Nimine−CCH3 bond length is elongated to 1.316(3) Å.
These values are most consistent with a bis(imino)pyridine
radical anion. The Cimine−Cipso and Nimine−Cimine bond
distances of the bridging imine groups are 1.425(3) Å and
1.339(3) Å, respectively. These values closely match the bond
lengths observed with (iPrPDI)CoN2 (1.341(2) and 1.429(2) Å,
respectively),32 which has been described as having a
monoreduced, radical anion chelate. The presence of a redox-
active bis(imino)pyridine and nitrosyl ligand makes oxidation
state assignment of the metal challenging. Historically, a linear
nitrosyl has been assigned as a +1 ligand,55,59 although in many
instances such a description is either incomplete or in-
appropriate.60 For this reason, the Enemark−Feltham notation
has been developed, whereby a metal-nitrosyl is classified as
{M-NO}n where n is the sum of metal d electrons and the
nitrosyl π* electrons.61 In this notation, Coupled-(iPrPDI)-
CoNO would be denoted as {Co-NO}9.
To gain additional insight into the electronic structure of

Coupled-(iPrPDI)CoNO, the monomeric variant, (iPrPDI)-
CoNO, was synthesized by addition of one equivalent of NO
gas to (iPrPDI)CoN2.

62 Recrystallization from a 3:1 pentane/
toluene mixture furnished dark pink crystals identified as
(iPrPDI)CoNO in 86% yield (eq 5).

Diamagnetic (iPrPDI)CoNO exhibited a strong NO band
centered at 1712 cm−1 in the benzene-d6 solution IR spec-
trum, consistent with a linear nitrosyl ligand. The benzene-d6

Figure 7. Molecular structure of Coupled-(iPrPDI)CoNO at 30%
probability ellipsoids. One half of the molecule was generated by
symmetry. Isopropyl groups, toluene molecules, and hydrogen atoms
omitted for clarity.

Figure 8. Truncated view of Coupled-(iPrPDI)CoNO highlighting the
distortion of the nitrosyl ligand from the metal chelate plane. Aryl
groups, toluene molecules, and hydrogen atoms omitted for clarity.
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1H NMR spectrum of the compound exhibits the number of
peaks consistent with a C2v-symmetric molecule. The p-pyridine
is observed as a triplet at 6.98 ppm and the m-pyridine as
a doublet at 7.45 ppm. The imine methyl appears as a singlet
at 2.05 ppm. These values are similar to those observed
with Coupled-(iPrPDI)CoNO, suggesting identical electronic
structures.
The solid-state structure of (iPrPDI)CoNO was determined

by X-ray diffraction, and a representation of the molecule is
presented in Figure 9. Selected bond distances and bond angles
are reported in Table 3. The nitrosyl ligand is disordered over
two positions giving distinct Co−N distances of 1.737(6) and
1.643(14) Å and N−O bond lengths of 1.101(7) and 1.167(16) Å.
The Co−N−O angles are 166.4(5) and 169.1(10)°. The Cimine−
Cipso distances are contracted to 1.433(3) and 1.428(4) Å, and
the Nimine−Cimine bonds are elongated to 1.322(3) and 1.324(3) Å,
which indicate chelate reduction.
The electronic structure of (iPrPDI)CoNO was studied by

broken symmetry DFT calculations using the B3LYP func-
tional. Because of the disorder in the solid-state structure of
(iPrPDI)CoNO, quantitative comparison between the observed
and calculated Co−N−O bond lengths and angles is problem-
atic. However, the DFT optimized structure for the compound
is still in reasonable agreement with the crystallographic data
for the portion of the molecule where disorder is absent and the
experimental bond lengths are reliable (Table 3).63 A
qualitative molecular orbital diagram and spin-density plot
derived from the calculations are presented in Figure 10. The
BS(1,1) solution establishes a monoreduced bis(imino)pyridine
chelate which is antiferromagnetically coupled to {Co(NO)}9.
As typically observed in metal-nitrosyl complexes, the Co−NO
bond is highly covalent, which makes oxidation state assign-
ments difficult.60 The Co and NO contributions to the molec-
ular orbitals are listed in Figure 10. Because the contribution to
the Co−NO magnetic orbital is largely from the nitrosyl π*
orbital, the electronic structure of (iPrPDI)CoNO can be best
described as (PDI−)CoI(NO•) where the cobalt adopts a low-
spin d8 electronic configuration as expected for a planar Co(I)

ion. This description is further corroborated by the spin density
plots obtained from Mulliken population analysis (Figure 10).
Burger and co-workers have previously reported the

synthesis and crystallographic characterization of the bis-
(imino)pyridine iridium nitrosyl congener, (iPrPDI)IrNO.58

The NO stretching frequency of 1759 cm−1 is similar to the
cobalt complex reported here. The Nimine−Cimine bond distances
of 1.336(6) and 1.328(6) Å are consistent with one-electron
reduction and suggest a similar electronic structure to
(iPrPDI)CoNO. However, the Cimine−Cipso distances are

Figure 9. Molecular structure of (iPrPDI)CoNO at 30% probability ellipsoids. Hydrogen atoms and one orientation of the disordered NO were
omitted for clarity.

Table 3. Selected Experimental and Computational Metrical
Parameters for (iPrPDI)CoNO

exptl. calcd.

Co(1)−N(1) 1.902(2) 1.979
Co(1)−N(2) 1.839(2) 1.875
Co(1)−N(3) 1.905(2) 1.977
Co(1)−N(4A) 1.737(6) 1.681
Co(1)−N(4B) 1.643(14)
N(1)−C(2) 1.322(3) 1.324
N(2)−C(3) 1.369(3) 1.370
N(2)−C(7) 1.378(3) 1.371
N(3)−C(8) 1.324(3) 1.327
C(2)−C(3) 1.433(3) 1.446
C(7)−C(8) 1.428(4) 1.444
N(4A)−O(1A) 1.101(7) 1.173
N(4B)−O(1B) 1.167(16)
N(1)−Co(1)−N(2) 80.09(10) 80.10
N(1)−Co(1)−N(3) 159.02(9) 158.10
N(1)−Co(1)−N(4A) 99.9(2) 100.30
N(1)−Co(1)−N(4B) 99.2(4)
N(2)−Co(1)−N(3) 80.01(10) 80.10
N(2)−Co(1)−N(4A) 168.8(3) 174.00
N(2)−Co(1)−N(4B) 169.8(5)
N(3)−Co(1)−N(4A) 100.9(2) 100.30
N(3)−Co(1)−N(4B) 99.2(4)
Co(1)−N(4A)−O(1A) 166.4(5) 156.2
Co(1)−N(4A)−O(1A) 169.1(10)
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significantly contracted (1.387(7) and 1.395(7) Å) and are well
within the accepted range for closed-shell two-electron reduc-
tion of the bis(imino)pyridine,27,64 suggesting a more com-
plicated electronic structure than the {Ir-NO}9 formalism
would indicate.
Based on experimental and computational data, Burger and

co-workers concluded that the iridium complex is best
described as (PDI2−)IrI(NO+).65 Thus, while both the first
and third row metal complexes are best described as being in
the M(I), d8 configuration, the redox state of the bis(imino)-
pyridine and hence the nitrosyl ligand are different. In both
cases, the preservation of the d8 arrangement in the planar
ligand field is a likely important determinant in the overall
electron structure. For the iridium congener, a closed shell
[PDI]2− is favored which renders the nitrosyl ligand in a formal
[NO]+ oxidation state. This is likely a consequence of the
heavier transition metal preferring closed-shell electronic con-
figurations with the pyridine diimine acting like a more classical
π-acceptor (redox noninnocent).1,66 By contrast, the first row
congener (iPrPDI)CoNO prefers a redox-active configuration
arising from one electron reduction of the bis(imino)pyridine.
The difference in these two electronic structures is likely a

result of the relative diffusivity and associated reduction
potentials (i.e., ionization energies)67 of the metal d orbitals.
Redox noninnocence, when the bis(imino)pyridine acts as a
π-acceptor, arises from the bonding situation where there is
strong overlap between metal and ligand orbitals resulting in an
energetically separated M−L bonding and antibonding pair. In
the case of a redox-active, singlet biradical solution, as is

observed with (iPrPDI)CoNO, overlap between metal 3d
orbitals and the bis(imino)pyridine π* orbtials is diminished,
resulting in a more accessible triplet state, which is in part a
consequence of poor energetic separation of metal−ligand
bonding and antibonding orbitals. Considering the relative
diffusivity of iridium 5d and cobalt 3d orbitals, it is therefore
unsurprising that a classical π-acid description is observed with
the third row metal and that a single biradical state is observed
with the light congener.68 It is important to note that even when
the overall electronic structures of two complexes appear similar,
in this case two diamagnetic M(I) compounds, the redox states
of the component redox-active ligands can be different.
On the basis of the observations that halides and

pseudohalides such as PhS induce dimerization to bimetallic
bis(imino)pyridine cobalt complexes upon addition to
(iPrPIEA)CoN2, a tentative mechanism is proposed in Scheme 3.
Unfortunately, the rapid rate of these reactions coupled with
the lack of observables prevents much in the way of
experimental support for the proposed pathway. The most
plausible first step of the sequence involves formation of the
cobalt−halogen/pseudohalogen bond. The introduction of an
X-type ligand into coordination sphere of the metal likely alters
the electronic structure of the complex and generates significant
radical character on the enamide methylene position. In these
instances where a long-lived hydrocarbon radical is present as in
the case of benzyl or allyl, C−C bond formation results and
yields a monomeric, Cs symmetric bis(imino)pyridine cobalt
alkyl complex. In the absence of a suitable radical, dimerization
occurs and yields the observed bimetallic cobalt compounds.

Figure 10. (a) Qualitative molecular orbital diagram for (iPrPDI)CoNO from a geometry-optimized B3LYP DFT calculation. (b) Spin density plot
obtained from Mulliken population analysis (red, positive spin density; yellow, negative spin density).
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Support for the pathway shown in Scheme 3 was provided by
broken-symmetry DFT calculations on the putative (iPrPIEA)-
CoCl intermediate (Figure 11). Geometry optimization was

performed using the crystallographic data from (iPrPIEA)CoN2
and replacing the dinitrogen ligand with chloride. The

calculations, assuming an S = 1/2 ground state, converged to
a UKS solution with a SOMO that is primarily cobalt centered
with a minor contribution from the enamide carbon. Presented
in Figure 11 is the spin density plot highlighting the metal- and
enamide-centered spins likely responsible for C−C bond for-
mation. The calculated bond distances are also significantly
different from (iPrPIEA)CoN2 and are consistent with a neutral
α-iminopyridine fragment (Table 4). On the basis of these results,
the oxidation is a ligand-based process, and the electronic struc-
ture of (iPrPIEA)CoCl is best described as a low-spin Co(II)
center with two L-type and two X-type ligands.

Reduction of Coupled-(iPrPDI)CoCl: Cleavage of the C−C
Bond. The reversibility of the C−C bond forming reaction
was also explored. We reasoned that reduction of Coupled-
(iPrPDI)CoX compounds would provide the necessary
electronic structure requirements to support regeneration of
the enamide ligand. Stirring a toluene solution of Coupled-
(iPrPDI)CoCl with two equivalents of NaBEt3H for three days
at ambient temperature resulted in complete conversion
to (iPrPIEA)CoN2 as judged by IR and NMR spectroscopies
(eq 6).
Analysis of aliquots of the reaction mixture by infrared and

EPR spectroscopy revealed the intermediacy of a second cobalt
dinitrogen complex. A diagnostic N−N band was observed
at 2090 cm−1, consistent with the presence of a terminal
dinitrogen ligand. The X-band EPR spectrum (Figure 12)
recorded in a toluene solution at 23 °C exhibited an isotropic
signal with giso = 2.00 (Aiso = 8.1 G), reminiscent of the spectrum

Scheme 3

Figure 11. Spin density plot for (iPrPIEA)CoCl obtained from
Mulliken population analysis (red, positive spin density; yellow,
negative spin density).
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reported for (iPrPDI)CoN2.
32 It is proposed that this

intermediate is Coupled-(iPrPDI)CoN2, which eventually
converts to (iPrPIEA)CoN2 over longer reaction times. Because
of the spectral similarity between the putative Coupled-
(iPrPDI)CoN2 and (iPrPDI)CoN2, an additional control experi-
ment was conducted. Heating separate benzene-d6 solutions of
(iPrPDI)CoN2 and (iPrPIEA)CoN2 to 65 °C for three days
produced no change. Because the intermediate formed in the
C−C cleavage reaction involving Coupled-(iPrPDI)CoCl is
transient under the same conditions, it therefore must be a
distinct chemical entity, supporting its formulation as Coupled-
(iPrPDI)CoN2.

■ CONCLUDING REMARKS
The electronic structure of the pyridine(imine) enamide cobalt
dinitrogen complex, (iPrPIEA)CoN2, is best described as low
spin Co(II) antiferromagnetically coupled to a chelate-centered
radical. Displacement of the N2 ligand by halides, pseudoha-
lides, or nitric oxide likely forms (iPrPIEA)CoX, which DFT
calculations have shown exhibits radical character on the
enamide carbon. In the presence of a long-lived alkyl radical

such as allyl or benzyl, C−C bond formation results and forms
a monomeric, Cs symmetric bis(imino)pyridine cobalt halide
complex where the enamide backbone has been homologated.
In the absence of such a trapping agent, dimerization occurs to
form a bimetallic bis(imino)pyridine cobalt derivative. The
C−C bond formation in such compounds is reversible as reduction
with NaBEt3H regenerates (iPrPIEA)CoN2. In summary, these
studies show that the established redox-activity of this chelate
class also enables ligand-based reactivity that may ultimately be
exploited in catalysis or small molecule activation schemes.

■ EXPERIMENTAL SECTION
General Considerations. All air- and moisture-sensitive manip-

ulations were carried out using standard vacuum line, Schlenk, and
cannula techniques or in an MBraun inert atmosphere drybox con-
taining an atmosphere of purified nitrogen. The MBraun drybox was
equipped with a cold well designed for freezing samples in liquid
nitrogen. Solvents for air- and moisture-sensitive manipulations were
initially dried and deoxygenated using literature procedures.69

Nitric oxide gas was purchased from Aldrich. Benzene-d6 was
purchased from Cambridge Isotope Laboratories and distilled from
sodium metal under an atmosphere of argon and stored over 4 Å
molecular sieves. Ph3CCl and Ph2S2 were purchased from Alfa Aesar
and dried under high vacuum conditions. Benzylchloride (Acros
Organics) and allylbromide (TCI America) were dried over calcium
hydride. The cobalt complex (iPrPDI)CoN2 was prepared according to
the reported literature method.32

1H and 13C NMR spectra were recorded at 23 °C on Bruker 300
and 500 and Inova 400 spectrometers operating at 299.763, 500.62,
and 399.780 MHz, respectively. All chemical shifts are reported
relative to SiMe4 using

1H (residual) chemical shifts of the solvent as a
secondary standard. Infrared spectra were collected on a Thermo
Nicolet spectrometer. Elemental analyses were performed at
Robertson Microlit Laboratories, Inc., in Ledgewood, NJ.

Single crystals suitable for X-ray diffraction were coated with
polyisobutylene oil in a drybox, transferred to a nylon loop, and then
quickly transferred to the goniometer head of a Bruker APEX2 DUO
diffractometer equipped with molybdenum and copper X-ray tubes
(λ = 0.71073 Å and 1.54184 Å, respectively). Preliminary data revealed
the crystal system. Data collection was optimized for completeness and
redundancy using the Bruker COSMO software suite. The space group
was identified, and the data were processed using the Bruker SAINT+

Table 4. Comparison of the Experimental Metrical
Parameters for (iPrPIEA)CoN2 to the Computed Values for
(iPrPIEA)CoCla

(iPrPIEA)CoN2 (iPrPIEA)CoCl

Co(1)−N(1) 1.8679(17) 2.020
Co(1)−N(2) 1.8216(16) 1.862
Co(1)−N(3) 1.8586(17) 1.887
Co(1)−N(4) 1.8176(19)
N(1)−C(2) 1.364(2) 1.303
N(2)−C(3) 1.372(2) 1.352
N(2)−C(7) 1.364(3) 1.345
N(3)−C(8) 1.373(3) 1.384
C(1)−C(2) 1.475(3) 1.501
C(2)−C(3) 1.429(3) 1.470
C(7)−C(8) 1.468(2) 1.479
C(8)−C(9) 1.400(3) 1.363
N(4)−N(5) 1.110(3)
N(1)−Co(1)−N(2) 82.27(7) 80.68
N(1)−Co(1)−N(3) 165.08(7) 163.17
N(1)−Co(1)−N(4) 97.48(8)
N(2)−Co(1)−N(3) 82.83(7) 82.95
N(2)−Co(1)−N(4) 179.34(8)
N(3)−Co(1)−N(4) 97.40(8)
Co(1)−N(4)−N(5) 179.2(2)

aBond distances are reported in Å and bond angles in deg.

Figure 12. Toluene solution EPR spectrum of the reduction of
coupled-(iPrPDI)CoCl with NaBEt3H recorded at 23 °C (microwave
frequency 9.37 GHz, power 2.0 mW, modulation 0.1 mT/100kHz).
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program and corrected for absorption using SADABS. The structures
were solved using direct methods (SHELXS) completed by sub-
sequent Fourier synthesis and refined by full-matrix least-squares
procedures.
The X-band EPR derivative spectrum was recorded on a Bruker

EMX Plus Standard Resonator spectrometer (resonance frequency =
9.85 GHz) equipped with the Bruker standard cavity (E4119001) and
a helium flow cryostat (Oxford Instruments ITC 503S). The spectrum
was simulated with the program GFIT (by Eckhard Bill) for the
calculation of powder spectra with effective g values and anisotropic
line widths (Gaussian line shapes were used).
Quantum Chemical Calculations. All DFT calculations were

performed with the ORCA program package as described previously.51

The geometry optimizations of the complexes and single-point
calculations on the optimized geometries were carried out at the
B3LYP level of DFT. This hybrid functional often gives better results
for transition metal compounds than pure gradient-corrected func-
tionals, especially with regard to metal−ligand covalency. The all-
electron Gaussian basis sets were those developed by the Ahlrichs
group. Triple-ζ quality basis sets def2-TZVP with one set of polariza-
tion functions on cobalt and on the atoms directly coordinated to the
metal center were used. For the carbon and hydrogen atoms, slightly
smaller polarized split-valence def2-SV(P) basis sets were used that
were of double-ζ quality in the valence region and contained a
polarizing set of d functions on the non-hydrogen atoms. Auxiliary
basis sets were chosen to match the orbital basis. The RIJCOSX
approximation was used to accelerate the calculations. Canonical and
corresponding orbitals, as well as spin density plots, were generated
with the program Molekel.70

Preparation of (iPrPIEA)CoN2. A 100 mL round-bottom flask was
charged with 0.207 g (0.359 mmol) of (iPrPDI)CoCl, approximately 50
mL of tetrahydrofuran, and a stir bar. NaOtBu (0.035 g, 0.364 mmol)
was added, and the reaction was stirred for three days, during which
time a gradual color change to red was observed. The volatiles were
removed, and the solid was extracted into a 3:1 diethyl ether−toluene
mixture. The resulting dark green solution was filtered through Celite.
The solution was concentrated and cooled to −35 °C, yielding 0.130 g
(63%) of dark brown powder identified as (iPrPIEA)CoN2. Analysis for
C33H42N5Co, Calcd.: C, 69.82; H, 7.46; N, 12.34. Found: C, 69.84;
H, 7.59; N, 11.98. 1H NMR (benzene-d6): δ −0.71 (s, 3H, N
CCH3), 0.89 (d, 6.9 Hz, 6H, CH(CH3)2), 1.22 (d, 6.6 Hz, 6H,
CH(CH3)2), 1.23 (d, 6.6 Hz, 6H, CH(CH3)2), 1.39 (d, 6.9 Hz, 6H,
CH(CH3)2), 2.70 (septet, 6.9 Hz, 2H, CH(CH3)2), 3.25 (septet, 6.6
Hz, 2H, CH(CH3)2), 4.05 (s, 1H, NCCH2), 4.73 (s, 1H, NC
CH2), 7.08−7.22 (m, 6H, m-Ar and p-Ar), 7.24 (t, 7.7 Hz, 1H, p-py),
7.38 (d, 7.7 Hz, 1H, m-py), 8.30 (d, 7.7 Hz, 1H, m-py). {1H}13C NMR
(benzene-d6): δ 19.84(C(CH3)), 24.03 (CH(CH3)2), 24.69 (CH-
(CH3)2), 24.72 (CH(CH3)2), 25.89(CH(CH3)2), 28.16 (CH(CH3)2),
29.03 (CH(CH3)2), 90.33 (CCH2), 111.30 (m-py), 117.94 (m-py),
123.74 (m- or p-Ar), 123.87 (m- or p-Ar), 123.99 (m- or p-Ar), 126.00
(m- or p-Ar), 132.81 (p-py), 139.91, 141.42, 142.06, 145.57, 151.43,
159.54, 161.43, 164.67. IR (toluene): υNN = 2145 cm−1. IR (KBr): υNN
= 2148 cm−1, υCC = 1583 cm−1.
Preparation of Coupled-(iPrPDI)CoCl. A 20 mL scintillation vial

was charged with 53 mg (0.093 mmol) of (iPrPIEA)CoN2 and
approximately 10 mL of toluene. In a second vial, 26 mg (0.093 mmol,
1.0 equiv) of Ph3CCl was dissolved in 5 mL of toluene, and the
resulting clear solution was added dropwise to the first vial. A color
change to dark pink was observed by the end of the addition. The
reaction was stirred at room temperature for 30 min to ensure
complete conversion of the starting materials to products. The
solution was concentrated to approximately 0.5 mL, and approximately
5 mL of pentane was added. Recrystallization at −35 °C overnight
yielded 46 mg (0.040 mmol, 86%) of dark pink crystals identified as
Coupled-(iPrPDI)CoCl. Single crystals suitable for X-ray diffraction
were prepared in THF/pentane. Analysis for C66H84Cl2Co2N6, Calcd.:
C, 68.92; H, 7.36; N, 7.31. Found: C, 69.20; H, 7.70; N, 7.08. 1H
NMR (benzene-d6): δ 0.34 (s, 6H, NC(CH3)), 1.00 (d, 6.8 Hz,
12H, CH(CH3)2), 1.12 (d, 6.8 Hz, 12H, CH(CH3)2), 1.16 (d, 6.8 Hz,
12H, CH(CH3)2), 1.26 (d, 6.8 Hz, 12H, CH(CH3)2), 2.58 (s, 4H,

NC(CH2)), 3.34 (septet, 6.8 Hz, 4H, CH(CH3)2), 3.46 (septet, 6.8
Hz, 4H, CH(CH3)2), 6.65 (d, 7.7 Hz, 2H, m-py), 7.09 (d, 7.7 Hz, 2H,
m-py), 7.23 (d, 7.8 Hz, 4H, m-Ar), 7.38 (t, 7.8 Hz, 2H, p-Ar), 7.41 (d,
7.9 Hz, 4H, m-Ar), 7.59 (t, 7.9 Hz, 2H, p-Ar), 9.67 (pseudo t, 7.7 Hz,
2H, p-py). {1H} 13C NMR (benzene-d6): δ 20.66 (NC(CH2)),
21.23 (NC(CH3)), 23.63 (CH(CH3)2), 23.78 (CH(CH3)2),
24.22 (CH(CH3)2), 25.17 (CH(CH3)2), 29.04 (CH(CH3)2), 29.28
(CH(CH3)2), 116.62 (p-py), 123.84 (m-Ar), 124.39 (m-Ar), 125.21
(m-py), 126.20 (m-py), 127.13 (p-Ar), 127.17 (p-Ar), 140.85 (o-Ar),
141.21 (o-Ar), 150.02 (i-Ar), 151.55 (o-py), 151.96 (i-Ar), 154.45
(o-py), 164.40 (NC(CH2)), 169.77 (NC(CH3)).

Preparation of Benzyl-(iPrPDI)CoCl. A 20 mL scintillation vial
was charged with 10 mg (0.018 mmol) of (iPrPIEA)CoN2 and approx-
imately 0.7 mL of benzene-d6. Via microsyringe, 2 μL (0.017 mmol,
1 equiv) of benzyl chloride was added, and the reaction was stirred at
room temperature for one hour. A color change from dark green to
dark pink was observed. The reaction was filtered into a J. Young
NMR tube and analyzed by NMR spectroscopy, establishing a 3:1
mixture of Benzyl-(iPrPDI)CoCl and Coupled-(iPrPDI)CoCl. 1H NMR
(benzene-d6): δ 0.19 (s, 3H, NC(CH3)), 1.06 (d, 7.1 Hz, 6H,
CH(CH3)2), 1.12 (d, 6.7 Hz, 6H, CH(CH3)2), 1.21 (d, 6.7 Hz, 6H,
CH(CH3)2), 1.24 (d, 7.2 Hz, 6H, CH(CH3)2), 2.19 (t, 7.3 Hz, 2H,
NC(CH2CH2Ph)), 3.14 (t, 7.3 Hz, 2H, NC(CH2CH2Ph)), 3.36
(septet, 7.1 Hz, 2H, CH(CH3)2), 3.42 (septet, 6.7 Hz, 2H,
CH(CH3)2), 7.00 (d, 8.0 Hz, 1H, m-py), 7.01 (t, 7.4 Hz, 1H, p-Ph),
7.06 (d, 8.0 Hz, 1H, m-py), 7.08 (d, 7.1 Hz, 2H, o-Ph), 7.22 (t, 7.7 Hz,
1H, p-Ar), 7.26 (d, 7.7 Hz, 2H, m-Ar), 7.33 (d, 7.7 Hz, 2H, m-Ar),
7.41 (dd, 7.4 Hz, 7.1 Hz, 2H, m-Ph), 7.47 (t, 7.7 Hz, 1H, p-Ar), 9.55
(pseudo t, 8.0 Hz, 1H, p-py). {1H} 13C NMR (benzene-d6): δ 21.38
(NC(CH3)), 23.43 (NC(CH2CH2Ph)), 23.83 (CH(CH3)2),
23.93 (CH(CH3)2), 24.14 (CH(CH3)2), 24.71 (CH(CH3)2), 29.08
(CH(CH3)2), 29.24 (CH(CH3)2), 37.68 (NC(CH2CH2Ph)),
115.47 (p-py), 123.96 (m-Ar), 125.37 (m-py), 126.13 (m-py),
126.82 (p-Ph), 127.13 (p-Ar), 127.29 (p-Ar), 128.35 (o-Ph), 128.81
(m-Ar), 129.34 (m-Ph), 139.93 (i-Ph), 140.80 (o-Ar), 140.85 (o-Ar),
150.60 (i-Ar), 151.02 (i-Ar), 152.17 (o-py), 153.56 (o-py), 168.34
(NC(CH3)), 169.20 (NC(CH2CH2Ph)).

Preparation of Coupled-(iPrPDI)CoBr. A thick-walled glass vessel
was charged with 32 mg (0.056 mmol) of (iPrPIEA)CoN2 and approx-
imately 10 mL of toluene. The reaction vessel was degassed, and
0.056 mmol (33 Torr, 31.6 mL; 1.0 equiv) of allylbromide was
admitted using a calibrated gas bulb. The solution was thawed to room
temperature and stirred for an hour. A color change to dark pink was
observed. The solution was concentrated to approximately 0.5 mL, and
about 3 mL of pentane was added. Recrystallization at −35 °C
overnight yielded 25 mg (0.020 mmol, 72%) of dark pink crystals
identified as Coupled-(iPrPDI)CoBr. Single crystals suitable for X-ray
diffraction were prepared in benzene. Analysis for C66H84Br2Co2N6,
Calcd.: C, 63.97; H, 6.83; N, 6.78. Found: C, 63.95; H, 6.91; N, 6.48.
1H NMR (benzene-d6): δ 0.21 (s, 6H, NC(CH3)), 1.06 (d, 6.6 Hz,
12H, CH(CH3)2), 1.12 (d, 6.4 Hz, 12H, CH(CH3)2), 1.24 (d, 6.4 Hz,
12H, CH(CH3)2), 1.27 (d, 6.6 Hz, 12H, CH(CH3)2), 2.51 (s, 4H,
NC(CH2)), 3.39 (septet, 6.6 Hz, 4H, CH(CH3)2), 3.52 (septet, 6.4
Hz, 4H, CH(CH3)2), 6.63 (d, 7.4 Hz, 2H, m-py), 7.08 (d, 7.4 Hz, 2H,
m-py), 7.27 (d, 7.7 Hz, 4H, m-Ar), 7.42 (t, 7.7 Hz, 2H, p-Ar), 7.47 (d,
7.6 Hz, 4H, m-Ar), 7.67 (t, 7.6 Hz, 2H, p-Ar), 9.90 (pseudo t, 7.4 Hz,
2H, p-py). {1H} 13C NMR (benzene-d6): δ 20.48 (NC(CH2)),
21.99 (NC(CH3)), 23.66 (CH(CH3)2), 23.91 (CH(CH3)2), 24.41
(CH(CH3)2), 25.12 (CH(CH3)2), 29.04 (CH(CH3)2), 29.26 (CH-
(CH3)2), 116.83 (p-py), 123.92 (m-Ar), 124.55 (m-Ar), 125.21 (m-
py), 126.34 (m-py), 127.31 (p-Ar), 140.64 (o-Ar), 140.91 (o-Ar),
151.29 (i-Ar), 151.42 (o-py), 153.32 (i-Ar), 154.54 (o-py), 165.10
(NC(CH2)), 170.74 (NC(CH3)).

Preparation of Allyl-(iPrPDI)CoBr. A J. Young tube was charged
with 14 mg (0.025 mmol) of (iPrPIEA)CoN2 and approximately 0.7
mL of benzene-d6. The tube was degassed and 0.025 mmol (35 Torr,
13.1 mL; 1.0 equiv) of allylbromide was admitted using a calibrated gas
bulb. The solution was thawed and allowed to stand at room tempera-
ture for an hour. A color change to dark pink was observed. The
volatiles were distilled into a second tube and analyzed by NMR
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spectroscopy and established formation of 1,5-hexadiene. The
remaining residue in the reaction tube was determined to be an
approximately 1:3 mixture of Coupled-(iPrPDI)CoBr and Allyl-
(iPrPDI)CoBr. 1H NMR (benzene-d6): δ 0.01 (s, 3H, NC(CH3)),
1.10−1.26 (overlaps with other resonances; d, 24H, CH(CH3)2), 1.80
(t, 8.2 Hz, 2H, NC(CH2-allyl)), 2.56 (m, 8.2 Hz, 6.7 Hz, 2H,
CH2CHCH2)), 2.96 (septet, 7.2 Hz, 2H, CH(CH3)2), 3.38 (septet,
7.2 Hz, 2H, CH(CH3)2), 4.83 (d, 8.7 Hz, 1H, CH2CHC(H)Hcis),
4.92 (d, 17.1 Hz, 1H, CH2CHC(H)Htrans), 5.52 (m, 17.1 Hz, 8.7
Hz, 6.7 Hz, 1H CH2CHCH2), 6.94 (d, 7.6 Hz, 1H, m-py), 6.98 (d,
7.8 Hz, 1H, m-py), 7.18−7.30 (overlaps with other resonances, 6H,
Ar−H), 9.76 (dd, 7.8 Hz, 7.6 Hz, 1H, p-py). {1H} 13C NMR
(benzene-d6): δ 21.29 (CH2CHCH2), 21.89 (NC(CH3)), 24.18
(CH(CH3)2), 24.26 (CH(CH3)2), 24.31 (CH(CH3)2), 24.41 (CH-
(CH3)2), 29.08 (CH(CH3)2), 29.11 (CH(CH3)2), 35.48 (NC(CH2-
allyl), 115.65 (CH2CHCH2), 115.45 (p-py), 123.88 (m-Ar), 126.14
(m-py), 127.04 (m-py), 127.29 (p-Ar), 136.05 (CH2CHCH2),
140.53 (o-Ar), 140.60 (o-Ar), 151.21 (i-Ar), 151.94 (o-py), 152.05
(i-Ar), 153.36 (o-py), 169.00 (NC(CH3)), 170.34 (NC(CH2-allyl)).
Preparation of Coupled-(iPrPDI)CoSPh. A 20 mL scintillation

vial was charged with 60 mg (0.11 mmol) of (iPrPIEA)CoN2 and
approximately 10 mL of toluene. In a second vial, 12 mg (0.055 mmol,
0.5 equiv) of Ph2S2 was dissolved in 1 mL of toluene. The resulting
solution was added to the first vial dropwise, and the reaction was
stirred for an hour. A color change from dark green to dark pink was
observed. The solution was concentrated to approximately 0.5 mL,
and about 3 mL of pentane was added. Recrystallization at −35 °C
overnight yielded 50 mg (0.039 mmol, 72%) of dark pink crystals
identified as Coupled-(iPrPDI)CoSPh. Single crystals suitable for X-ray
diffraction were obtained from benzene. Analysis for C78H94Co2N6S2,
Calcd.: C, 72.20; H, 7.30; N, 6.48. Found: C, 74.86; H, 6.92; N, 6.54.
1H NMR (benzene-d6): δ 0.36 (s, 6H, NC(CH3)), 1.04 (d, 6.6 Hz,
12H, CH(CH3)2), 1.10 (d, 6.7 Hz, 12H, CH(CH3)2), 1.14 (d, 6.7 Hz,
12H, CH(CH3)2), 1.32 (d, 6.6 Hz, 12H, CH(CH3)2), 2.62 (s, 4H,
NC(CH2)), 3.28 (septet, 6.7 Hz, 4H, CH(CH3)2), 3.38 (septet, 6.6
Hz, 4H, CH(CH3)2), 6.68 (t, 7.4 Hz, 4H, m-SPh), 6.85 (d, 7.4 Hz, 4H,
o-SPh), 6.89 (t, 7.4 Hz, 2H, p-SPh), 6.90 (d, 7.6 Hz, 2H, m-py), 6.99
(d, 7.7 Hz, 4H, m-Ar), 7.16 (t, 7.7 Hz, 2H, p-Ar), 7.29 (d, 7.8 Hz, 4H,
m-Ar), 7.43 (d, 7.6 Hz, 2H, m-py), 7.53 (t, 7.8 Hz, 2H, p-Ar), 9.28
(pseudo t, 7.6 Hz, 2H, p-py). {1H} 13C NMR (benzene-d6): δ 22.61
(NC(CH2)), 22.00 (NC(CH3)), 23.80 (CH(CH3)2), 23.88
(CH(CH3)2), 24.47 (CH(CH3)2), 25.63 (CH(CH3)2), 28.73 (CH-
(CH3)2), 29.10 (CH(CH3)2), 117.37 (p-py), 122.72 (p-SPh), 123.87
(m-Ar), 123.77 (m-py), 124.47 (m-Ar), 124.90 (m-py), 127.01 (p-Ar),
127.11 (p-Ar), 127.69 (m-SPh), 135.62 (o-SPh), 140.52 (o-Ar),
141.47 (o-Ar), 142.72 (i-SPh), 149.87 (o-py), 150.18 (i-Ar), 151.05
(i-Ar), 151.72 (o-py), 163.12 (NC(CH2)), 166.98 (NC(CH3)).
Preparation of Coupled-(iPrPDI)CoNO. A thick-walled glass

vessel was charged with 0.126 g (0.222 mmol) of (iPrPIEA)CoN2 and
approximately 10 mL of toluene. A dark teal solution formed, and the
vessel was submerged in liquid nitrogen and degassed. The solution
was thawed to room temperature and opened to a calibrated gas bulb
containing 0.21 mmol (39 Torr, 100.1 mL; 0.95 equiv) of NO gas. A
color change to fuchsia was observed. The resulting solution was
stirred at room temperature for 1 h to ensure complete conversion to
the cobalt nitrosyl complex. The solution was then concentrated to
approximately 1 mL followed by the addition of about 3 mL of
pentane. Recrystallization at −35 °C overnight yielded 0.121 g (0.106
mmol, 96%) of dark pink crystals identified as Coupled-(iPrPDI)-
CoNO. Single crystals suitable for X-ray diffraction were also prepared
in toluene/pentane. Analysis for C66H84Co2N4O2, Calcd.: C, 69.58; H,
7.43; N, 9.84. Found: C, 69.29; H, 7.41; N, 9.41. 1H NMR (benzene-
d6): δ 1.09 (d, 6.6 Hz, 12H, CH(CH3)2), 1.10 (d, 6.6 Hz, 12H,
CH(CH3)2), 1.17 (d, 6.6 Hz, 12H, CH(CH3)2), 1.18 (d, 6.6 Hz, 12H,
CH(CH3)2), 2.06 (s, 6H, NC(CH3)), 3.20 (septet, 6.6 Hz, 4H,
CH(CH3)2), 3.21 (septet, 6.6 Hz, 4H, CH(CH3)2), 3.56 (s, 4H, N
C(CH2)), 6.97 (d, 7.8 Hz, 2H, m-py), 7.10 (dd, 7.8 Hz, 7.3 Hz, 2H,
p-py), 7.16 (t, 7.6 Hz, 2H, p-Ar), 7.18 (d, 7.6 Hz, 4H, m-Ar), 7.21
(t, 7.6 Hz, 2H, p-Ar), 7.29 (d, 7.6 Hz, 4H, m-Ar), 7.46 (d, 7.3 Hz, 2H,
m-py). {1H}13C NMR (benzene-d6): δ 17.11 (NC(CH3)), 23.21

(CH(CH3)2), 24.32 (CH(CH3)2), 24.42 (CH(CH3)2), 25.47 (CH-
(CH3)2), 28.18 (CH(CH3)2), 28.51 (CH(CH3)2), 28.84 (N
C(CH2)), 119.90 (m-py), 121.16 (m-py), 122.70 (p-py), 123.66 (m-
Ar), 124.09 (m-Ar), 126.70 (p-Ar), 126.78 (p-Ar), 140.79 (o-Ar),
141.22 (o-py), 141.52 (o-Ar), 142.12 (o-py), 149.17 (i-Ar), 149.44
(i-Ar), 155.66 (NC(CH2)), 157.43 (NC(CH3)). IR (benzene-d6):
υNO = 1712 cm−1.

Reduction of Coupled-(iPrPDI)CoCl with NaBEt3H. A 20 mL
scintillation vial was charged with 53 mg (0.046 mmol) of Coupled-
(iPrPDI)CoCl and approximately 5 mL of toluene. The solution was
cooled and 0.090 mL of a 1.0 M solution (0.090 mmol, 1.95 equiv) of
NaBEt3H in toluene was added. The reaction was stirred at room
temperature for 3 days, after which time a color change to dark green
was observed. Analysis of the resulting mixture by IR and NMR
spectroscopies showed complete conversion of Coupled-(iPrPDI)CoCl
to (iPrPIEA)CoN2.

Preparation of (iPrPDI)CoNO. This compound was prepared in a
manner similar to the synthesis of Coupled-(iPrPDI)CoNO using
0.139 g (0.244 mmol) of (iPrPDI)CoN2 and 0.23 mmol (43 Torr,
100.1 mL; 0.95 equiv) of NO gas. Recrystallization at −35 °C
overnight yielded 0.120 g (86%) of dark pink crystals identified as
(iPrPDI)CoNO. Single crystals suitable for X-ray diffraction were
prepared in toluene/pentane. Analysis for C33H43CoN4O, Calcd.: C,
69.46; H, 7.60; N, 9.82. Found: C, 69.26; H, 7.43; N, 9.69. 1H NMR
(benzene-d6): δ 1.08 (d, 6.9 Hz, 12H, CH(CH3)2), 1.15 (d, 6.9 Hz,
12H, CH(CH3)2), 2.05 (s, 6H, NC(CH3)), 3.18 (septet, 6.9 Hz,
4H, CH(CH3)2), 6.98 (t, 7.7 Hz, 1H, p-py), 7.16 (d, 7.6 Hz, 4H, m-
Ar), 7.21 (t, 7.6 Hz, 2H, p-Ar), 7.45 (d, 7.7 Hz, 2H, m-py). {1H} 13C
NMR (benzene-d6): δ 17.24 (NC(CH3)), 24.13 (CH(CH3)2),
24.45 (CH(CH3)2), 28.59 (CH(CH3)2), 120.58 (m-py or p-Ar),
121.68 (p-py), 123.90 (m-Ar), 126.99 (m-py or p-Ar), 141.11 (i-Ar or
o-Ar), 141.72 (i-Ar or o-Ar), 149.73 (o-py), 155.72 (NC(CH3)). IR
(benzene-d6): υNO = 1712 cm−1. IR (KBr): υNO = 1709 cm−1.
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