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The low-valent complex (silox)3NbPMe3 (silox = tBu3SiO) was synthesized
and tested for reactivity towards small molecules. It was discovered that exposure to
CO generated the complexes (silox)3Nb=C=C=O (3-Nb), (silox)3Nb=O (2-Nb), and
[(silox)3Nb]2(μ-C2) (4-Nb) in various ratios depending on reaction stoichiometry. The
formation of [(silox)3Nb]2(μ-CO) (5-Nb) was discovered as a byproduct in most
reactions. Treatment of (silox)3NbPMe3 with potassium under a dinitrogen atmosphere
afforded the dinitrogen complex (silox)3NbNNNb(silox)3 (8-Nb). Reaction of
(silox)3NbCl (10-Nb) with NH3 afforded (silox)3NbIV(NH3)Cl, with ammonia binding
parameters of ∆H = 20.4 ± 2.3 kcal/mol and ∆S = 39 ± 7 e.u.
The nickel complex {dmp(PI)2}Ni (dmp(PI)2 = Me2C(CH2=Npy)2) was
synthesized and subjected to chemical oxidation and reduction to synthesize a 5membered redox series. Through electronic structure study, it was determined that in
these complexes the metal center typically remained NiII, with the possible exception
of the cationic complex [{dmp(PI)2}Ni](OTf), and redox changes were primarily
ligand-centered. The chemistry of dmp(PI)2 was extended to iron, and
{dmp(PI)2}FePMe3 was synthesized. As with the nickel analogue, the complex was

determined to be a MII center bound to a dianionic ligand framework, with similar
redox behavior as the nickel species.
A related tetradentate β-diketiminate-based ligand incorporating two pyridinemethylene units, 2,4-bis[(E)-(2-pyridyl)methylideneamino]pentane (H{nn(PM)2}),
was synthesized and metallated to form {nn(PM)2}FeN(TMS)2 (1-N(TMS)2).
1-N(TMS)2 could be further derivatized to form {nn(PM)2}FeX (X = Cl, N3). One of
the methylene fragments of the ligand backbone was prone to facile deprotonation and
allowed synthesis of {nn(PM)(PI)}FeLL’ (LL’ = (PMe3)2, (PMe2Ph)2, (PMe3)CO; 2LL’) and {nn(PM)(PI)}FeL (L = PMe3, PMePh2, PPh3, CO; 3-L). Electronic structure
studies suggested 2-LL’ and 3-L existed as FeII metal centers bound to dianionic
{nn(PM)(PI)}2-, with strong metal-ligand covalency in 3-L. Oxidation studies on 2(PMe3)2 showed two successive ligand-based 1e- oxidations. The same tetradentate βdiketiminate-based ligand was applied to other transition metals of the first row and
allowed synthesis of {nn(PM)2}VCl2 (1-VCl2) and {nn(PM)2}Co (1-Co), both of
which formed through unusual ligand exchange or disproportionation events, and
{nn(PM)(PI)}M (M = Cr, 4-Cr; M = Ni, 4-Ni), which were generated through double
deprotonation of the H{nn(PM)2} ligand.
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Chapter 1
Small Molecule Activation With (silox)3NbPMe3 (silox = tBu3SiO)
Introduction
In 2008 the world consumption of energy was 16.4 TW, and energy
consumption is predicted to double in the next 30 years.1-6 Over 80% of the energy
obtained in 2008 was derived from fossil fuels, with nuclear energy accounting for
roughly 6% and renewable sources comprising the remaining 12%.7 While renewable
energy will certainly see increased popularity in the coming years, it is undeniable that
carbon-based energy sources will continue to dominate the energy economy in the
foreseeable future.8
The primary product of fossil fuel combustion, CO2, is thought to be a major
contributor to global climate change; hence, it would be desirable to convert CO2 back
to useable fuels through reduction with dihydrogen produced through water splitting
(Scheme 1.1a).9-12 Currently, ~80% of dihydrogen production arises from
hydrocarbon-derived steam reforming processes (Scheme 1.1b), the reverse of the
desired CO2 reduction. Consequently, use of H2 generated from these processes is
nonsensical. To develop a carbon-neutral process, dihydrogen must be derived from
solar-powered water splitting (Scheme 1.1c). On an industrial scale carbon monoxide

Scheme 1.1. Carbon dioxide reduction (a); steam reforming (b); water splitting (c);
Fischer-Tropsch process (d).

1

is currently reduced with dihydrogen to generate liquid hydrocarbons in the presence
of metal catalysts through Fischer-Tropsch chemistry (Scheme 1.1d).13-16 The study of
the deoxygenation of CO217-40 to generate CO and subsequent C-O bond splitting is
quite valuable,41-45 and one can model these chemistries through use of low-valent
early transition metals to synthesize stable CO2-derived metal compounds.
It has previously been shown by Neithamer et al.46 that treatment of (silox)3Ta
(1-Ta) with excess carbon dioxide resulted in formation of the oxo complex
(silox)3Ta=O (2-Ta) and release of a stoichiometric amount of carbon monoxide (Eq.
1.1). When treated with a substoichiometric amount of CO2, the CO byproduct was
further reduced by 1-Ta. To study this carbonylation process, 1-Ta was treated with
(1.1)
Eq. 1.1. Deoxygenation of CO2.
carbon monoxide to yield (silox)3Ta=O (2-Ta), (silox)3Ta=C=C=O (3-Ta), and
(silox)3Ta=C=C=Ta(silox)3 (4-Ta) in various product distributions (Eq. 1.2 and 1.3).
When (silox)3Ta (1-Ta) was treated with an excess of CO at low temperature, the oxo
complex 2-Ta and (silox)3Ta=C=C=O (3-Ta) were formed as given in Eq. 1.2.
Ketenylidene 3-Ta was characterized by a strong infrared band at 2076 cm-1 that
shifted to 2011 cm-1 when 13CO was used. Exposure of 1-Ta to a 1:1 mixture of CO
and 13CO resulted in bands of equal intensity at 2076, 2065, 2022, and 2011 cm-1,
corresponding to a statistical mixture of the four isotopomers (silox)3Ta=C=C=O,
(silox)3Ta=13C=C=O, (silox)3Ta=C=13C=O, and (silox)3Ta=13C=13C=O. The 13C NMR
spectrum of (silox)3Ta=13C=13C=O showed two doublets (1JCC = 100 Hz) at δ 135.96
(TaCCO) and δ 142.51 (TaCCO), in addition to silox resonances (Table 1.1).

2

(1.2)
Eq. 1.2. Carbonylation of (silox)3Ta with an excess amount of CO
(1.3)
Eq. 1.3. Carbonylation of (silox)3Ta with a stoichiometric amount of CO.
In contrast, treatment of (silox)3Ta (1-Ta) with 1.00 equiv carbon monoxide in
benzene resulted in immediate reaction and uptake of 0.47 equiv carbon monoxide to
form 2-Ta and a red precipitate identified as the dicarbide complex,
(silox)3Ta=C=C=Ta(silox)3 (4-Ta) (Eq. 1.3). Infrared spectra of 4-Ta generated from
either CO or C18O exhibited a band at 709 cm-1, assigned to the Ta=C stretch. When
13

CO was used, the Ta=C stretch of 4-Ta shifted to 682 cm-1, and when a 1:1 mixture

of CO to 13CO was used, three bands at 709, 695, and 682 cm-1 appeared in an
approximate 1:2:1 ratio, indicative of a two-carbon bridge. Raman spectra of 4-Ta and
the isotopically labeled 4-Ta13C2 revealed strong absorptions at 1617 cm-1 and 1549
cm-1 respectively, corresponding to the symmetric C–C stretch (Table 1.2). Infrared
spectra of 2-Ta derived from C16O revealed a band at 905 cm-1, assigned to the Ta=O
stretch of 2-Ta, which shifted to a position obscured by silox absorptions (750 – 900
cm-1) when C18O was used instead.
A single-crystal X-ray structure determination of 4-Ta confirmed an
approximately linear two-carbon bridge, with a Ta–C bond length (1.95 (2) Å) within
the range expected for tantalum alkylidenes (1.89 – 2.07 Å)47-49 and a C–C bond
distance (1.37 (4) Å) similar to that of a typical double bond (1.34 Å).50 It is
important to note that these distances have fairly high standard deviations due to the
difficulty of precisely locating light atoms near significantly heavier atoms via X-ray
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crystallography.
Hydrolysis of 3-Ta at elevated temperatures resulted in production of ethylene
and H(silox) as the only NMR-identifiable products, although presumably, Ta2O5 was
also generated (Eq. 1.4). Under conditions designed to optimize formation of 3-Ta
(Eq. 1.2) trace amounts of 4-Ta were observed, and under optimal condition for
formation of 4-Ta, trace amounts of 3-Ta were observed. These results implicate the
(1.4)
Eq. 1.4. Hydrolysis of dicarbide 4-Ta.
intermediacy of 3-Ta in the formation of 4-Ta, perhaps via formation of a
(silox)3TaCO adduct.51 At low temperatures in the presence of a coordinating solvent
such as THF or DME, a thermally unstable solvent adduct of the carbonyl compound
(1-TaCO(THF)) was formed and characterized via 1H NMR spectroscopy (Eq. 1.5).
Additional labeling experiments supported the existence of 1-TaCO(THF) as a
(1.5)
Eq. 1.5. Proposed formation of a CO adduct of (silox)3Ta, 1-TaCO(THF).
monomeric carbonyl adduct. In the presence of non-coordinating solvents such as
toluene, benzene, hexane, and Et2O, treatment of 1-Ta with carbon monoxide at low
temperature resulted in formation of a red precipitate proposed as the solvent-free
carbonyl adduct, (silox)3TaCO (1-TaCO). However, these carbonyl adducts, although
characterized spectroscopically, could not be isolated for further study.
Because (silox)3Ta was shown to be highly competent for activation of small
molecules such as CO2 and CO, due to the tendency to undergo oxidative addition, the
activation of dinitrogen was pursued.52-53 The propensity for early transition metals to
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achieve a high oxidation state through formation of strong metal-ligand bonds
provides a large thermodynamic driving force for cleavage of the dinitrogen triple
bond, resulting in very stable early transition metal (groups 5 – 7) bisimido or nitride
complexes. Activation of dinitrogen through reductive bond cleavage by soluble early
transition metal complexes has been demonstrated by several laboratories in recent
years, following the general method of treating a metal complex with reducing
equivalents in the presence of dinitrogen to activate a molecule of N2 bound to the
metal center.54-80 Figure 1.1 shows two recent examples of N2 bond cleavage by
tantalum and niobium to generate the corresponding metal nitrides as dimeric,
diamond-core structures. In the latter case, the resulting niobium nitride (Figure 1.1b)
could further be protonated by lutidinium chloride to release ammonia (61% yield)
and regenerate the niobium chloride starting material. Because the strengths of the
metal-nitride bonds formed are quite high, the functionalization and extrusion of
nitrogen-containing species from early-metal complexes is typically difficult.
(a)

(b)

Figure 1.1. Selected examples from the literature of dinitrogen activation with
tantalum77 (a) and niobium54 (b).
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Although it is highly unlikely that protonation of activated dinitrogen complexes to
generate ammonia will replace the highly efficient Haber-Bosch process for synthesis
of ammonia from N2 and H2, study of ammonia production from dinitrogen utilizing
early transition metal complexes is presumed to provide significant mechanistic
information.
In an effort to achieve similar reactivity with (silox)3Ta (1-Ta), the formation
of a dinitrogen complex, (silox)3TaNNTa(silox)3 (8-Ta) was targeted. However,
although 1-Ta has been shown in this laboratory to facilitate bond cleavage of a
variety of small molecules including the C-N bonds of electron-deficient anilines, C-O
bonds, and E-H (E = N, P, As) bonds,81-84 as well as CO2 and CO as shown above, 1Ta is unreactive with respect to N2. It has been shown in related studies that
compounds of the form LnX3Ta=N-N=TaX3Ln can be synthesized through reduction
of XnM in the presence of L and N2,85-94 yet 1-Ta does not bind dinitrogen to form
(silox)2Ta(N2) or the reduced species (silox)3Ta=N-N=Ta(silox)3 (8-Ta).81,95-98
Although the transformation is calculated to be exergonic by 55.6 kcal/mol, these
transformations are orbital symmetry forbidden. Figure 1.295 illustrates the calculated
linear reaction coordinate for reaction of two equiv 1-Ta with N2 to form
(silox)3TaNNTa(silox)3 via the intermediate (silox)3Ta(N2). In its ground state, 1-Ta
exists as a singlet with two electrons in the dz2 orbital. To undergo dinitrogen binding,
intersystem crossing to a triplet state is necessary, as (silox)3Ta(N2) has a triplet
ground state that is 5.5 kcal/mol lower in energy than the corresponding singlet.
Therefore, one of the 1-Ta molecules must undergo excitation to a triplet state
{(dz2)1(dxz or dyz)1} which is calculated to be approximately 19 kcal/mol uphill (solid
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red line). Furthermore, the calculated triplet configuration of (silox)3Ta(N2),
{(dxz)1(dyz)1}, doesn’t correlate with the first excited state of (silox)3Ta {(dz2)1(dxz or
dyz)1}; thus, excitation to a higher energy excited triplet state likely must occur for
dinitrogen binding (dashed red line).
The second step of dinitrogen binding, in which another equivalent of 1-Ta
binds to (silox)3Ta(N2), again requires intersystem crossing to occur. A possible
pathway is one in which the second equivalent of 1-Ta undergoes excitation to a triplet
state to bind the triplet (silox)3Ta(N2). The resulting quintet (silox)3TaNNTa(silox)3
may then undergo electronic reorganization to achieve the singlet ground state. Thus,
although binding of N2 is very thermodynamically favorable, the reaction is not
observed because both steps require intersystem crossing, rendering the
transformations orbital symmetry forbidden.
In contrast, synthesis of a tantalum imido compound from ammonia and 1-Ta
is quite facile (Scheme 1.2). This can be viewed as a study of the microscopic reverse
of ammonia formation from the desired (silox)3TaNNTa(silox)3 species, and was
initially perused as a route to synthesis of the dinitrogen compound.
Treatment of 1-Ta with NH3 resulted in rapid oxidative addition of an N-H
bond to tantalum to form the corresponding hydride (silox)3Ta(H)(NH2) (Scheme
1.2),65,97-98 which underwent facile 1,2-H2-elimination at room temperature to form the

Scheme 1.2. Formation of tantalum imido from 1-Ta and ammonia.
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Figure 1.2. Plausible linear reaction coordinate vs. standard free energy diagram for 2
1-Ta + N2 to the hypothetical (silox)3Ta-NN-Ta(silox)3 via (silox)3Ta(N2). Calculated
standard free energies are in kcal/mol, and all surface representations are parabolically
equivalent. The energies pertaining to dashed surfaces have been estimated.90
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corresponding imido complex (silox)3Ta=NH. Although the synthesis of
(silox)3Ta=NH was straightforward, conversion to the desired (silox)3TaNNTa(silox)3
through a variety of routes was unsuccessful. Formation of the dinitrogen adduct is
predicted to be highly thermodynamically exergonic and despite substantial efforts
from this laboratory, (silox)3TaNNTa(silox)3 has thus far remained elusive.
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Results and Discussion
1.1

Activation of CO2 and CO with Low-Valent Niobium
As shown with tantalum, treatment of the analogous low-valent

(silox)3NbPMe3 (1-NbPMe3)99-100 with excess carbon dioxide resulted in the formation
of (silox)3Nb=O (2-Nb), with concomitant release of CO and free PMe3 (Eq. 1.6).101
When 1-NbPMe3 was instead treated with 1/3 equiv CO2, evidence of formation of 2Nb and the dicarbide (silox)3Nb=C=C=Nb(silox)3 (4-Nb) was observed; however, the
chemistry was not as clean as observed for the related tantalum system. As such, the
direct carbonylation of 1-NbPMe3 was studied.
(1.6)
Eq. 1.6. Deoxygenation of CO2 with (silox)3NbPMe3.
Treatment of 1-NbPMe3 with an excess of carbon monoxide resulted in
formation of 2-Nb and ketenylidene 3-Nb (Eq. 1.7). Unlike the tantalum system, solidstate IR spectra of the reaction mixture revealed two sharp bands at 2068 and 2053
cm-1.102 When 13CO was used instead, both bands shifted to 2003 and 1987 cm-1, and
with a 1:1 mixture of CO and 13CO, two sets of four bands were observed: one set at
2068, 2057, 2013, and 2003 cm-1, and the other set at 2053, 2042, 1999, and 1987 cm-1
(Figure 1.3a). Based on isotopic labeling studies, while one set of bands certainly
corresponded to the expected ketenylidene 3-Nb, the second set of bands also
corresponded to a dicarbon fragment. Additionally, although both sets of bands were
(1.7)
Eq. 1.7. Carbonylation of (silox)3NbPMe3.
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(a)

(b)

Figure 1.3. IR spectra of 3-Nb generated from a 1:1 mixture of CO and 13 CO
prepared as a Nujol mull between KBr plates (a) and as a solution in toluene (b).
always present in reactions to form 3-Nb, the relative ratios of the bands differed from
reaction to reaction.
A solution IR spectrum resolved this conflict: in toluene, only four bands of
approximately equal intensity were observed at 2063, 2053, 2010, and 1999 cm-1
(Figure 1.3b), representing a statistical distribution of the four different isotopomers
(silox)3Nb=C=C=O, (silox)3Nb=13C=C=O, (silox)3Nb=C=13C=O, and
(silox)3Nb=13C=13C=O. Since the solution bands appear as an average of the solidstate bands, it is reasonable to propose that the two sets of bands arise from either (a)
coupling of the ketenylidene chromophores in the solid state to yield one high-energy
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band and one low-energy band, or (b) that the ketenylidene is somewhat soluble in
Nujol and the solvated 3-Nb exhibits slightly altered IR stretches relative to 3-Nb in
the solid state. Given that the relative ratios of the two bands in the solid state differ
from sample to sample within the same batch of 3-Nb, it is likely that the two bands
arise due to differing amounts of Nujol in each sample, (b).
The 13C NMR spectrum of (silox)3Nb=13C=13C=O (3-Nb13C2) revealed a single
resonance at δ 76.0 (NbCCO), with a JCC = 76 Hz, within the range expected for a
two-carbon bridge. The α-carbon (NbCCO) was not observed, presumably due to a
large degree of quadrupolar broadening from the Nb metal center. 93Nb NMR revealed
a doublet at δ -687, with a JNbC ~ 500 Hz. Selected spectroscopic parameters for 3-Nb
and 3-Ta are compared in Table 1.1 and due to a substantially smaller JCC, suggest a
greater degree of CO triple bond character in 3-Nb.
Table 1.1. Comparison of selected spectroscopic parameters of 3-Nb and 3-Ta (n. d. =
not determined).
13

δ MCCO
3-Nb
3-Ta

76.0
142.5

C NMR
δ MCCO
JCC (Hz)
n. d.
136.0

76
100

JMC (Hz)

Infrared
νCO (cm-1)

~500
n. d.

2063
2076

When 3-Nb was treated with two equiv 1-NbPMe3 a purple precipitate was
observed, identified as the dicarbide (silox)3Nb=C=C=Nb(silox)3 (4-Nb), along with
production of 2-Nb and free PMe3 (Eq. 1.8). As with the tantalum analogue, it is
reasonable to propose 3-Nb as a mechanistic precursor to formation of 4-Nb.
(1.8)
Eq. 1.8. Deoxygenation of 3-Nb.
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When 1-NbPMe3 and exactly 0.5 equiv carbon monoxide were mixed at low
temperatures and slowly allowed to warm to room temperature over several hours,
formation of an insoluble dark purple solid, consistent with dicarbide 4-Nb, and 2-Nb,
was observed (Eq. 1.9). The solid was isolated in 42% yield and the pale yellow
material in the filtrate was isolated in 49% yield. Based on 1H NMR spectroscopy the
filtrate contained primarily 2-Nb, so the reaction occurred mostly according to the
stoichiometry indicated in Eq. 1.9. IR analysis of the solid, however, indicated the
presence of an impurity with a characteristic band at 1208 cm-1 which shifted to 1172
cm-1 with 13CO. When a 1:1 mixture of CO and 13CO was used, only the two bands at
1208 and 1172 cm-1 were observed in roughly equivalent intensities, consistent with
an absorption arising from a single carbon unit derived from carbon monoxide.
(1.9)
Eq. 1.9. Stoichiometric carbonylation of (silox)3NbPMe3.
Due to the poor solubility of 4-Nb NMR analysis could not be carried out, but
solid-state magnetic data could be collected. Because 4-Ta was shown to be an S = 1
system, it was expected that 4-Nb might display analogous magnetic behavior. SQUID
magnetometry measurements on two independently prepared samples displayed vastly
different results, shown in Figure 1.4. The two sets of data exhibit a μeff of between 1.5
and 4.0 μB at 300 K, bracketing the value expected for an S = 1 system (spin-only
value for S = 1 is 2.82 μB). Chemically sensible fit parameters could not be obtained
for either set of data without inclusion of a diamagnetic impurity that comprised >90%
of the sample; however, representative parameters are given in Figure 1.4.
Unfortunately, fits with a similar temperature-independent paramagnetism (TIP) value
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for both sets of data could not be obtained, perhaps due to a very small amount of
ferromagnetic material in sample (a) that would manifest in SQUID data as an
unusually large TIP contribution. The variability between samples, as well as the
difficulty in obtaining a reasonable fit, most likely arises from differing amounts of a
magnetically dissimilar impurity in each sample.
To further probe the insoluble solid identified as primarily 4-Nb, Raman
spectra were acquired for 4-Nb and 4-Nb13C2. A νCC of 1612 cm-1 was obtained for 4Nb and a ν13C13C of 1555 cm-1 was obtained for 4-Nb13C2. These data were compelling
(a)

(b)

Figure 1.4. Representative SQUID data for 4-Nb. Fit parameters: (a) g = 2.00, D =
-3.92 cm-1, E/D = 0, TIP = 5656.9 x 10-6 emu, DI = 92.8%, TW = -0.619 K; (b) g =
2.00, D = -3.92 cm-1, E/D = 0, TIP = 1609.2 x 10-6 emu, DI = 99.8%, TW = -0.010 K
(b).
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Table 1.2. Comparison of selected spectroscopic parameters for 4-Nb and 4-Ta (n. d.
= not determined).
Raman
Infrared
4-Nb
4-Ta

νCC (cm-1)

ν13C13C (cm-1)

νMC (cm-1)

1612
1617

1555
1549

n. d.
709

evidence for the presence of 4-Nb in the insoluble solid, and match up well to the
Raman data collected for 4-Ta (Table 1.2).103 Unfortunately, although a νMC of 709
cm-1 was obtained from IR spectra of 4-Ta, the analogous stretch could not be
observed for 4-Nb with the appropriate labeling studies.
Crystals suitable for X-ray analysis were obtained through thermal digestion of
the insoluble material containing 4-Nb, and the resulting structure is shown in Figure
1.5 with relevant parameters presented in Table 1.3. The niobium-oxygen distances
are normal (1.905 Å avg.) and a tetrahedral geometry is observed about each metal
center. Surprisingly, the structure refined better when nitrogen atoms were placed in

Figure 1.5. Molecular Structure of 4-Nb. Methyl groups have been omitted for clarity.
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Table 1.3. Selected interatomic distances and bond angles for 4-Nb.
Selected Bond Distances (Å)
Selected Bond Angles (°)
Nb1-O1
Nb1-O2
Nb1-O3
Nb1-O4
Nb1-O5
Nb1-O6
Nb1-C73
Nb1-C74

1.9011 (19)
1.9087 (19)
1.9036 (17)
1.9053 (19)
1.9086 (19)
1.9005 (17)
1.876 (2)
1.873 (2)

C73-C74

1.324 (3)

O1-Nb1-C73
O2-Nb1-C73
O3-Nb1-C73
O4-Nb2-C74
O5-Nb2-C74
O6-Nb1-C74
Nb1-C73-C74
Nb2-C74-C73

109.80 (9)
110.51 (9)
107.13 (9)
108.02 (9)
110.93 (9)
107.61 (9)
177.9 (2)
176.4 (2)

Table 1.4. Structural data for 4-Nb and 8-Nb.
Crystal Data
Formula
Formula Weight
Crystal System
Space Group
Z
a, Å
b, Å
c, Å
α, deg
β, deg
γ, deg
Volume, Å3
D (calc.), g/cm3
Absorption coeff., mm-1
F(000)
Crystal Size, mm
Temp, K
Wavelength (λ), Å
θ limits, deg
Index Ranges
Reflections Collected
Absorption Correction
Max. and Min. Transmission
Refinement Method
Data/Restraints/Params.
Goodness-of-Fit on F2
R Indices (all data)
Largest Diffraction Peak and Hole (e- Å)

C74H162Nb2O6Si6
1502.40
Triclinic
P-1
2
12.9421(7)
16.1735(9)
21.2969(11)
75.271(2)
87.305(2)
88.024(2)
4305.4(4)
1.159
0.393
1640
0.25 x 0.10 x 0.05

C72H162N2Nb2O6Si6
1506.40
Orthorhombic
C222(1)
4
22.6485(9)
24.6140(10)
17.3420(6)
90
90
90
9667.6(6)
1.035
0.351
3288
0.40 x 0.30 x 0.15

Data Collection and Refinement
173(2)
0.71073
1.30 to 27.10
-16 ≤ h ≤ 16, -20 ≤ k ≤ 20, -19 ≤ l ≤ 27
68634
Semi-empirical from equivalents
0.9806 and 0.9081
Full-matrix least-squares on F2

193(2)
0.71073
2.03 to 26.36
-28 ≤ h ≤ 26, -30 ≤ k ≤ 29, -21 ≤ l ≤ 14
37004
Semi-empirical from equivalents
0.9492 and 0.8724
Full-matrix least-squares on F2

18766 / 0 / 847
1.014
R1 = 0.0747, wR2 = 0.1191
0.784 and -0.568

9828 / 0 / 407
1.036
R1 = 0.0401, wR2 = 0.0846
0.353 and -0.245

the bridge of the molecule instead of carbon atoms; however, as the synthesis of 4-Nb
was performed with careful exclusion of N2, incorporation of a dinitrogen unit into the

16

dimer was improbable. Rather, this result suggests a greater degree of electron density
present in the bridge than would be expected for a pure dicarbide unit. In addition, the
d(Nb-C) distances (1.875 Å avg.) are shorter than expected for niobium alkylidenes
and significantly shorter than the corresponding tantalum dicarbide 4-Ta (d(Ta-C) =
1.95 Å).
An IR spectrum of the crystalline material used to obtain the crystal structure
shown in Figure 1.5 revealed weak bands characteristic of ketenylidene 3-Nb, as well
as a small band at 1208 cm-1, indicative of the impurity with one carbon derived from
CO. It has been proposed51 that a plausible intermediate in the reduction of CO with
(silox)3Ta is the dimer (silox)3TaCOTa(silox)3. The related (silox)3NbCONb(silox)3
(5-Nb) is a potential impurity containing one carbon derived from CO that could
exhibit a relatively low-energy IR band. The apparent increased electron density in the
dicarbide bridge of 4-Nb can be explained in two ways. If a small amount (~15%) of
3-Nb, known to be present via IR analysis, co-crystallized with 4-Nb, the apparent
electron density of the dicarbide bridge would be increased. Alternatively, a crystal of
the proposed 5-Nb may appear very similar to the structure of 4-Nb. If the molecule
were disordered, the electron density corresponding to the carbon and oxygen in the
bridge of 5-Nb would average and appear crystallographically like a dinitrogen unit,
consistent with the observation that the obtained structure refined better with nitrogen
rather than carbon. IR analysis indicated the presence of the putative 5-Nb as only a
minor component of the bulk. If a crystal composed primarily or exclusively of 5-Nb
was chosen, the crystal structure does not represent the bulk material.
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To further explore the abnormalities presented in the structure of 4-Nb,
calculations were carried out on 4-Nb, 5-Nb, and 4-Ta. All calculated structures
indicated a tetrahedral geometry about the metal centers as expected. Both 4-Nb and
4-Ta were calculated to be ground state triplets, and the computed structures are
shown in Figure 1.6. The calculated d(Nb-C) values of 2.01 Å are quite elongated
relative to the observed average d(Nb-C) value of 1.875 Å, and the calculated d(C-C)
for 4-Nb of 1.29 Å is contracted relative to the observed value of 1.324 (3) Å. These
data further support the assertion that the structure presented in Figure 1.5 is
compromised, either by cocrystalized impurities or by a compound (presumably 5-Nb)
not representative of the bulk material. In contrast, the calculated metric parameters
for 4-Ta match up well to those previously reported51 (d(Ta-C) = 1.95 Å and d(C-C) =
1.30 Å). Additionally, the computed spin density of the ground state (74% Ta and 26%
C) is consistent with that previously reported (80% Ta and 20% C). The data support
the veracity of the calculations.
(a)

(b)

Figure 1.6. Calculated structures of 4-Nb (a) and 4-Ta (b). tBu groups have been
removed for clarity.
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A computed Raman spectrum of 4-Nb indicated a νCC of 1677 cm-1, in line
with the experimentally observed value of 1612 cm-1. The calculated νCC for 4-Ta of
1668 cm-1 is also consistent with the observed frequency of 1617 cm-1. The computed
νNbC of 676 cm-1 for 4-Nb should correspond to an experimental stretch of about 650
cm-1, yet no shifted bands upon 13C labeling were observed in this region in the
infrared spectrum. If a νNbC stretch exists in this region, the intensity must be quite
low.
In the reaction of 1-NbPMe3 with carbon monoxide, two different impurities
containing a one-carbon unit exhibiting a band at 1208 cm-1 are possible: the
aforementioned dimer (silox)3NbCONb(silox)3 (5-Nb), or a PMe3-containing
compound (silox)3NbCPMe3 (6-Nb). Possible pathways to generate these compounds
are given in Scheme 1.3. Considering the relative solubilities of monomeric versus
dimeric silox species, 5-Nb is more reasonable than 6-Nb as a proposed impurity
similar to dimeric 4-Nb; however, calculations on the proposed 6-Nb did reveal an
absorption at 1227 cm-1 corresponding to a νPC/νNbC stretching vibration.

Scheme 1.3. Possible pathways for formation of 5-Nb and 6-Nb.
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To rule out the possibility of the phosphine-containing 6-Nb, a NbIII
phosphine-free precursor was utilized. Treatment of [(silox)3Nb]2(μ-C6H6) (7-Nb)104
with one equiv CO resulted in the formation of 2-Nb and a purple insoluble solid (Eq.
1.10). IR analysis of the solid revealed a spectrum strikingly similar to that of 4-Nb
prepared as given in Eq. 1.9, with an intense absorption at 1208 cm-1 (Figure 1.7).

(1.10)
Eq. 1.10. Carbonylation of [(silox)3NbIII] unree conditions.
(a)

1208 cm-1

(b)

Figure 1.7. IR spectra of purple insoluble solid generated from carbonylation of 1NbPMe3 (a) and 7-Nb (b).
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Because phosphine was rigorously excluded in preparation of this sample, it is
reasonable to conclude that the 1208 cm-1 absorption does not arise from 6-Nb.
Calculations on 5-Nb, illustrated in Figure 1.8, revealed a singlet ground state
with a significantly shorter d(Nb-Nb) than the corresponding 4-Nb. The sum of the
computed bridge distances in 5-Nb is 5.08 Å, as compared to 5.31 Å (calculated) for
4-Nb. The crystallographically determined bridge length of 5.073 Å is more consistent
with the computed structure for 5-Nb. Although it can be difficult to precisely locate
light atoms between two heavy atoms crystallographically, the distance between the
niobium centers should be very accurate. The calculated frequency for the CO stretch
in 5-Nb is 1358 cm-1, quite a bit higher than the experimental value (1208 cm-1).
Computed frequencies from DFT calculations are typically ~3% high; however the
calculated value is 13% greater than experimental and hence does not offer support for
the presence of 5-Nb. Nevertheless, as 5-Nb is calculated to be diamagnetic, presence
of varying amounts of 5-Nb in dicarbide 4-Nb prepared as shown in Eq. 1.9 would

Figure 1.8. Calculated structure of 5-Nb. tBu groups have been removed for clarity.

21

explain the highly variant magnetic moments obtained in magnetism studies of 4-Nb
(Figure 1.4).
A quenching study was carried out on 13C-labeled material from Eq. 1.10, in
which the purple insoluble material was treated with an excess of D2O (Eq. 1.11).
Proton-decoupled 13C NMR of the quench products revealed a septet (JCD = 18 Hz) at
δ 49.2 ppm, identified as methanol-13C-d4. The presence of D313COD was confirmed
through a D3COD spike to the NMR sample. This result is consistent with hydrolysis
of 5-Nb, in which D+ protolytically cleaves an oxycarbene. Although DFT frequency
calculations do not offer support for the existence of 5-Nb, perhaps the molecule

(1.11)
Eq. 1.11. D2O quench of 5-Nb13CO.
suffers from a high degree of excited state mixing such that extremely accurate
calculations are difficult to carry out.104 In the quench mixture shown in Eq. 1.11
ethane was not identified, unlike in the analogous quench of 4-Ta (Eq. 1.4); however,
4-Nb was almost certainly present in the purple insoluble material. It is reasonable to
propose that the small amount of ethylene produced from a NMR-scale quench (30 –
60 torr) would mostly exist in the headspace of the sealed tube rather than in solution
and not be easily seen via NMR spectroscopy.
The thermodynamics of dicarbide formation for both niobium and tantalum
were investigated computationally, and results are presented in Figure 1.9. As
expected, in both reactions ∆S has the same value regardless of metal identity, but
niobium has a more favorable enthalpy of reaction than tantalum. For simple binding
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of a C2 unit, formation of (silox)3NbCCNb(silox)3 (4-Nb) is enthalpically 7.2 kcal/mol
more favorable than formation of (silox)3TaCCTa(silox)3 (4-Ta). Similarly, formation
of 4-Nb via cleavage of CO is 5.8 kcal/mol more enthalpically favorable than the
analogous reaction to generate 4-Ta. Generation of the oxo 2-M is roughly 1 kcal/mol
more favorable for M = Ta than M = Nb (∆∆H = 1.4 kcal/mol).
Based on periodic properties, one might predict the formation of 4-Ta would
be more favorable than the formation of 4-Nb due to the stronger M-C bonds expected
for a third row transition metal, but the opposite is calculated. In both these reactions,
two electrons from a dz2 orbital in 1-M must first be excited to a high-energy triplet
state. For the third row metal tantalum, the dz2 orbital is lower in energy than for
niobium due to a greater degree of 6s-5dz2 mixing in the third row compared with

(a)

(b)

Dicarbide Binding (a)

M = Nb
Ta

CO Cleavage (b)

∆H

∆S

∆G

∆H

∆S

∆G

(kcal/mol)

(kcal/mol)

(kcal/mol)

(kcal/mol)

(kcal/mol)

(kcal/mol)

-223.7
-216.5

-109
-109

-191.3
-184.0

-211.8
-206.0

-158
-158

-164.8
-159.0

Figure 1.9. Calculated thermodynamic parameters for dicarbide binding (a) and
carbon monoxide cleavage (b) by (silox)3M (M = Nb, Ta).

23

5s-4dz2 mixing in the second row. This s-d orbital mixing reduces the amount of σ*
character of dz2 via attenuation of its toroidal component, dropping the dz2 orbital in
energy relative to the pure d-orbital. Because this attenuation is less for niobium, the
triplet state is more energetically accessible and, as shown computationally, the
promotional energy necessary for excitation to a {(dxz)1(dyz)1} state is approximately
30 kcal/mol less for niobium than tantalum.105-106 When both M-C bond strengths and
relative orbital energies are taken into account, the formation of 4-Nb is slightly more
favorable than 4-Ta.
1.2

Activation of N2 with Low-Valent Niobium
Attempts were made to generate a group 5 metal nitride through reaction of

dinitrogen with the corresponding low-valent group 5 starting material in conjunction
with a reducing agent. Unfortunately, treatment of (silox)3Ta (1-Ta) with potassium or
cesium metal in the presence of N2, with or without various chelating agents present,
resulted in intractable mixtures of products. Gratifyingly, although treatment of
(silox)3NbPMe3 (1-NbPMe3) with Cs0 or NaK resulted in similar reaction mixtures as
seen for 1-Ta, reaction of 1-NbPMe3 with elemental potassium in the presence of N2
resulted in the formation of a sparingly soluble yellow precipitate (Eq. 1.12).

(1.12)

Eq. 1.12. Synthesis of a dinitrogen adduct 8-Nb from 1-Nb and K0 (Si’ = tBu3Si).
Addition of potassium chelating agents resulted in the same yellow precipitate, which
showed a characteristic sharp singlet in the 1H NMR spectrum at δ 1.21 ppm,
signifying a diamagnetic silox-containing compound. The 93Nb NMR spectrum
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indicated a broad peak at δ -570 (ν1/2 ~4500 Hz), consistent with other reported
(silox)3NbV=NR compounds.96
X-ray crystallography was used to identify the compound as a dimeric
dinitrogen complex, (silox)3NbNNNb(silox)3 (8-Nb). The molecular structure of 8-Nb
is shown in Figure 1.10, and relevant parameters are presented in Table 1.5. The
molecule is orthorhombic, crystallizing in the C222(1) space group. As with 4-Nb/5Nb, the niobium-oxygen bond distances are normal with an average length of 1.9093
Å (1.905 Å for 4-Nb) and are arranged in a tetrahedral geometry about each metal

Figure 1.10: Molecular Structure of 8-Nb. Methyl groups have been omitted for
clarity.
Table 1.5: Selected interatomic distances and bond angles for 8-Nb.
Selected Bond Distances (Å)
Selected Bond Angles (°)
Nb1-O1
Nb1-O2
Nb1-O3
Nb1-N1
N1-N1#1

1.9144 (18)
1.9085 (17)
1.9050 (18)
1.8039 (19)
1.310 (4)

O1-Nb1-N1
O2-Nb1-N1
O3-Nb1-N1
Nb1-N1-N1#1
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109.69 (9)
109.42 (9)
108.76 (8)
178.5 (2)

center. The Nb1-N1bond distance lies within the range expected for a niobium imido,
and the d(N1-N1#1) of 1.310 (4) Å is between that expected for a double bond (1.25 Å)
and a single bond (1.45 Å). The molecule has an essentially linear bridge, with a Nb1N1-N1#1 angle of 178.5 (2)°. The d(Nb1-Nb1#1) for 8-Nb of 4.918 Å is slightly
contracted relative to that of 4-Nb (5.073 Å).
The synthesis of (silox)3NbNNNb(silox)3 (8-Nb) is particularly unusual in that
potassium metal is required for product formation, yet does not appear in the final
product. In a control reaction, a mixture of 1-NbPMe3 in THF at room temperature in
the presence of N2 did not result in the generation of any 8-Nb over the course of
weeks. However, treatment of 1-NbPMe3 with 0.25 equiv K0 in THF resulted in
formation of 8-Nb in comparable yield, albeit with a longer reaction time (1 week).
Presumably, potassium activates 1-NbPMe3 through reduction of one equiv 1-NbPMe3
to promote formation of a dinitrogen adduct K[(silox)3Nb(N2)], which could then react
with a second equivalent of 1-NbPMe3 to generate K[(silox)3NbNNNb(silox)3]

Scheme 1.4. Possible pathways for the formation of (silox)3NbNNNb(silox)3 (8-Nb).
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(Scheme 1.4). K[(silox)3NbNNNb(silox)3] could then react with another equivalent of
1-NbPMe3 and N2 to release 8-Nb and regenerate K[(silox)3Nb(N2)]. Alternatively, the
anion K[(silox)3Nb=N-N=Nb(silox)3]could undergo an oxidation event to release 8Nb and unidentified potassium-containing byproducts. Given that 1-NbPMe3 produced
a similar amount of 8-Nb regardless of whether stoichiometric or substoichiometric K0
was used, the former pathway is most likely dominant.
It is intriguing that 8-Nb forms under any conditions, given that exhaustive
efforts to synthesize the analogous (silox)3TaNNTa(silox)3 (8-Ta) were unsuccessful.
It is proposed that 8-Ta does not form from 1-Ta because the transformation requires
several intersystem crossings that are orbital-symmetry forbidden, resulting in
prohibitively high reaction barriers (Figure 1.2). Niobium experiences a lesser degree
of s-dz2 mixing than tantalum does, so the dz2 orbital of Nb is closer in energy to its
lowest unoccupied orbitals (dxz/dyz) and, correspondingly, the promotional energy
required to excite Nb from a singlet ground state to a triplet excited state is less than
that for Ta (Figure 1.2). Because 8-Nb is not observed in the absence of K0, although
the barrier to reaction may be lower than that of 8-Ta, it is still prohibitively high and
addition of K0 allows for formation of 8-Nb through an alternate pathway (Scheme
1.4).
In an effort to generate a niobium nitride compound 8-Nb was treated with
additional reducing equivalents, but exposure to KC8 or NaK resulted only in
decomposition to a variety of silox-containing products, including H(silox), K(silox),
and (silox)3Nb=O (2-Nb). Furthermore, treatment of 8-Nb with acids such as HCl(g)
or HBAr4F · 2 Et2O (BAr4F = B[C6H3-3,5-(CF3)2]4) did not result in isolation of
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nitrogen-derived products such as hydrazine or ammonia, but decomposition products
were observed. No reaction occurred with TMSCl even at elevated temperatures, and
treatment with alkylating agents such as MeI at elevated temperatures again generated
a mixture of silox-containing products.
1.3

Activation of NH3 with Low-Valent Niobium
Attempts were also made to synthesize a niobium imido compound from NH3,

a reaction which could be viewed as the microscopic reverse of ammonia formation
from 8-Nb. Unfortunately, although there is precedence for similar reactivity in the
analogous tantalum system (Scheme 1.2),65,97-98 treatment of 1-NbPMe3 with 1.00
equiv NH3 resulted in a reaction mixture containing H(silox), (silox)3Nb=O, and a
variety of other unidentified silox-containing products. No niobium hydride species
were observed by IR or 1H NMR spectroscopy. Although the ligand-free 1-Nb has a
proposed singlet ground state, the ligand-bound 1-NbPMe3 displays a triplet ground
state. It is conceivable that 1-NbPMe3 does not react with ammonia as cleanly as 1-Ta
because a singlet ground state is required. A niobium starting material with a singlet
ground state was sought to test this approach. Unfortunately, treatment of the S = 0
complex (silox)3Nb(2-pic) with ammonia resulted in no reaction, and at elevated
temperatures, only decomposition of the Nb starting material was observed.
Although the (silox)3NbIII(NH3) adduct or subsequent complexes along the
reaction pathway, (silox)3Nb(H)(NH2) or (silox)3Nb=NH, were not observed, the pale
teal complex (silox)3NbIV(NH3)Cl (10-Nb) could be readily prepared through
treatment of (silox)3NbCl (9-Nb) with ammonia (Eq. 1.13). X-ray diffraction data
were collected to ascertain the identity of 10-Nb. 10-Nb displayed a characteristic
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broad singlet in the 1H NMR spectrum at δ 1.86 (ν1/2 = 15 Hz), which did not shift in
spectrometers of different magnetic field strength. If a paramagnetic complex

(1.13)

Eq. 1.13. Synthesis of (silox)3NbIV(NH3)Cl.
displayed a high degree of temperature-independent paramagnetism (TIP) one might
predict a field-dependent chemical shift, but for an S = ½ species TIP would not be
expected. Accordingly, the SQUID magnetometry data for 10-Nb indicated a μeff (300
K) = 1.54 μβ (avg.), as expected for an S = ½ early transition metal center (spin-only

(a)
(b)

Figure 1.11. SQUID data for 10-Nb. Fit parameters: (a) g = 2.00, D = 0 cm-1, E/D = 0,
TIP = 238.1 x 10-6 emu (subtracted), DI = 18.5%, TW = 0 K; (b) g = 2.00, D = 0 cm-1,
E/D = 0, TIP = -223.5 x 10-6 emu (subtracted), DI = 21.6%, TW = -0.323 K.
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value = 1.73 μβ), with negligible TIP (Figure 1.11). With g set to 2.00, the data fit well
to d = 0 cm-1 and an average TIP of ~0 emu. Both fits required addition of ~20%
diamagnetic impurity, indicating the presence of S = 0 impurities arising from
decomposition of 10-Nb.
UV-visible data for 10-Nb showed two absorptions at 430 nm (ε = 95 M-1cm-1)
and 630 nm (ε = 130 M-1cm-1), as might be expected for d-d transitions in a d1
complex with roughly trigonal bipyramidal geometry (Figure 1.12). Upon heating, the
absorptions corresponding to 10-Nb gradually decreased in intensity and a new
absorption at 515 nm grew in, as solutions of 10-Nb slowly lost their teal hue and took
on a light purple color. By 1H NMR spectroscopy, a new broad resonance at δ 1.66

25 °C
35 °C
45 °C
55 °C
65 °C
70 °C
75 °C
80 °C
90 °C

Figure 1.12. UV-visible data for 10-Nb in C6H6 as a function of temperature. Arrows
indicate spectral changes upon temperature increase.
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(ν1/2 = 23 Hz) appeared at elevated temperatures, consistent with the NH3-free
(silox)3NbCl (9-Nb). Upon cooling, 9-Nb disappeared to quantitatively regenerate 10Nb, indicating a binding equilibrium that lies strongly towards formation of the
ammonia complex 10-Nb at room temperature but shifts towards formation of 9-Nb +
NH3 at elevated temperatures.
By 1H NMR spectroscopy solutions of 10-Nb contain negligible amounts of 9Nb at 25 °C, so the UV-visible data acquired at 25 °C can be assumed to represent
pure 10-Nb. Using absorption data measured at 630 nm, the concentration of 10-Nb at
each temperature was estimated. With the assumption that all 10-Nb lost converted to
9-Nb and NH3, the concentrations of 9-Nb and NH3 were also calculated, along with a
corresponding equilibrium constant Keq at each temperature (Figure 1.13). It should
be noted that the data acquired near or above the boiling point of benzene (80.1 °C)

Temp. (°C)
25
35
45
55
65
70
75
80
90

[10-Nb] x 103 (M) [9-Nb] x 104 (M)
1.26 (13)
1.23 (12)
1.19 (12)
1.15 (11)
1.01 (11)
1.07 (11)
1.06 (11)
1.04 (10)
1.01 (10)

0
0.31 (3)
0.74 (7)
1.17 (12)
1.65 (17)
1.94 (19)
2.01 (20)
2.23 (22)
2.58 (26)

Keq x 105 (M-1)
----------0.077 (13)
0.46 (8)
1.20 (2)
2.49 (4)
3.50 (6)
3.79 (7)
4.77 (8)
6.64 (11)

Figure 1.13. Selected parameters extracted from UV-visible data at 630 nm
for the equilibrium between 10-Nb and 9-Nb + NH3.
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Figure 1.14. Van’t Hoff plot for the formation of 9-Nb and NH3 from 10-Nb.
are somewhat suspect. Although UV-visible data were collected in a sealed cuvette,
vaporization of solvent could potentially skew the data. Given this, a plot of ln(Keq)
vs. 1/T from 35 °C to 75 °C allowed for extraction of thermodynamic parameters
(Figure 1.14). For the reaction of 10-Nb to form 9-Nb and NH3, ∆H was determined to
be 20.4 ± 2.3 kcal/mol and ∆S was determined to be 39 ± 7 e.u. The enthalpy of
reaction is on par with what might be expected for reactions of this sort, but ∆S is
fairly high, even when taking into account the conversion of one molecule of reactant
to two products. Trigonal bipyramidal 10-Nb is quite sterically constricted and
therefore highly ordered. Loss of NH3 to form 9-Nb then relieves some steric rigidity,
resulting in a ∆S larger than expected.
The IR data for 10-Nb show characteristic broad N-H absorptions centered at
3376 cm-1. When 10-NbND3 was synthesized from 1-PMe3 and ND3, the absorptions
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shifted to lower energies centered at 2518 cm-1 (Figure 1.15), in line with the expected
energy shift upon isotopic labelling.
80

(a)
75

70

60

2518 cm-1

65

3376 cm-1

Absorbance

(b)

55

3600

3400

3200

3000
2800
Wavelength (nm)

2600

2400

2200

Figure 1.15. IR spectra of 10-Nb (a) and 10-NbND3 (b), prepared as Nujol mulls
between CaCl2 plates.
Attempts at further reduction of 10-Nb to transiently synthesize
(silox)3NbNH3, which could then undergo oxidative addition/1,2-H2-elimation to
generate (silox)3Nb=NH, were largely unsuccessful. Treatment of 10-Nb with KC8,
Na(Hg), or NaK resulted in intractable reaction mixtures, with formation of H(silox)
and K(silox) alongside a host of unidentified silox-containing decomposition products,
much like the direct reaction of (silox)3NbIII starting materials with NH3. As it is
difficult to imagine that facile N-H oxidative addition to NbIII does not occur, and
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hydrogen is not observed in these reaction mixtures, it is likely that
(silox)3Nb(H)(NH2) forms transiently and undergoes rapid unspecific degradation to
produce the intractable reaction mixtures.
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Conclusion
It was determined that formation of (silox)3Nb=C=C=O (3-Nb) and
[(silox)3Nb]2(μ-C2) (4-Nb) with concomitant formation of (silox)3Nb=O (2-Nb)
occurred as observed in these laboratories for the analogous (silox)3Ta systems, but
the chemistry was not as clean as that for tantalum. Instead, upon synthesis of 4-Nb, a
μ-CO byproduct was formed in varying amounts. Spectroscopic, magnetochemical,
and computational techniques have been employed to study these compounds, and a
theoretical study of the thermodynamics of dicarbide formation was carried out to
determine that formation of 4-Nb was thermodynamically more favorable than
formation of the analogous 4-Ta.
It was discovered that synthesis of a dinitrogen-bridged niobium compound,
(silox)3NbNNNb(silox)3 (8-Nb) was possible through treatment of (silox)3NbPMe3
with elemental potassium. Although the fate of the reducing equivalent is as of yet
unknown, it was discovered that K0 was necessary for the reaction to occur.
Analogous reactivity was not seen for (silox)3Ta, presumably due to a greater HOMOLUMO gap observed for third row transition metals as compared to second row
transition metals. Unfortunately, protonation of 8-Nb did not result in production of
nitrogen-derived products such as hydrazine or ammonia. Study of the reverse
reaction, formation of 8-Nb through reaction of (silox)3NbIII starting materials with
ammonia, were unsuccessful, but the ammonia adduct (silox)3NbIV(NH3)Cl (10-Nb)
was synthesized, isolated, and characterized. Variable-temperature UV-visible
spectroscopy was used to determine thermodynamic parameters of NH3 binding (∆H =
20.4 ± 2.3 kcal/mol; ∆S = 39 ± 7 e.u.).
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Experimental
General Considerations. All manipulations of air sensitive materials were
performed using glove box and high vacuum techniques under an inert atmosphere.
Hydrocarbon and ethereal solvents were refluxed over sodium and vacuum transferred
from sodium benzophenone ketyl (with 3–6 mL tetraglyme/L added to hydrocarbons).
Benzene-d6 was heated to reflux over sodium to dry and vacuum transferred from
freshly cut sodium prior to use. THF-d8 was dried over sodium and vacuum
transferred from sodium benzophenone ketyl. All glassware was oven dried for a
minimum of 4 h. NMR tubes for sealed tube experiments and glass bombs were flame
dried under dynamic vacuum prior to use. (silox)3Ta (1-Ta), (silox)3NbPMe3 (1NbPMe3), (silox)3NbO (2-Nb),99 [(silox)3Nb(μ-C6H6)]2 (7-Nb),104 have been described
previously. CO and CO2 (Matheson) were dried via passage through dry ice traps and
NH3 was dried over Na0 prior to use.
1

H, 13C{1H}, 13C, 31P{1H}, and 93Nb NMR spectra were obtained on Varian

INOVA 400, Varian INOVA 500, Varian Mercury 300, and Bruker ARX 300
spectrometers, and chemical shifts are reported relative to benzene-d6 (1H, δ 7.15;
13

C{1H}, δ 128.00), THF-d8 (1H, δ 3.58; 13C{1H}, δ 67.57), external VCl5 (93Nb, δ

0.00), or external H3PO4 (31P, δ 0.00). IR spectra were recorded on a Mattson FT-IR,
Perkin-Elmer 299B grating IR, or PE 377 grating IR. Raman spectra were recorded on
a Renishaw InVia Confocal Raman microscope with a 785 nm laser. UV-visible
spectra were obtained on a Cary 60 UV/Vis spectrometer. Elemental analyses were
performed by Complete Analysis Laboratories, Inc., Parsippany, New Jersey, or by the
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laboratory of Professor Karsten Meyer, University of Erlangen – Nuremberg,
Department of Chemistry & Pharmacy, Egerlandstr. 1, D-91058 Erlangen, Germany.
Small pot reactions: general. For the reactions shown in Eq. 1.6 – 1.13, small
pot and NMR tube scale reactions were employed. For small pot reactions, the Nbcontaining reagent and any solid substrate were loaded into a round bottom flask
(typically a 10 or 25 mL) equipped with a stir bar, and fitted with either a calibrated
gas bulb or a needle valve adapter. Solvent was distilled into the flask on the vacuum
line, and gases were then admitted to the attached bulb at the prescribed pressure.
NMR tube scale reactions: general. An NMR tube was loaded with solid
reagents (sometimes deuterated solvent was added at this point, typically 0.4 mL) in a
N2 glove box and attached to either a calibrated gas bulb or needle valve adapter
(14/20 joints). Deuterated solvent was distilled into the tube on the vacuum line, and
gases were admitted via the vacuum line or via the attached bulb. The tube was sealed
with a torch and monitored.
Synthesis. 1. Formation of (silox)3NbCCNb(silox)3 (4-Nb) and (silox)3NbO
(2-Nb). To a 25 mL flask charged with (silox)3NbPMe3 (1-NbPMe3, 550. mg,
0.675 mmol) was added 10 mL of toluene at −78 °C. The flask was warmed to 23 °C
and opened to a calibrated gas bulb containing CO (0.337 mmol, 0.50 equiv). The
initial blue color discharged to give a dark purple-brown precipitate within 1 h. After
stirring an additional 8 h at 25 °C, the mixture was evaporated to dryness to yield a
pale purple powder. The solid was slurried in 10 mL benzene and filtered to separate
the purple solid from an orange-brown solution. The solid was washed with six 8 mL
portions of benzene, dried in vacuo, and collected to give 210. mg of material (42%
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based on Nb; 4-Nb and 5-Nb, see text). Raman: ν(C=C/13C=13C) = 1612/1555 cm−1.
Crystals of [(silox)3Nb]2(μ-C2) used for X-ray analysis were obtained from benzene
heated to reflux for 1 day. The filtrate was concentrated to dryness to give 243 mg of
brown solid (49% based on Nb; 2-Nb).
2. Formation of (silox)3NbCCO (3-Nb) and (silox)3NbO (2-Nb). A 35 mL
glass bomb reactor containing (silox)3NbPMe3 (1-NbPMe3, 200. mg, 0.245 mmol) and
10 mL toluene at 77 K was exposed to 1 atm CO. While the solution was warmed to
−78 °C over 2 h, a color change from navy blue to deep red was observed. After
warming to 23 °C and stirring an additional 12 h, the resulting yellow-brown solution
was concentrated to dryness. 1H NMR ((silox)3NbCCO, C6D6) δ 1.26. 93Nb NMR
((silox)3NbCCO, C6D6) δ -652.8. 93Nb NMR ((silox)3NbO, C6D6) δ -947.1. IR (Nujol)
ν(12C12CO) = 2068, 2053; ν(13C12CO) = 2057, 2042; ν(12C13CO) = 2013, 1999; ν
(13C13CO) = 2003, 1987 cm−1. IR (toluene) ν(12C12CO) = 2063, ν(13C12CO) = 2053,
ν(12C13CO) = 2010, ν (13C13CO) = 1999 cm−1.
3. Alternative preparation of [(silox)3Nb]2(μ-C6H6) (7-Nb). A 25 mL flask
was charged with (silox)3NbPMe3 (1-NbPMe3, 196 mg, 0.240 mmol) and attached to a
180° needle valve. Benzene (10 mL) was vacuum transferred into the flask at −78 °C
and the resulting purple solution was heated to 50 °C for 1.5 h while stirring, during
which the initial purple color was discharged and formation of a brown precipitate was
observed. Benzene was removed under vacuum, and the resulting brown solid was
triturated twice with 10 mL portions of pentane, slurried in 2 mL pentane, and filtered
to yield 7-Nb as a brown solid (85 mg, 45%).
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4. Carbonylation of [(silox)3Nb]2(μ-C6H6) (7-Nb). A 35 mL glass bomb
reactor was charged with [(silox)3Nb]2(μ-C6H6) (7-Nb, 75 mg, 0.048 mmol) and 3 mL
toluene. The solution was freeze-pump-thaw degassed three times and exposed to
280 torr CO (1.0 equiv). The bomb was sealed, heated to 50 °C for 14 h, then 90 °C
for 7 h. Volatiles were removed under vacuum, and the remaining brown solid was
taken up in 4 mL pentane, filtered, and washed twice with 2 mL pentane to afford
40. mg (55% as 5-Nb). IR (Nujol) 1208 cm−1.
5. Small pot example: CO/13CO labeling study. A 25 mL flask containing
(silox)3NbPMe3 (1-NbPMe3, 50. mg, 0.061 mmol) and toluene (5 mL) was attached to
two calibrated gas bulbs containing CO (0.015 mmol, 0.25 equiv) and 13CO
(0.015 mmol, 0.25 equiv). The two gas bulbs were opened to each other and the gas
was allowed to effuse for 10 h. The flask was opened to the gas bulbs, and the initial
blue color discharged over 2 h to give a dark brown precipitate. After stirring an
additional 8 h at 23 °C, toluene was removed in vacuo. The resulting solid was taken
up in 3 mL benzene, filtered, and washed with three 2 mL portions of benzene. The
solid obtained from removal of the solvent from the filtrate was assayed as
isotopologues of 3-Nb, and the insoluble purple-brown precipitate was assayed as 4Nb and 5-Nb.
6. NMR studies to find JNbC in (silox)3NbCCO (3-Nb). An NMR tube sealed
to a 14/20 joint was charged with (silox)3NbPMe3 (1-NbPMe3, 20. mg, 0.025 mmol)
and ∼0.4 mL toluene-d8. The tube was attached to a gas bulb (14.5 mL) and the
resulting solution was freeze–pump–thaw degassed three times. The gas bulb was
charged with 105 torr 13CO, which was admitted into the NMR tube at 77 K. After
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sealing with a torch, the tube was allowed to warm to −78 °C overnight to maximize
ketenylidene formation. 93Nb NMR data were acquired at 93 °C. 1H NMR
((silox)3NbCCO (3-Nb), toluene-d8) δ 1.26; 13C NMR (toluene-d8) δ 76.0 (d,
JCC = 76 Hz, CCO), 31.8 (C(CH3)3), 24.5 (C(CH3)3); 93Nb NMR (C6D6): δ −687 (d,
JNbC = 500 Hz).
7. D2O quench of (silox)3NbCONb(silox)3 (5-Nb). An NMR tube sealed to a
14/20 joint was charged with (silox)3NbCONb(silox)3 (5-Nb, 30. mg, 0.020 mmol)
and ∼0.4 mL C6D6. The solution was freeze–pump–thaw degassed and ∼0.2 mL D2O
was vacuum transferred to the tube. The NMR tube was heated to 50 °C for 2 h,
during which a thick white precipitate formed. NMR spectra were consistent with the
formation of tBu3SiOH and 13C-methanol-d4. 1H NMR (C6D6) δ 1.08 (tBu3SiOH); 13C
NMR (C6D6) δ 23.05 (C(CH3)3), 30.10 (C(CH3)3), 49.16 (septet, JCD = 18 Hz,
D3COD).
8. Formation of (silox)3NbNNNb(silox)3 (8-Nb). a. To a 20 mL vial charged
with (silox)3NbPMe3 (1-NbPMe3, 150. mg, 0.184 mmol) and K0 (7 mg, 0.2 mmol) in a
N2 glove box was added 10 mL THF at room temperature. The vial was capped and
stirred for 4 d, over which the deep purple solution turned brown and a yellow
precipitate formed. The solution was filtered and the filtrate was washed three times
with 2 mL portions of THF. The yellow power was recrystallized from hot THF to
yield bright yellow plates (50. mg, 0.033 mmol, 37%). 1H NMR (THF-d8): δ 1.21.
93

Nb NMR (THF-d8): δ -570 (ν1/2 ~4500 Hz). Anal. calcd for C72H162N2Nb2O6Si6: C,

57.41%; H, 10.84%; N, 1.86%. Found: C, 55.99%; H, 10.56%; N, 1.74%. b. To a 20
mL vial charged with (silox)3NbPMe3 (1-NbPMe3, 400. mg, 0.491 mmol) and K0 (5
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mg, 0.1 mmol) in a N2 glove box was added 10 mL THF at room temperature. The
vial was capped and stirred for 8 d, over which the deep purple solution turned brown
and a yellow precipitate formed. The solution was filtered and the filtrate was washed
three times with 2 mL portions of THF. The yellow power was recrystallized from hot
THF to yield bright yellow plates (120. mg, 0.080 mmol, 33%). Anal. calcd for
C72H162N2Nb2O6Si6: C, 57.41%; H, 10.84%; N, 1.86%. Found: C, 57.55%; H, 11.01%;
N, 1.66%.
9. Formation of (silox)3Nb(NH3)Cl (10-Nb). A 25 ml flask containing
(silox)3NbCl (9-Nb, 100. mg, 0.129 mmol) was attached to a calibrated gas bulb.
Toluene (10 mL was vacuum transferred into the flask at -78 °C and the gas bulb was
charged with dry NH3 (0.13 mmol, 1 equiv). The flask was then opened to the gas bulb
at -78 °C and slowly allowed to warm to room temperature while stirring, over which
the initial purple color slowly turned pale teal. Stirring was maintained for 2 h, and
toluene was removed in vacuo. The crude mixture was washed with two 2 mL portions
of Et2O and crystallized from Et2O to yield turquoise needles of 10-Nb (80. mg, 0.10
mmol, 77%). 1H NMR (THF-d8): δ 1.79 (ν1/2 =13 Hz). 13C NMR (THF-d8): δ 39.73
(ν1/2 =3 Hz, C(CH3)3), 30.29 (ν1/2 =2 Hz, C(CH3)3). 1H NMR (C6D6): δ 1.86 (ν1/2 = 15
Hz). Anal. calcd for C36H84ClNNbO3Si3: C, 54.62%; H, 10.10%; N, 1.77%. Found: C,
55.48%; H, 10.67%; N, 1.51%.
Calculations. Calculations were performed on full silox models using the
Gaussian09 code.107 Density functional theory (DFT), specifically the BLYP
functional, was utilized for the quantum portion of all calculations described herein,
this choice being motivated by previous research with related complexes.
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The transition metals and heavy main group atoms (Si and P) were described
with the Stevens effective core potentials (ECPs) and attendant valence basis sets
(VBSs).108 This scheme, dubbed CEP-121G, entails a valence triple zeta description
for both transition metals and heavy main group elements (viz S and P). For the latter,
polarization and diffuse functions are added to improve the valence description of
these elements. The 6–311+G(d) all-electron basis set was used to describe C, H, and
O atoms.
These full silox models are studied using hybrid quantum mechanics/molecular
mechanics (QM/MM) techniques with the ONIOM methodology.109 The QM region
consisted of the transition metal, the O and Si atoms of the silox group, and any
pertinent ligands such as C, C2, PMe3, etc. The QM level of theory employed is that
just described. The tert-butyl groups of silox are modeled with the Universal Force
Field (UFF).110
Full geometry optimizations were employed without any symmetry constraint.
All of the resultant stationary points were characterized as true minima (i.e., no
imaginary frequencies) via calculation of the energy Hessian. Enthalpic and entropic
corrections to the total electronic energy were calculated using harmonic vibrational
frequencies determined at the same level of theory employed for geometry
optimization, and are calculated at 1 atm and 298.15 K using unscaled vibrational
frequencies. Closed- and open-shell species were described with the restricted and
unrestricted Kohn–Sham formalisms, respectively, with no evidence of spin
contamination for the latter.
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Single-Crystal X-ray Diffraction Studies. Upon isolation, crystals were
covered in polyisobutenes and placed under a 173 K N2 stream on the goniometer
head of a Siemens P4 SMART CCD area detector (graphite-monochomated Mo Kα
radiation, λ = 0.71073 Å). The structures were solved by direct methods (SHELXS).
All non-hydrogen atoms were refined anisotropically unless otherwise stated, and
hydrogen atoms were treated as idealized contributions (Riding model).
Crystal data for (silox)3NbCCNb(silox)3 (4-Nb). A purple plate measuring
0.25 x 0.10 x 0.05 mm3 was obtained from a hot benzene solution. C74H162Nb2O6Si6,
M = 1502.40, Triclinic, P-1, a = 12.9421(7), b = 16.1735(9), c = 21.2969(11)Å, α =
75.271(2)°, β = 87.305(2)°, γ = 88.024(2)°, V = 4305.4(4) Å3, T = 173(2), Z = 2, Rint =
0.0608, 68634 reflections, 18766 independent, R1(all data) = 0.0747, wR2 = 0.1191,
GOF = 1.014. The electron density of the bridging atoms and corroborative IR data
suggested that 3-Nb and 5-Nb were incorporated in the crystal (see text).
Crystal data for (silox)3NbNNNb(silox)3 (8-Nb). A yellow plate measuring
0.40 x 0.30 x 0.15 mm3 was obtained from a hot THF solution. C72H162N2Nb2O6Si6, M
= 1506.40, Orthorhombic, C222(1), a = 22.6485(9), b = 24.6140(10), c = 17.3420(6)
Å, α = β = γ = 90°, V = 9667.6(6) Å3, T = 193(2), Z = 4, Rint = 0.0465, 37004
reflections, 9828 independent, R1(all data) = 0.0401, wR2 = 0.0846, GOF = 1.036.
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Chapter 2
Exploitation of the Redox Non-Innocence Properties of Pseudo Square Planar
[{κ4-Me2C(CH2N=CHpy)2}Mn
Introduction
A long-standing goal of this laboratory has been to generate complexes of the
first-row transition metals featuring supporting ligands that impart a strong field on the
metal center. The resulting complexes could potentially facilitate 2-electron chemical
processes. During the study of tripodal ligands designed to promote M-C bond
formation, a ligand fragmentation was discovered to yield the very stable 1,3dipyridyl-2-azapropenylide anion (smif) (Eq. 2.1).1 The protonated ligand, (smif)H,

(2.1)

Eq. 2.1. (smif)CrN(TMS)2.
could be synthesized rationally through condensation of 2-picolylamine and pyridine2-carboxaldehyde in nearly quantitative yields, and treatment with M(NR2)2 (M = Fe,
Cr) precursors afforded the octahedral (smif)2M complexes. Employment of a variety
of synthetic methodologies allowed for preparation of the analogous (smif)2M (M = V,
Mn, Co, Ni) complexes.2 In particular, (smif)2Fe was intriguing because of its
diamagnetic ground state, indicating that the smif ligand was capable of imparting a
strong field on first-row transition metals.
The smif ligand displays reactivity characteristic of both a closed-shell azaallyl
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anion and a singlet diradical. For example, (smif)2Fe reacts with polar substrates such
as organic isocyanates through nucleophilic attack by (smif)2Fe on the isocyanate
carbon, characteristic of closed-shell anionic behavior. However, (smif)FeN(TMS)2
and (oMe2Smif)FeN(TMS)2 both exist as monomers in solution and undergo reversible
dimerization when in the solid-state, indicative of diradical character (Scheme 2.1).3
This dipolar/diradical character has been often observed in azomethine ylides, and
electronic structure calculations have shown that both representations are important
contributions to the ground state of the molecule.4

Scheme 2.1. Solid-state dimerization of (smif)FeN(TMS)2 (top) and
(oMe2Smif)FeN(TMS)2 (bottom).3
Simultaneously in this laboratory, through attempts to extend azaallyl
chemistry to M-C bond-containing complexes, a series of organometallic iron(III) and
iron(II) azaallyl complexes were prepared (Figure 2.1 left, center).5 Unfortunately,
although installation of one aryl-iron bond was facile, the diarylimine azaallyl metal
species could not be easily synthesized (Figure 2.1 right), highlighting the importance
of an electron-withdrawing group to stabilize the azaallyl fragment.
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Figure 2.1. Organometallic azaallyl-containing iron(III) (left) and iron(II) (center)
complexes, and proposed iron(III) azaallyl complex (right).
A series of pyridine-containing polydentate ligands were designed containing
the desired azaallyl architecture, some of which were capable of irreversible C-C
coupling. It was shown that treatment of Me2C(CH=NCH2Py)2 with M(NR2)2 (M = Cr,
Co, Ni) precursors resulted in ligand deprotonation, metallation, and dimerization,
concurrent with the formation of three new carbon-carbon bonds (Eq. 2.2).6 This
dimerization yields a formally dianionic ligand framework chelated to two reduced

(2.2)

Eq. 2.2. Carbon-carbon bond formation
M(I) metal centers. However, pyridine-imine frameworks have been shown to be
easily reduced, and metal complexes of these ligands often exhibit structural
parameters consistent with one- or two-electron reduced ligands.7-16 A thorough study
on pseudo-tetrahedral (α-iminopyridine)2M0/+ (M = Cr, Mn, Fe, Co, Ni, Zn) has been
conducted, and metric parameters for the α-iminopyridine ligand in the 0, -1, and -2
oxidation states have been tabulated (Figure 2.2).7
Use of supporting ligands capable of shuttling electrons to and from a metal
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center, termed redox non-innocent ligands, has seen widespread use in recent
years.17-20 These ligands have been shown to electronically buffer metal centers,

Figure 2.2. Metric parameters of pyridine-imine moieties in the 0 (left), -I (center),
and -II (right) oxidation states.7
effectively expanding the electron cloud about the metal center. This electronic
buffering has been proposed to promote unique reactivity of the first row transition
metals, allowing for mediation of formally two-electron processes characteristic of
second- and third-row transition metals.21-53
In particular, the groups of Chirik and Heyduk have utilized metal complexes
supported by redox non-innocent ligands to promote a range of catalytic
transformations, including hydrosilylations,30,34-37 hydroborations,45-47
hydrogenations,27,29,31-33 olefin polymerizations,38-40 [2+2] cycloadditions,23-25 and

Figure 2.3. Precatalysts developed by Chirik et al. (left) and Heyduk et al. (right).
group transfer reactions48-53 (Figure 2.3). In most of these reactions, the redox noninnocence of the supporting ligand has been implicated in key steps of the reaction
mechanism.
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Similarly, the redox non-innocence of supporting ligands has been implicated
in many of the C-C couplings observed by this laboratory. Metric parameters of the
C-C coupled metal dimers [{Me2C(CHNCHPy)2}M]2 (M = Cr, Co, Ni) illustrated in
Eq. 2.2 are consistent with a ligand framework containing two singly reduced pyridine
imine fragments and two MII centers, and metric parameters of the solid-state
[(oMe2Smif)FeN(TMS)2]2 dimer shown in Scheme 2.1 (bottom) are indicative of two
metal centers each coupled to a radical anionic pyridine imine fragment.6
In attempt to extend the chemistry of Me2C(CH=NCH2Py)2 a more readily
synthesized chelate, Me2C(CH2N=CHpy)2 (dmp(PI)2) was prepared. Unlike the
system shown in Eq. 2.2, dmp(PI)2 did not undergo metallation and C-C bond
formation when treated with various M(NR2)2 precursors, presumably because initial
deprotonation was not as facile. The protons adjacent to the imines in
Me2C(CH=NCH2Py)2 are fairly acidic (pKa(est) ~ 28), but the corresponding protons
adjacent to the imines in dmp(PI)2 are less acidic (pKa(est) ~ 35), rendering the
deprotonation more difficult. Instead, a M0 starting material was chosen in an effort to
induce C-H activation to generate the same transient azaallyl fragments, which would
then be expected to undergo C-C bond formation.
Synthesis and Electronic Structure Study of {dmp(PI)22-}NiII (Ni[0])54
The M0 precursor Ni(COD)2 (COD = 1,5-cyclooctadiene)55 was exposed to 1.0
equiv dmp(PI)2 and, rather than the expected C-H activation, formation of a
diamagnetic, forest green coordination compound {κ4-Me2C(CH2N=CHpy)2}Ni0
(Ni[0]) was observed (Eq. 2.3). Ni[0] was fully characterized by 1H and 13C NMR
spectroscopy, and exhibited resonances consistent with the expected C2v symmetry.
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(2.3)

Eq. 2.3. Synthesis of Ni[0].
The proton ortho to the pyridine nitrogen was shifted significantly downfield (δ 9.29)
relative to the free ligand (δ 8.59) and the imine C-H proton was shifted significantly
upfield (δ 7.67) relative to the free ligand (δ 8.59). X-ray analysis confirmed the
identity of Ni[0] and the resulting structure is presented in Figure 2.4 with relevant
parameters displayed in Table 2.1. The compound is monomeric, with a distorted
square-planar geometry about the metal center. The imine C-N bond lengths (1.303(3)

Figure 2.4. Molecular structure of Ni[0]. Hydrogens have been omitted for clarity.
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Table 2.1: Selected interatomic distances and bond angles for Ni-[0].
Selected Bond Distances (Ǻ)
Ni1-N1
Ni1-N2
Ni1-N3
Ni1-N4
N2-C6
C6-C5
C5-N1
N3-C10

1.9091(12)
1.8670(12)
1.8754(12)
1.9038(12)
1.3780(18)
1.411(2)
1.3186(18)
1.3269(19)

C10-C11
C11-N4

1.410(2)
1.3827(18)

Selected Bond Angles (°)
N1-Ni1-N2
N2-Ni1-N3
N3-Ni1-N4
N4-Ni1-N1
N1-Ni1-N3
N2-Ni1-N4
N1-N2-N3-N4
(dihedral)

79.68(5)
94.67(5)
79.68(5)
104.55(5)
104.41(5)
89.71(5)
33.59(10)

Å ave), imine-pyridine C-C bond lengths (1.411(2) ave) and pyridine C-N bond
lengths (1.411(3) Å ave) are consistent with a molecule containing two mono-reduced
pyridine-imine fragments (Figure 2.2).7 The Ni-N bond distances are consistent with a
low-spin NiII complex with a slight chelate twist (N1-N2-N3-N4 (dihedral) = 33.59°)
reducing overlap with the torus of dz2 and attenuating its σ* character.
Based on X-ray crystallography, Ni[0] is predicted to possess two
noninteracting radical anions on the ligand periphery and a low-spin d8 metal center,
resulting in an S = 1 complex. Experimentally, 1H NMR spectroscopy of Ni[0] is
indicative of a diamagnetic (S = 0) compound, so to rationalize this discrepancy
coupling between the two radical anions must be present. Two mono-reduced ligands
of the same symmetry could interact as illustrated in Figure 2.5 (left), where the
radical anions are in close spatial proximity and orbital interaction leads to formation
of bonding and antibonding orbitals. The two electrons would then pair and reside in
the lower-lying bonding orbital, resulting in an S = 0, closed-shell electronic
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Figure 2.5. Interaction of two ligand π* orbitals in the limits of large spatial overlap
(left) and small spatial overlap (right).56
configuration. Alternatively, as the distance between the two ligand orbitals increases
the spatial overlap and degree of interaction decreases, resulting in the S = 1 ground
state shown in Figure 2.5 (right). The distance between the pyridine imine fragments
in Ni[0] is large (d ~ 3 Å) and favors the latter description, in which the two π*
systems have very little overlap and the electronic structure approaches an open-shell
S = 1 configuration.
Due to the large spatial separation between the radical anions in Ni[0], an
additional interaction must be considered to rationalize the observed S = 0 ground
state. Because there are filled metal-based orbitals of appropriate symmetry and
energy to interact with the ligand π* orbitals, the electronic structure of Ni[0]cannot be
fully described by the simple molecular orbital (MO) depiction shown in Figure 2.5.
Instead, as first proposed by Goodenough and Kanamori,57-59 the interaction of a filled
metal orbital spatially located between two half-filled orbitals may lead to the
stabilization of an S = 0 ground state. Although the two pyridine imine fragments of
Ni[0] are likely too spatially separated to interact directly (Figure 2.6 left), the
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Figure 2.6. Interaction of two spatially separated ligand π* orbitals in the absence of
an intermediate metal orbital (left) and in the presence of a filled metal orbital (right).
presence of an intermediate filled Ni orbital of the correct symmetry facilitates
interaction between the two radical anions. One can visualize this interaction as
coupling between an unpaired electron on one ligand fragment with a paired electron
of opposite spin on the metal center, and coupling of the remaining electron on the
metal center with an unpaired electron on the remaining ligand fragment, illustrated by
the dashed red lines in Figure 2.6 (right). In this way, coupling between two spatially
separated unpaired electrons, termed antiferromagnetic coupling, may be mediated by
an intermediate filled metal orbital. It is important to note that this is a valence-bond
model, not a MO-based model, and may be applied only when the intermediate orbital
is filled.
Broken symmetry (BS) calculations were carried out on Ni[0] and are
presented in Figure 2.7. BS calculations, in contrast to single-determinant DFT
calculations, allow two paired electrons of similar energy to spatially separate into
one-electron α and β orbitals localized on different atoms.60-62 This in turn allows for a
single configuration to approximate the electronic structure of complexes with lowlying excited states that would otherwise have to be treated using computationally
expensive multi-configuration techniques. In BS solutions, each one-electron orbital
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Figure 2.7. Broken Symmetry (BS[1,1]) calculations on [dmp(PI)22-}NiII showing α
and β magnetic orbitals with S = 0.497, and a d-orbital splitting diagram infused with
critical BS pyridine-imine (PI) based orbitals boxed (red) as α and β sets.
has a different energy and spatial distribution, but often α and β orbitals are quite
similar in energy and are very nearly spin-paired. In Figure 2.7, the one-electron α and
β orbitals, boxed in red, compose a high-lying ligand-based HOMO containing two
pyridine-imine radical anions. The two unpaired electrons are antiferromagnetically
coupled, with a coupling constant of Jcald = -1499 cm-1. The metal-based orbitals are
split as expected for a standard d8 square planar complex and ligand πb orbitals within
the d-block are substantially mixed, indicating a high degree of covalency between
metal and ligand.
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Results and Discussion
2.1

Electrochemical Behavior of {dmp(PI)22-}NiII (Ni[0])
Cyclic voltammetry studies were carried out on Ni[0] and are shown in Figure

2.8. The compound exhibits two reversible waves centered at -1.21 V and -2.28 V vs.

Figure 2.8. Cyclic Voltammettry with a sweep rate of 20 mV/s (a) and variable sweep
rates (b) of a 5 mM {dmp(PI)22-}NiII / 0.1 M nBu4NPF6 / THF solution at a glassy
carbon electrode; vs. Ag0/Ag+.
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Ag0/Ag+, and two quasi-reversible waves at 0.08 V and -2.77 V, indicating that the
compound can be oxidized by two electrons and reduced by two electrons (Figure
2.8a).63-69 A smaller, reversible wave centered at -0.83 V and an irreversible wave at
-1.47 V increased in current with increasing sweep rate (Figure 2.8b) and were
observed only after initial oxidation of Ni[0], indicating that both features may arise
from a compound generated chemically upon oxidation.
2.2

Synthesis and Electronic Structure of [{dmp(PI)2}Ni]+ (Ni[+])
Hulley demonstrated that a one-electron chemical oxidation could be achieved

through mixture of Ni[0] with 1.0 equiv AgOTf (OTf = OSO2CF3) in acetonitrile (Eq.
2.4).56 The resulting brick red compound was paramagnetic, with a magnetic moment
of μeff = 2.1 μβ (Evan’s method),70,71 and the reversible cyclic voltammetry wave at
-1.21 V is attributed to the reaction shown in Eq. 2.4. The solution-state EPR

(2.4)

Eq. 2.4 Synthesis of Ni[+].
spectrum of Ni[+] is shown in Figure 2.9, and a fit of the data revealed a rhombic field
with g1 = 2.104, g2 = 2.146, and g3 =2.242. The average g value of giso = 2.164 is
indicative of a Ni-localized unpaired electron, which may be rationalized by three
possible electronic configurations. Two potential NiII d8 configurations are illustrated
in Figure 2.10 (left, center), with either a low-spin NiII center and a single ligand-
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Figure 2.9. X-band EPR spectrum of [{dmp(PI)2}Ni]+ (Ni[+]), generated from
dissolution of [{dmp(PI)2}2NiIINi0]2+ (Ni[2+]Ni[0]) in THF glass at 10 K; simulation
via SPINCOUNT (g-strain parameters: σg1 = σg2 = 0.023, σg3 = 0.024.
based radical anion (Figure 2.10 left) or a high-spin NiII center and a ligand-based
radical anion antiferromagnetically coupled to one of the unpaired electrons on the Ni
metal center (Figure 2.10 center). In addition, a NiI d9 configuration is possible, in
which the ligand remains neutral (Figure 2.10 right).
Quasi-restricted DFT and ab initio (multi-reference) calculations were carried
out on the monomeric cation, with the computed electronic structure shown in

Figure 2.10. Possible electronic configurations of Ni[+]. Ligand-based orbitals are shown
in red, and antiferromagnetically coupled electrons are indicated by a dashed box (blue).
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Figure 2.11. The SOMO is fairly covalent, with a weak interaction between a Ni dxy
orbital and the roughly orthogonal ligand π* system which results in a spin density that
is ~50% metal-based and ~50% ligand π*-based.72 The configuration shown in Figure
2.11 contributes 70% to the ground state in the multi-reference calculations, and
affords EPR g values of 2.032, 2.044, and 2.181, in agreement with, but offset from
experiment. This primary configuration does not correspond to any of the pure orbital
depictions illustrated in Figure 2.10. Instead, the appropriate depiction is a covalent
one in which the HOMO is ~50% ligand-based and ~50% metal-based, and the

Figure 2.11. Quasi-restricted orbital transformation of the unrestricted Kohn-Sham
solution for [{dmp(PI)2Ni]+. The SOMO is comprised of 50% Ni and 50% ligand π*.
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oxidation state of Ni is approximately Ni(1.5). Broken symmetry calculations carried
out on Ni[+] resulted in a solution ~5000 cm-1 higher in energy, so a broken symmetry
model was not employed in the description of the electronic structure of Ni[+]. In
addition, as calculations of a THF adduct of Ni[+] did not converge in geometry
optimization, the possibility of monomeric Ni[+] existing as a THF adduct in solution
was discarded.
Attempts were made to obtain crystalline Ni[+], but X-ray analysis of crystals
isolated from MeCN/Et2O revealed formation of an asymmetric dimer in the solid
state, [{dmp(PI)2}2NiIINi0]2+(OTf–)2 (Ni[2+]Ni[0]). The solid-state structure of
Ni[2+]Ni[0] is illustrated in Figure 2.12, and relevant parameters are presented in
Tables 2.2 and 2.3. The molecule consists of a distorted octahedral metal center with
six nitrogen chelates (90.2(5)° ave, 166.7(5)° ave), linked to a distorted tetrahedral
metal site comprised of two nitrogen chelates and two C=N units bound in an η2
fashion to the nickel center. The d(Ni-N) for the octahedral metal center are indicative

Figure 2.12. Molecular structure of Ni[2+]Ni[0], containing an S = 1 octahedral metal
center (left) and an S = 0 tetrahedral metal center (right). Two triflate counterions and
hydrogens have been omitted for clarity.
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Table 2.2. Selected interatomic distances for Ni[2+]Ni[0].
Selected Bond Distances (Ǻ)

Selected Bond Distances (Ǻ)

Ni2-N5
Ni2-N6
Ni2-N7
Ni2-N8
Ni2-N3
Ni2-N4
N6-C21
C21-C20

2.0738(13)
2.0629(13)
2.0368(13)
2.1021(14)
2.1373(13)
2.0743(14)
1.273(2)
1.469(2)

Ni1-N1
Ni1-N2
Ni1-N3
Ni1-N7
Ni1-C10
Ni1-C25
N2-C6
C6-C5

1.9871(14)
1.9274(14)
1.9679(13)
1.9666(13)
2.0582(16)
2.0401(16)
1.278(2)
1.456(3)

C20-N5
N7-C25
C25-C26
C26-N8
Ni1-Ni2

1.353(2)
1.361(2)
1.463(2)
1.354(2)
2.9607(3)

C5-N1
N3-C10
C10-C11
C11-N4

1.360(2)
1.356(2)
1.463(2)
1.350(2)

Table 2.3. Selected bond angles for Ni[2+]Ni[0].
Selected Bond Angles (°)

Selected Bond Angles (°)

N5-Ni2-N6
N6-Ni2-N7

80.13(5)
89.52(5)

N1-Ni1-N2
N2-Ni1-N3

82.54(6)
98.80(6)

N7-Ni2-N3
N3-Ni2-N5
N5-Ni2-N4
N5-Ni2-N8
N6-Ni2-N4
N6-Ni2-N8
N7-Ni2-N4
N7-Ni2-N8
N3-Ni2-N4

83.01(5)
108.51(5)
(
99.91(5)
91.28(5)
92.27(5)
99.16(5)
90.18(5)
80.66(5)
79.83(5)

N3-Ni1-N7
C10-Ni1-N7
C25-Ni1-N3
C10-Ni1-N1
C20-Ni1-N2
C25-Ni1-N2
N1-Ni1-N7
C25-Ni1-N1
C10-Ni1-C25

89.39(5)
102.11(6)
102.50(6)
103.93(6)
105.34(6)
105.95(6)
110.66(6)
113.21(6)
133.71(6)

N3-Ni2-N8
N5-Ni2-N7
N3-Ni2-N6
N4-Ni2-N8

87.54(5)
165.76(5)
169.07(5)
165.24(5)

N1-Ni1-N3
N2-Ni1-N7

142.50(6)
145.50(6)
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of a high-spin NiII (2.08(3) Å ave), and the metal-ligand distances for the tetrahedral
site are indicative of a Ni0 center (d(Ni-N) = 1.962(2) Å ave, d(Ni-C) = 2.0492(16) Å
ave). The imine C-N (1.276(2) Å ave), imine-pyridine C-C (1.463(3) ave) and
pyridine C-N bond lengths (1.357(2) Å ave) of the two unperturbed pyridine imine
moieties are consistent with two neutral fragments, with the two remaining pyridine
imine fragments elongated (1.356(2) Å ave) due to a substantial interaction with the πbound tetrahedral Ni center.7
SQUID magnetometry was carried out on Ni[2+]Ni[0], and resulting data are
shown in Figure 2.13. Two realistic electronic configurations exist for the dimer. If

Figure 2.13. SQUID data for Ni[2+]Ni[0]. Inset: Variable field (0.100, 1.000, 3.000,
5.000 T) SQUID data from 2 to 35 K. Fit parameters: g = 2.085, D = 1.650 cm-1, E/D
= 0 cm-1, TIP = 462.5 x 10-6 emu (subtracted), TW = 0 K. At 300 K, μeff = 2.93 μβ.

67

[{dmp(PI)2}2Ni2]2+ had one unpaired electron on each Ni center (two uncoupled S = ½
spin centers), a spin-only μeff of 2.45 μβ would be predicted. If, however,
[{dmp(PI)2}2Ni2]2+ consists of two unpaired electrons on one Ni center and a second,
fully paired Ni center (consistent with a single S = 1 spin system), as indicated by the
structural data given in Table 2.2, a spin-only μeff of 2.83 μβ would be predicted. At
300 K, the μeff was determined as 2.93 μβ, which further supports the assignment of the
NiII/Ni0 system implicated by the structural data.
It is likely that the electrochemical waves observed at -0.83 V and -1.47 V
(Figure 2.8) are attributable to this dimeric complex. These features are only observed
after an initial oxidation cycle, consistent with a compound formed chemically upon
electrochemical oxidation of Ni[0]. Presumably, initial oxidation generates Ni[+],
some of which dimerizes in solution to form Ni[2+]Ni[0]. The limited solubility of
Ni[2+]Ni[0] in THF may account for the low current observed. Because the current of
these two waves was proportional to sweep rate, an increase in sweep rate would allow
for detection before Ni[2+]Ni[0] precipitated from solution. The reversible wave at
-0.83V likely corresponds to oxidation of the dimer Ni[2+]Ni[0] to [{dmp(PI)2}2Ni2]3+
(Ni[2+]Ni[+]), which remains dimeric in solution and may undergo electrochemical
reduction back to Ni[2+]Ni[0]. The wave at -1.47 V would then correspond to
reduction of Ni[2+]Ni[0] to [{dmp(PI)2}2Ni2]+ (Ni[+]Ni[0]), which would likely
deaggregate to generate Ni[+] and Ni[0] or undergo disproportionation to Ni[2+]Ni[0]
and monomeric Ni[0], accounting for the observed electrochemical irreversibility of
this wave.
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2.3

Synthesis and Electronic Structure of [{dmp(PI)2}(CH3CN)2NiII]2+ (Ni[2+])
Upon treatment of Ni[+] with an oxidizing agent, or treatment of Ni[0] with 2

equiv of an oxidizing agent, rapid formation of pale yellow
[{dmp(PI)2}(CH3CN)2NiII]2+ was observed (Eq. 2.5). Ni[2+] is paramagnetic, and an

(2.5)

Eq. 2.5 Synthesis of Ni[2+].
Evans’ method magnetic measurement70,71 revealed μeff = 2.91 (8) μβ, consistent with
an S = 1 spin center (spin-only μeff= 2.82 μβ). X-ray analysis of Ni[2+] indicated a
pseudo-octahedral metal center with two bound acetonitrile molecules, the structure of

Figure 2.14. Molecular Structure of Ni[2+]. Two hexafluorophosphate counterions,
one molecule of acetonitrile in the outer coordination sphere, and hydrogens have been
omitted for clarity.
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Table 2.4: Selected interatomic distances and bond angles for Ni[2+].
Selected Bond Distances (Ǻ)
Ni1-N1
Ni1-N2
Ni1-N3
Ni1-N4
N2-C6
C6-C5
C5-N1
N3-C10

2.1109(18)
2.041(2)
2.0421(17)
2.102(2)
1.260(3)
1.467(3)
1.356(3)
1.273(3)

C10-C11
C11-N4

1.462(3)
1.352(4)

Selected Bond Angles (°)
N1-Ni1-N2
N2-Ni1-N3
N3-Ni1-N4
N4-Ni1-N1
N1-Ni1-N3
N2-Ni1-N4
N1-N2-N3-N4
(dihedral)

79.45(8)
91.08(7)
80.08(8)
109.61(8)
168.91(7)
170.78(8)
6.64(16)

which is given in Figure 2.14, with relevant parameters presented in Table 2.4. Metric
parameters for the Nim-Cim bonds (1.267 (3) Å ave), Cim-Cpy bonds (1.465 (3) Å ave),
and Cpy-Npy bonds (1.354 (4) Å ave) are clearly indicative of neutral pyridine imine
moieties with a NiII metal center.7 This octahedral high-spin NiII dication is
responsible for the quasi-reversible wave seen at +0.08 V in the cyclic voltammetry
data (Figure 2.8). The electrochemical quasi-reversibility is attributable to the limited
solubility of Ni[2+] in THF.
2.4

Synthesis and Electronic Structure of [{dmp(PI)2}3-NiII]- (Ni[-])
Treatment of {dmp(PI)22-]NiII with 1.0 equiv of reducing agents such as K0 or

Cs0 in THF resulted in one-electron reduction to the anion [{dmp(PI)23-}NiII](K(THF)2)+, Ni[-], in moderate (58%) isolated yield (Eq. 2.6). Addition of 1.0 equiv
oxidizing agent to Ni[-] quantitatively regenerated Ni[0], confirming the chemical
reversibility of this transformation. An Evans’ method magnetic measurement70,71 on
Ni[-] indicated a magnetic moment of μeff = 1.7 μβ, consistent with the predicted S = ½
spin state (spin-only μeff = 1.73 μβ).
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Table 2.5. Structural comparison of Ni[2+]Ni[0], Ni[2+], Ni[-] (polymer chain), Ni[-] (ion pair), and Ni[AcPP].
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(2.6)

Eq. 2.6 Synthesis of Ni[-].
Solution EPR measurements were carried out and the resulting data are shown
in Figure 2.15. A fit of the data revealed a rhombic field with g1 = 2.045, g2 = 2.003,
and g3 = 1.977, and an average giso = 2.008. As this is quite close to the value of a free
electron (ge = 2.0023), EPR data are indicative of a ligand-localized spin, consistent
with the electronic configuration [{dmp(PI)23-}NiII]- .73

Figure 2.15. X-band EPR spectrum of [{dmp(PI)23-}NiII]- (Ni[-]) in THF glass at 10
K; simulation via SPINCOUNT (g-strain parameters: σg1 = 0.010, σg2 = 0.006, σg3 =
0.008).
X-ray analysis was carried out on Ni[-] and revealed a 1-dimensional
polymeric chain, with alternating [{dmp(PI)23-}NiII]- and (K(THF)2)+ units (Figure
2.16). A close interaction between the pyridine imine fragments of [{dmp(PI)23-}NiII]and the bridging potassium ions was observed, with d(K-Nim) = 3.115 Å and 3.063 Å,
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Figure 2.16. Molecular structure of Ni[-] as a 1-dimensional polymeric chain, with
alternating [{dmp(PI)23-}NiII]- and (K(THF)2)+ units. Inset: one [{dmp(PI)23-}NiII]anionic unit with numbering shown.
d(K-Cim) = 3.046 Å and 3.362 Å, d(K-Cpy) = 3.024 Å and 3.460 Å, and d(K-Npy) =
3.196 Å and 3.329 Å. Attempts towards extraction of the potassium cation from the
polymeric chain were carried out to remove the potential of bond length perturbation
of [{dmp(PI)23-}NiII]- through delocalization of charge onto potassium. Treatment of
Ni[-] with 1.0 equiv crypt-2.2.2 in THF at room temperature resulted in the
precipitation of long brown needles suitable for X-ray analysis. The resulting structure
is shown in Figure 2.17, and relevant parameters for both polymeric and separated ionpair [{dmp(PI)23-}NiII]- are presented in Table 2.6. Bond lengths and angles are quite
similar for both structures, indicating that the potassium ion in the polymeric chain
does not have a major perturbative effect to metric parameters.
The [{dmp(PI)23-}NiII]- anion in both structures has a distorted square planar
geometry about the metal center, with pyridine imine distances indicative of an
intermediate state between a radical anion and a dianion (d(Nim-Cim) = 1.357 Å ave,
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d(Cim-Cpy) = 1.378 Å ave, d(Cpy-Npy) = 1.416 Å ave).7 This is again consistent with the
electronic assignment of three electrons in the ligand framework and a NiII metal
center. The Ni-N distances are quite similar to those observed for Ni[0], and are fully
consistent with a low-spin NiII center in a pseudo square-planar environment.
Although one can predict reduced core distances for Ni[-] relative to Ni[0] due to
increased covalency arising from a greater amount of charge on the {dmp(PI)23-}
moiety, this effect is apparently attenuated by a greater degree of intraligand electron
repulsion on the trianionic fragment. As with Ni[0], a slight chelate twist (N1-N2-N3-

Figure 2.17. Molecular Structure of one molecule of [{dmp(PI)23-}NiII]- [K(crypt2.2.2)]+ in the asymmetric unit. Hydrogens have been omitted for clarity.
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Table 2.6: Selected interatomic distances and bond angles for the anion
[{dmp(PI)23-}NiII]- (K(THF)2)+. Parameters shown in bold are for the isolated ion-pair
and are an average of the two molecules in the asymmetric unit, which are equivalent
within 3σ.
Selected Bond Distances (Ǻ)

Selected Bond Angles (°)

Ni1-N1
Ni1-N2
Ni1-N3
Ni1-N4
N2-C6
C6-C5

1.8995(15)
1.8728(15)
1.8704(15)
1.9203(16)
1.367(2)
1.377(3)

1.918(6)
1.873(6)
1.878(6)
1.909(6)
1.365(9)
1.375(11)

N1-Ni1-N2
N2-Ni1-N3
N3-Ni1-N4
N4-Ni1-N1
N1-Ni1-N3
N2-Ni1-N4

84.54(7)
97.05(7)
84.03(7)
104.36(7)
157.17(7)
154.25(7)

85.0(3)
95.3(3)
84.1(3)
103.3(3)
159.9(3)
157.4(2)

C5-N1
N3-C10
C10-C11
C11-N4
K1-N2
K1-C6
K1-C5
K1-N1

1.418(2)
1.352(3)
1.389(3)
1.411(2)
3.1149(16)
3.0463(19)
3.0238(19)
3.1958(16)

1.403(9)
1.342(9)
1.372(11)
1.431(9)

N1-N2-N3-N4
(dihedral)

36.10(10)

31.7(1)

N4 (dihedral) ~ 34°) allows for reduced ligand overlap with the torus of dz2 and
attenuation of its σ* character.
Calculations carried out on [{dmp(PI)23-}NiII]- further support the electronic
assignment of Ni[-] as a NiII metal center with three ligand-based π-electrons. A
truncated molecular diagram is illustrated in Figure 2.18. The molecule exhibits
substantial covalency, as even the filled “pure” nickel dxz, dyz, and dz2 orbitals and the
pyridine imine πb orbitals possess a fair amount of metal and ligand character. The
highest energy orbitals, a filled pyridine imine π* orbital and a half-filled pyridine
imine π* SOMO, have greater than 80% ligand character and represent the three
electrons in the trianionic {dmp(PI)23-}. This anionic species is responsible for the

75

reversible wave observed at -2.28 V in the cyclic voltammetry data (Figure 2.8), and
the full chemical reversibility is consistent with the observed electrochemical
reversibility. As Ni[-] is fully soluble in THF, no current attenuation was observed.

Figure 2.18. Quasi-restricted orbital transformation of the unrestricted Kohn-Sham
solution for [{dmp(PI)23-NiII]-, implicating a d8 metal core with 2 electrons in a
pyridine imine π* orbital and a pyridine imine π*-based SOMO.
2.5

Synthesis and Electronic Structure of [{dmp(PI)2}4-NiII]2- (Ni[2-])
A second reduction of Ni[0] could be achieved through treatment of neutral

Ni[0] with 2.0 equiv K0 or Cs0. In the case of potassium, an excess of reducing agent
was required to prepare a red-brown diamagnetic complex with seven 1H NMR
resonances and nine 13C resonances, consistent with the expected Cs-symmetric
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(2.7)

Eq. 2.7[{dmp(PI)24-}NiII]2-[Cs+(THF)n]2 (Ni[2-]).
dianion. Unfortunately, the amount of oxidant required to regenerate Ni[0] was
inconsistent between reactions, indicating an uncertain and potentially variable
stoichiometry. However, when elemental cesium was used as a reducing
agent, Ni[0] cleanly consumed 2.0 equiv to generate [{dmp(PI)24-}NiII]2-[Cs+(THF)n]2
(Ni[2-]), which exhibited the same NMR spectra as the material generated from
reduction with K0 (Eq. 2.7). The 1H NMR spectrum of Ni[2-] is shown in Figure 2.19
(left), revealing significantly upfield-shifted resonances assigned to protons within the
pyridine imine π-system when compared to neutral Ni[0] (right). The aromatic and
imine protons are shifted almost 3 ppm (6.5 – 4.0 ppm) relative to Ni[0] (9.5 – 6.5
ppm), indicating a much greater degree of pyridine imine-based electron density for
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Figure 2.19. 1H NMR spectrum of [{dmp(PI)24-}NiII]2-[Cs+(THF-d8)n]2 in THF-d8
(left) and 1H NMR spectrum of {dmp(PI)22-}NiII in C6D6 (right). Solvent is indicated
by (*) and TMS is indicated by (‡).

77

Ni[2-]. The dianion Ni[2-] was prone to oxidation to Ni[-] or Ni[0], so X-ray analysis
on suitable crystals was elusive and reasonable elemental analysis data were not
obtained. However, the molecule was fully characterized via 2-dimensional NMR
correlation techniques.
To gain insight into the electronic structure of Ni[2-], calculations on the
geometry-optimized dianion were carried out and the resulting truncated molecular
orbital diagram is illustrated in Figure 2.20. As with Ni[-] the orbitals are substantially
covalent, and the filled metal orbitals and pyridine imine πb orbitals possess a

Figure 2.20. Quasi-restricted orbital transformation of the unrestricted Kohn-Sham
solution for [{dmp(PI)24-NiII]2-, implicating a d8 metal core with 4 electrons in two
filled pyridine imine π* orbitals.
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significant degree of both metal and ligand character. As Ni[0] undergoes ligandbased reduction, the pyridine imine orbitals increase in energy and allow for a greater
degree of mixing with metal orbitals, resulting in a greater degree of covalency. The
tetraanionic nature of {dmp(PI)24-} is further supported in Figure 2.20, as the two
highest-occupied pyridine imine π*orbitals are now each doubly occupied.
2.6

UV-visible data for [{dmp(PI)2}Ni]n Complexes
UV-visible data were acquired for [{dmp(PI)2}Ni]n (n = 2+, 1+, 0, 1-) and are

presented in Figure 2.21. The pale yellow Ni[2+] exhibits only weak d-d absorptions
in the UV-visible region, as expected for a high-spin d8 pseudo-octahedral complex.
Ni[+], Ni[0], and Ni[-] display similar spectroscopic behavior, and absorption data are
summarized in Table 2.7. All three complexes exhibit several intense charge transfer
bands in the UV-visible region. To distinguish between metal-to-ligand, ligand-tometal, or intraligand charge transfer bands, the UV-visible spectrum of
{dmp(PI)2}Mg(THF)n was acquired and is given in Figure 2.21.
The low energy bands of Ni[+], Ni[0], and Ni[-] from 10,000–16,000 cm-1 are
absent in the spectrum of {dmp(PI)2}Mg(THF)n, suggesting these bands are likely
ligand-to-metal or metal-to-ligand charge transfer bands. The intense absorptions from
22,000–27,000 cm-1 for Ni[0] and Ni[-] are intraligand charge transfer bands that
match up well to those of {dmp(PI)2}Mg(THF)n, but are blue-shifted due to chelation
of a NiII center. The low-energy features from 17,000–21,000 cm-1 for
{dmp(PI)2}Mg(THF)n may correspond to a vibronic progression, where the 17,640,
18,980, and 20,400 cm-1 bands are the νGS = 0 to νES = 0, 1, and 2 vibrational
components. Because the highest-energy band is the one of greatest intensity, the
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Figure 2.21. UV-visible spectra of [{κ4-Me2C(CH2N=CHpy)2}Ni]n(n = 2+, 1+, 0,-1)
and [{κ4-Me2C(CH2N=CHpy)2}Mg].
Table 2.7. Extinction coefficient (ε) values for Ni[+], Ni[0], Ni[-], and
{dmp(PI)2}Mg(THF)n.
{dmp(PI)2}Mg(THF)n
Ni[+]
Ni[0]
Ni[-]
ν (cm-1)
10620
12020
16000
22400
25000

ε (M-1cm-1) ν (cm-1)
1560
11100
1235
12140
540
15920
2740
22470
2930
26670

ε (M-1cm-1)
7560
7270
2190
5390
8830

ν (cm-1)
11080
12270
15820
22520
27100

ε (M-1cm-1) ν (cm-1)
17640
4670
18980
4340
20400
1620
21050
5780
22370
9620
24690
36380

ε (M-1cm-1)
1125
2700
5180
5350
4700
13490
14090

excited state potential energy surface must be substantially displaced relative to the
ground state surface. The difference of ~1,400 cm-1 is comparable to ground state
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stretches observed in the infrared spectrum of dmp(PI)2}Mg(THF)n, corroborating the
assignment of a vibronic progression.
The spectrum of Ni[-] is remarkably similar to that of Ni[0], and may indicate
a minor degree of sample contamination arising from oxidation of Ni[-] to Ni[0].
Although Ni[-] did not visually appear contaminated, it is feasible that the deep brown
color of Ni[-] could successfully mask a small amount of the forest green color
characteristic of Ni[0]. However, the UV-visible spectrum of Ni[-] was reproducible
from multiple samples so if Ni[0] was present, it was a minor component. The
similarity of the spectra presented in Figure 2.21 further illustrates the similarity in
electronic structure of Ni[+], Ni[0], and Ni[-].
2.7

Degradation Reaction to form [{2-py,3-(=NCHpy),4-Me2-aza-cyclopent-2ene2-}2Ni]2-[K+(crypt-2.2.2)]2 (Ni[AcPP])
During attempts to obtain crystalline Ni[2-] for X-ray analysis, various

chelating agents were utilized. Surprisingly, treatment of Ni[2-] with 2.0 equiv crypt2.2.2 triggered degradation, and a new bis-ligand complex [{2-py,3-(=NCHpy),4-Me2aza-cyclopent-2-ene2-}2Ni]2-[K+(crypt-2.2.2)]2 (Ni[AcPP]) was isolated in low (~7%)
yield (Scheme 2.2).
NMR data for Ni[AcPP] could not be obtained due to insolubility in organic
solvents, but the molecular structure was confirmed via X-ray analysis and is
illustrated in Figure 2.22 with relevant metric parameters listed in Table 2.8. Carboncarbon coupling occurs between the methylene and imine positions on each ligand to
generate a new pyrroline ring, and each Ni center binds two C-C coupled ligands. It is
likely this species forms through deprotonation at the methylene position adjacent to a
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pyridine imine fragment, which would lead to formation of a transient azaallyl
fragment that could undergo C-C coupling.6,74 As indicated in Scheme 2.2, formation

Scheme 2.2. Degradation of Ni[2-] to generate [{2-py,3-(=NCHpy),4-Me2-azacyclopent-2-ene2-}2Ni]2-[K+(crypt-2.2.2)]2 (Ni[AcPP]).
of Ni[AcPP] occurs with the formal loss of 0.5 equiv Ni0 and three hydrogens per
equiv Ni[2-]. The nickel center is pseudo square planar, with a slight chelate twist
(N1-N2-N2’-N1’ (dihedral) ~ 28°), similar to that observed in Ni[0] and Ni[-], which
allows for reduction of σ* character of the Ni dz2 orbital. The Ni-N distances are
indicative of a NiII metal center, and the metric parameters of the non-coordinated

Figure 2.22. Molecular Structure of [{2-py,3-(=NCHpy),4-Me2-aza-cyclopent-2ene2-}2Ni]2-[K+(crypt-2.2.2)]2 (Ni[AcPP]). Hydrogens have been omitted for clarity.
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Table 2.8. Selected interatomic distances and bond angles for Ni[AcPP].
Selected Bond Distances (Ǻ)
Ni1-N1
Ni1-N2
N1-C5
C5-C6
C6-C9
C9-N3
N3-C10
C10-C11

1.930(2)
1.909(2)
1.395(3)
1.430(3)
1.429(3)
1.325(3)
1.336(3)
1.419(3)

C11-N4

1.368(3)

Selected Bond Angles (°)
N1-Ni1-N2
N2-Ni1-N2’
N1’-Ni1-N1
N1-Ni1-N2’
N1-N2-N2’-N1’
(dihedral)

81.88(9)
105.53(12)
102.13(12)
154.40(8)
28.91(9)

pyridine imine fragments are consistent with a radical anion (d(Nim-Cim) = 1.336 Å,
d(Cim-Cpy) = 1.419 Å, d(Cpy-Npy) = 1.368 Å).7,75 However, because the bound and
unbound pyridine imine fragments of each ligand linked by the newly formed C=C
bond constitute an essentially planar π-network, it is likely the radical anion is
delocalized over the entire ligand as illustrated in Scheme 2.2.
2.8

Reactivity of Ni[n] Complexes
In the electronic structure calculations of Ni[+], Ni[0], and Ni[-] radical

character was implicated on the ligand framework or metal center, so one might
predict these compounds would exhibit traditional radical reactivity. Surprisingly,
H-atom sources such as nBu3SnH, 9,10-dihydroanthracene, or 1,3-cyclohexadiene
were unreactive with Ni[0], and H-atom abstraction agents such as [Ph3C]2 or various
peroxides were similarly unreactive. Treatment of Ni[0] with halide sources resulted
in either nonspecific decomposition or a lack of reaction even at elevated
temperatures. Radical sources such as NO triggered decomposition of Ni[0].
Treatment of Ni[0] with reagents capable of 2 e- chemistry gave similar results. The
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reaction of Ni[0] with traditional hydride sources such as KH, LiBH4, or LiAlH4 led to
nonspecific decomposition, as did treatment with alkylating agents such as CH3I or
Et3OBF4. Reaction of Ni[0] with excess TEMPO resulted in the uptake of 4 equiv
TEMPO and formation of a new diamagnetic C2-symmetric compound identified by
1

H NMR, but the species underwent decomposition at room temperature over 24 hrs.

As isolation proved difficult, complete characterization of this new species was not
pursued.
Similarly, Ni[+] was unreactive with respect to H-atom transfer reagents or
H-atom abstractors, and underwent decomposition when exposed to various halide
sources. In contrast to Ni[0], TEMPO was unreactive towards Ni[+], and treatment of
Ni[+] with hydride sources capable of single-electron transfer such as KH or KHBEt3
resulted in reduction to Ni[0] with concomitant formation of unidentified insoluble
byproducts. Ni[-] proved even more sensitive than Ni[0] or Ni[+], and treatment of
Ni[-] with H-atom transfer reagents or even relatively benign reagents such as
acetonitrile, butadiene, 1,3-cyclohexadiene, 9,10-dihydroanthracene, CO2, or
bis(triphenylphosphine)iminium chloride (PPNCl) resulted in oxidation to Ni[0] with
formation of unidentified insoluble byproducts.
2.9

Synthesis and Electronic Structure Study of {dmp(PI)22-}FeIIPMe3 (Fe[0])
In an effort to expand the chemistry of dmp(PI)2 to different transition metals

of the first row, Fe(PMe3)476,77 was combined with 1.0 equiv dmp(PI)2 in C6H6 to
generate the deep brown iron complex [{κ4-Me2C(CH2N=CHpy)2}FePMe3 (Fe[0]),
which exhibited eight resonances in the diamagnetic region of the 1H NMR spectrum
and ten resonances in the 13C NMR spectrum, indicative of C2v geometry (Eq. 2.8).
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The proton ortho to the pyridine nitrogen was shifted downfield (δ 9.51) relative to
both Ni[0] (δ 9.29) and the free ligand (δ 8.59), and the imine C-H proton was shifted

(2.8)

Eq. 2.8 Synthesis of Fe[0]
slightly upfield (δ 8.31) relative to free ligand (δ 8.59), but appeared significantly
downfield of the imine C-H proton of Ni[0] (δ 7.67).
Suitable crystals were subjected to X-ray analysis, and the resulting structure
in presented in Figure 2.23 with relevant parameters displayed in Table 2.9. The imine

Figure 2.23. Molecular Structure of Fe[0]. Hydrogens have been omitted for clarity.
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Table 2.9. Selected interatomic distances and bond angles for Fe[0].
Selected Bond Distances (Ǻ)

Selected Bond Angles (°)

Fe1-N1
Fe1-N2
Fe1-N3
Fe1-N4
Fe1-P1
N2-C6
C6-C5
C5-N1

1.9574(11)
1.8812(12)
1.8862(11)
1.9438(12)
2.1952(4)
1.3293(17)
1.3940(19)
1.3959(16)

N1-Fe1-N2
N2-Fe1-N3
N3-Fe1-N4
N4-Fe1-N1
N1-Fe1-N3
N2-Fe1-N4
N1-Fe1-P1
N2-Fe1-P1

81.21(5)
92.72(5)
81.56(5)
100.29(5)
155.80(5)
169.22(5)
99.86(3)
94.65(4)

N3-C10
C10-C11
C11-N4

1.3299(17)
1.393(2)
1.3889(17)

N3-Fe1-P1
N4-Fe1-P1
N1-N2-N3-N4
(dihedral)

103.99(4)
95.59(3)
10.98(5)

C-N bond lengths (1.330 (2) Å ave), imine-pyridine C-C bond lengths (1.394 (2) ave)
and pyridine C-N bond lengths (1.392 (2) Å ave) are consistent with a molecule
containing two mono-reduced pyridine-imine fragments bound to an iron(II) metal
center. Because Fe[0] is diamagnetic, the two radical anions are likely
antiferromagnetically coupled through a filled iron d-orbital (Figure 2.6) to yield an
overall S = 0 complex. The geometry about the metal center is distorted square

Figure 2.24. Determination of τ as a measure of deviation from ideal geometry. α is
defined as the lesser of the basal angles and β is defined as the greater of the basal
angles. For square pyramidal geometry τ approaches 0 (left) and for trigonal
bipyramidal geometry τ approaches 1 (right).78
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pyramidal. To quantify the degree of distortion from ideal square pyramidal geometry
for 5-coordinate compounds, it is useful to determine the Addison parameter, τ.78 τ is
defined as (α-β)/60°, and ranges from a value of τ = 0 for pure square pyramidal
geometry to a value of τ = 1 for pure trigonal bipyramidal geometry (Figure 2.24). In
Fe[0], α is defined as ےN1-Fe1-N3 (155.80°) and β is defined as ےN2-Fe1-N4
(169.22°), with τ = 0.22.
2.10

Redox Chemistry of {dmp(PI)22-}FeIIPMe3 (Fe[0])
{dmp(PI)22-}FeIIPMe3 was probed for redox chemistry analogous to that seen

for Ni[0]. It is conceivable that Fe[0] could undergo two chemical reductions and
three chemical oxidations as shown in Figure 2.25, with each reduced and oxidized
species capable of several different electronic configurations. To synthesize these
species, Fe[0] was first treated with 1.0 equiv KC8 in THF to generate a turquoise

Figure 2.25. Various reductions and oxidations available to Fe[0]. The possible
electronic configurations for each hypothetical reduced and oxidized species are
given as resonance forms.

87

solution containing a paramagnetic compound, consistent with
[{dmp(PI)2}Fe(PMe3)n][K(THF)m] (Fe[-]), with a magnetic moment of μeff = 1.4 μβ
(Evans’ method),70,71 consistent with an S = ½ species (μspin-only = 1.73 μβ) (Scheme
2.3). Treatment of Fe[-] with 1.0 equiv of an oxidant such as Cp2Fe+ regenerated
Fe[0]. 1H NMR spectroscopy of the paramagnetic Fe[-] revealed a broad peak (ν1/2 =
365 Hz) centered at δ -13.16 that integrated to ~18 H relative to the 6 methyl protons
of Fe[-], suggesting the coordination of two PMe3 units to the metal center.
Additionally, treatment of Fe[0] with KC8 in the presence of excess PMe3 resulted in a
cleaner crude reaction mixture than without excess phosphine. Assuming two bound
phosphines, the electronic structure of Fe[-] would necessarily be [{dmp(PI)23-}FeII]to maintain an 18-electron count at the pseudo-octahedral metal center.
Exposure of Fe[-] to a second equivalent of KC8 in THF resulted in a color
change from turquoise to brown and formation of a new paramagnetic complex by 1H
NMR, characterized by five broad singlets (2H, py-CH, Im-CH) and one broad singlet

Scheme 2.3. Redox activity of Fe[0]. Note that the electronic structures of Fe[-],
Fe[2-], Fe[+], and Fe[2+] have not been determined and are illustrated for
convenience here with neutral pyridine imine fragments. For possible electronic
configurations of each compound, refer to Figure 2.25.
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at δ -6.72 (9H, P(CH3)3). Additional resonances attributable to the methyl and
methylene protons were not found, but could have been obstructed by residual solvent
signals in the diamagnetic region. By analogy to the related reductive chemistry
observed for Ni[0] (vide supra), the new species is likely
[{dmp(PI)2}Fe(PMe3)][K(THF)m]2, (Fe[2-]) (Scheme 2.3). As seen with the doublyreduced Ni[2-], Fe[2-] was quite sensitive and prone to oxidation to Fe[-] or Fe[0].
Indeed, addition of 2.0 equiv oxidant to Fe[2-] cleanly regenerated Fe[0].
Treatment of Fe[0] with 1.0 equiv AgBAr4F (BAR4F = B[3,5-CF3(C6H3)]4)79
resulted in a color change from brown to deep forest green and a loss of resonances in
the diamagnetic region and formation of a new set of paramagnetically shifted and
broadened resonances in 1H NMR spectrum, consistent with generation of
[{dmp(PI)2}Fe(PMe3)n][BAr4F], Fe[+]. Evans’ Method magnetic measurements70,71
resulted in a μeff = 1.5 μβ, consistent with an S = ½ complex.
Addition of a second equiv AgBAr4F to Fe[+] resulted in formation of a
diamagnetic, magenta compound consistent with the C2-symmetric
[{dmp(PI)2}Fe(PMe3)2][BAr4F]2, Fe[2+] (Scheme 2.3). The 1H NMR spectrum of
Fe[2+] revealed an imine C-H proton shifted significantly downfield (δ 9.21) relative
to free ligand (δ 8.59), arising from a large deshielding effect and indicative of a nonreduced ligand. Consequently, although Fe[2+] has two possible electronic
configurations (Figure 2.25), the most probable configuration is [{dmp(PI)20}FeII]2+.
One could envision a last oxidation available to Fe[0] to generate
[{dmp(PI)20}FeIII]3+, as it is known that dmp(PI)2 can exist in the +0 oxidation state
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and FeIII complexes are ubiquitous in coordination chemistry. Unfortunately, exposure
of Fe[2+] to excess AgBAr4F resulted in no reaction, indicating that the Fe[2+]/Fe[3+]
redox couple must be greater than 0.41 V (vs. Fc/Fc+, THF).80
2.11

Reactivity of Fe[0]
As Fe[0] is similar to some group-transfer catalysts known in the

literature,48-52,81 efforts towards mediating group-transfer reactions were carried out.
Unfortunately, Fe[0] was unreactive with respect to carbene-transfer reagents such as
Ph2CN282 or Ph2SCPh83 and organic azides such as 1-adamantyl azide and
trimethylsilyl azide. Possibly the presence of a strongly donating phosphine trans to
the open coordination site of Fe[0] disfavors coordination and subsequent reaction
with group-transfer reagents, so attempts to remove the PMe3 from Fe[0] were carried
out. Treatment of Fe[0] with O-atom transfer reagents such as pyridine-N-oxide in the
presence of group transfer reagents led to formation of a highly insoluble,
diamagnetic, species with C1 symmetry, with concomitant formation of unidentified
insoluble byproducts. Treatment of Fe[0] with tosyl azide in the presence of styrene,
alkyne, or isocyanide substrates led to immediate release of N2 and precipitation of a
thick lime green solid. The same reaction mixture was generated in the absence of
substrate, indicating that tosyl azide was competent in triggering the decomposition of
Fe[0].
Efforts were made to generate a {dmp(PI)2}-coordinated iron complex in the
absence of phosphine through treatment of FeX2 (X = Br, Cl) with {dmp(PI)2}
followed by reduction in the presence of a weakly-coordinating L-type ligand. The
bright teal {dmp(PI)2}FeBr2 and magenta {dmp(PI)2}FeCl2 compounds could be
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readily synthesized through mixture of a THF solution of {dmp(PI)2} with a THF
slurry of the appropriate FeX2 salt at room temperature. The resulting coordination
compounds were virtually insoluble in THF and discolored in strongly coordinating
solvents such as CH3CN, rendering characterization via NMR spectroscopy difficult.
In order to increase solubility {dmp(PI)2}FeX2 was treated with 2.0 equiv neoPeLi to
facilitate characterization, but intractable reaction mixtures were generated. Similarly,
a soluble {dmp(PI)2}Fe(alk)2 (alk = CH3, neoPe) complex could not be isolated from
reaction of {dmp(PI)2} with Fe(PMe3)2(Me)2 or Fe(py)4(neoPe)2, but fortunately an
H2O quench of {dmp(PI)2}FeX2 allowed for quantitative recovery of {dmp(PI)2},
offering indirect evidence for clean formation of {dmp(PI)2}FeX2 (Scheme 2.4).

Scheme 2.4. Synthesis and quench of {dmp(PI)2}FeX2.
Treatment of a THF slurry of {dmp(PI)2}FeX2 (X = Br, Cl) with 2.0 equiv
Na(Hg) or KC8 in the presence of excess PMe3 generated Fe[0], with concomitant
formation of a small amount of uncharacterized, virtually insoluble brown byproduct,
demonstrating the viability of {dmp(PI)2}FeX2 reduction to access complexes of the
form {dmp(PI)2}FeL. However, while exposure of {dmp(PI)2}FeX2 to reducing
equivalents in the presence of PMe2Ph and PMePh2 produced the corresponding iron
phosphine compounds, use of more weakly-donating ligands such as pyridine,
cyanides, alkynes, or PPh3 did not result in formation of {dmp(PI)2}FeL. Instead, the
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same highly insoluble, diamagnetic species with C1 symmetry, formed previously
during phosphine abstraction from Fe[0], was observed in low yield. Additionally, the
same product was detected during the reduction of {dmp(PI)2}FeX2 in the presence of
2,3-dihydrofuran or 3,3-diphenylcyclopropene, suggesting that initial reduction of
{dmp(PI)2}FeX2 may produce [{dmp(PI)2}Fe] transiently, which in the absence of
strongly-donating phosphine traps will undergo further reaction to generate the
observed C1-symmetric product.
Exposure of Fe[0] to CO resulted in ligand exchange to form forest green
{dmp(PI)2}FeCO, which could also be produced through reduction of
{dmp(PI)2}FeX2 under a CO atmosphere (Scheme 2.5). {dmp(PI)2}FeCO is a
diamagnetic compound, and 1H NMR assignments are given in Table 2.10. While

Scheme 2.5. Synthesis of {dmp(PI)2}FeCO. Note that the electronic structure of
{dmp(PI)2}FeCO has not been determined and is illustrated for convenience here with
neutral pyridine imine fragments.
most of the proton chemical shifts of {dmp(PI)2}FeCO were quite similar to those of
Fe[0], the imine C-H protons of {dmp(PI)2}FeCO were shifted somewhat upfield (Δδ
= 0.75) relative to Fe[0]. While this could indicate a greater amount of electron
density on the ligand backbone, the presence of the carbonyl ligand would also alter
the electronics at the metal center and could account for the variation in chemical shift.
One would predict that substitution of PMe3 for the more π-withdrawing CO ligand
would decrease the electron density at the metal center, which would in turn decrease
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the electron density on the {dmp(PI)2} ligand backbone. Hence, the differences in
chemical shift between {dmp(PI)2}FePMe3 and {dmp(PI)2}FeCO are likely a
reflection of different coordination environments rather than an indication of formal
ligand oxidation state change. The IR stretching frequency of the CO fragment (νCO =
1872 cm-1) is quite reduced relative to free CO (νCO = 2143 cm-1),84 suggesting a
substantial amount of π-backdonation from the metal center to CO and further
supporting a highly covalent interaction between CO and the FeII metal center.
Unfortunately, {dmp(PI)2}FeCO was stable with respect to CO loss under thermolytic
or photolytic conditions, so reactivity presumably mirrored that of Fe[0] and further
studies were not carried out.
Table 2.10. 1H NMR data (δ, coupling (mult, J) in Hz) of {dmp(PI)2}FeCO and
{dmp(PI)2}FePMe3 (Fe[0]) acquired in C6D6 in a 400 MHz spectrometer.

Compound
{dmp(PI)2}FeCO
{dmp(PI)2}FePMe3
2.12

a

b

c

d

9.28
(d, 5)
9.51
(d, 6)

6.45
(t, 6)
6.75
(t, 7)

6.71
(t, 7)
6.81
(t, 8)

e

f

7.02 7.56 3.71
(d, 8)
(d, 13)
7.26 8.31 3.60
(d, 8)
(d, 13)

f'’

g

3.28 0.89
(d, 13)
3.31 1.11
(d, 13)

g'
0.80
0.73

Attempts towards the synthesis of {dmp(PI)2}M (M = Mg, Zn, Co, Ti)
Exposure of {dmp(PI)2} to 1.0 equiv Mg0 in THF at room temperature resulted

in formation of a deep magenta solution after 3 d, presumably due to a small amount
of {dmp(PI)22-}MgII. However, 1H NMR analysis revealed only free {dmp(PI)2} in the
reaction mixture and complete consumption of Mg0 was not observed after 4 wks. A
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color change was not observed upon treatment of {dmp(PI)2} with 1.0 equiv Zn0 in
THF, and no consumption of {dmp(PI)2} was observed after 4 wks.
Reaction of {dmp(PI)2} with 1.0 equiv Co(PMe3)4(Me) resulted in immediate
precipitation of unidentified, virtually insoluble reaction products, but treatment with
Co(PMe3)4 resulted in a color change from brown to blue with concomitant formation
of gold solid. The gold solid was virtually insoluble in THF and decomposed in polar
solvents such as CD3CN and CD2Cl2, precluding characterization by NMR
spectroscopy. 1H NMR spectroscopy on the blue filtrate revealed only free PMe3 in
the diamagnetic region (no paramagnetically shifted resonances were observed), and
attempts to obtain crystalline material for X-ray analysis are ongoing.
Similar to the reaction with FeX2 described above, a mixture of {dmp(PI)2}
with TiCl2(TMEDA)2 (TMEDA = tetramethylethylenediamine) triggered release of
TMEDA and formation of an insoluble purple-brown precipitate. Treatment of the
solid with reducing equivalents in the presence of PMe3 or 3,3-diphenylcyclopropene
generated intractable reaction mixtures, and exposure to neoPeLi or LiHMDS (HMDS
= hexamethyldisilazane) in THF or C6H6 formed a deep purple product (or mixture of
products) that was fully soluble in C6D6 but NMR-silent. As such, characterization of
the reaction mixture has thus far remained elusive. Fortunately, a quench of the
purple-brown solid with H2O allowed recovery of free {dmp(PI)2}, suggesting the
identity of the solid is of the form [{dmp(PI)2}TiCl2]n.
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Conclusion
The tetradentate ligand, dmp(PI)2, permitted the synthesis and characterization
of a pseudo-square planar nickel complex in five different redox states. The electronic
structure of these complexes has been thoroughly investigated through a variety of
electrochemical, spectrochemical, magnetic, and computational methods. It was
determined that in these complexes the metal center typically remains NiII, with the
possible exception of Ni[+], and redox changes are primarily ligand-centered. It is
perhaps unsurprising that the oxidation state of Ni in these complexes does not
change, as it is well-known that elements will not vary substantially from their stable
oxidation states(s), particularly when confined to a stable geometry.72,85
The chemistry of dmp(PI)2 was extended to iron, and {dmp(PI)2}FePMe3
(Fe[0]) was synthesized and fully characterized. As with Ni[0], the electronic structure
of Fe[0] was determined as a MII center bound to a dianionic ligand framework. Fe[0]
was capable of two chemical oxidations and two chemical reductions, but because it
was expected that Fe[0] had similar electronic behavior as Ni[0], the thorough
electronic structure determination of these redox complexes was not perused. Fe[0]
was screened for competence in group-transfer reactions, but was unable to cleanly
mediate the reactions tested due to the necessity of a strongly-donating PMe3 ligand to
stabilize the {dmp(PI)2}Fe center. Preliminary attempts to metallate dmp(PI)2 with
cobalt and titanium are ongoing.
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Experimental
General Considerations. All manipulations of air sensitive materials were
performed using glove box and high vacuum techniques under an inert atmosphere.
Hydrocarbon or ethereal solvents were refluxed over sodium, and vacuum transferred
from sodium benzophenone ketyl (with 3–6 mL tetraglyme/L added to hydrocarbons).
Benzene-d6 was heated to reflux over sodium to dry and vacuum transferred from
freshly cut sodium. THF-d8 was dried over NaK and stored over 4 Å sieves.
{dmp(PI)2},56 Ni(COD)2,63 Fe(PMe3)4,76,77 AgBAr4F (BAr4F = B(3,5-CF3(C6H3))4),79
and {dmp(PI)22-}NiII 56 were prepared according to literature procedures. CO
(Matheson) was dried via passage through dry ice traps. All other chemicals were
commercially available and used as received. All glassware was oven dried for a
minimum of 2 h. NMR tubes for sealed tube experiments and glass bombs were flame
dried under dynamic vacuum prior to use.
1

H, 13C{1H}, 13C and 31P{1H} NMR spectra were obtained on Varian INOVA

400, Varian INOVA 500, and Varian Mercury 300 spectrometers and chemical shifts
are reported relative to benzene-d6 (1H, δ 7.16; 13C{1H}, δ 128.39) and THF-d8 (1H,
δ 3.58; 13C{1H}, δ 67.57) and multidimensional techniques were conducted using
INOVA software affiliated with the spectrometers. UV-visible spectra were obtained
on a Cary 60 UV/Vis spectrometer. Solution magnetic measurements were conducted
via Evans' method.70,71 Elemental analyses were performed by Complete Analysis
Laboratories, Inc., Parsippany, New Jersey, or by the laboratory of Professor Karsten
Meyer, University of Erlangen – Nuremberg, Department of Chemistry & Pharmacy,
Egerlandstr. 1, D-91058 Erlangen, Germany.
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Synthesis. 1. [{dmp(PI)2−}2NiII]+(OTf−) (sol'n) and [{dmp(PI)2}2NiIINi0]2+
(OTf−)2 (Ni[2+]Ni[0]) (sol. st.). To a 25 mL flask charged with Ni[0] (0.250 g, 0.74
mmol) and AgOTf (0.190 g, 0.74 mmol) cooled to −78 °C was vacuum transferred 10
mL of acetonitrile (10 mL). The solution was stirred at 23 °C for 1 h, and the solution
changed from dark green to red-orange. The solution was filtered to remove Ag0 and
yield a solution of the monomer, Ni[+]. The acetonitrile was removed in vacuo. The
red-orange residue was triturated ten times with 10 mL potions of THF, dissolved in 5
mL THF, cooled to −78 °C, filtered, and dried in vacuo to yield 0.252 g (0.48 mmol,
65%) of red-orange, crystalline Ni[2+]Ni[0]. UV-vis (THF) = 390 nm (ε ~ 2900 M−1
cm−1), 440 nm (ε ~ 2800 M−1 cm−1), 830 nm (ε ~ 2100 M−1 cm−1), 940 nm (ε ~ 1600
M−1 cm−1). Anal. calcd for C18H20F3N4NiO3S: C, 44.29%; H, 4.13%; N, 11.68%.
Found: C, 44.13, 44.20%; H, 4.27, 4.07%; N, 11.04, 11.07%.
2. [{dmp(PI)2}NiII]2+(PF6−)2 (Ni[2+]). To a 25 mL round bottom flask charged
with Ni[0] (150. mg, 0.442 mmol) and Cp2FePF6 (293 mg, 0.885 mmol) at −78 °C was
vacuum transferred 15 mL acetonitrile. The solution was allowed to warm to 23 °C,
and turned from forest green to orange-red to pale yellow over 5 min. The reaction
was allowed to stir an additional 12 h, and solvent was removed in vacuo to yield a
pale yellow powder. Crystalline product (210. mg, 0.280 mmol, 63%) was obtained as
dark yellow needles from slow diffusion of Et2O into a saturated CH3CN solution over
two days at room temperature. μeff (Evans’ Method, CD3CN, 25 °C) = 2.9 μβ. Anal.
calcd for C23H29F12N7NiP2: C, 36.73%; H, 3.89%; N, 13.04%. Found: C, 36.69%: H,
3.870%; N, 13.01%.
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3. [{dmp(PI)23−}NiII]−(K(THF)2)+ (Ni[−]). To a 20 mL vial charged with
Ni[0] (200. mg, 0.590 mmol) and KC8 (80. mg, 0.59 mmol) at 23 °C was added 10 mL
THF. Over 30 min, the forest green color darkened to deep brown. The vial was
capped and stirred for 2d. The reaction mixture was filtered through celite and the
volatiles were removed in vacuo. Crystalline product was obtained as long brown
needles from slow diffusion of pentane into a saturated 1 : 1 THF–pentane solution
over 24 hours at 23 °C (180. mg, 0.345 mmol, 58%). μeff (Evans' Method, THF-d8,
25 °C) = 1.7 μβ. Anal. calcd for C25H36KN4NiO2: C, 57.48%; H, 6.95%; N, 10.73%.
Found: C, 57.61%; H, 6.89%; N, 10.66%.
4. [{dmp(PI)23−}NiII]−(K(crypt-2.2.2))+ (Ni[−]). To a 20 mL vial charged with
crystalline [{dmp(PI)23−}NiII]−(K(THF)2)+ (Ni[−]) (20. mg, 0.038 mmol) and 3 mL
THF was dropwise added a 2 mL solution of crypt-222 (14 mg, 0.37 mmol). The
resulting solution was quickly filtered, and the filtrate placed in a capped vial at 23 °C
for 14 h. Small brown blocks suitable for X-ray diffraction were isolated.
5. [{dmp(PI)24−}NiII]2−[Cs+(THF)n]2 (Ni[2−]). To a 20 mL vial charged with
Ni[0] (100. mg, 0.295 mmol) and Cs° (78 mg, 0.59 mmol) at 23 °C was added 10 mL
THF. The forest green color darkened to purple-brown over 20 min and stirring was
continued for 24 h. Solvent was removed in vacuo to yield a deep purple-brown solid
(110. mg, 62%). 1H NMR (THF-d8, 400 MHz, 23 °C): δ 0.81 (s, g, 6H), 2.06 (s, f, 4H),
4.05 (t, J = 5 Hz, b, 2H), 4.11 (s, e, 2H), 4.97 (dd, J = 5 Hz, 9 Hz, c, 2H), 5.21 (d, J = 9
Hz, d, 2H), 6.25 (d, J = 5 Hz, a, 2H). 13C NMR (THF-d8, 100 MHz, 23 °C): δ 25.17
(g), 37.90 (i), 67.65 (f), 91.60 (b), 114.33 (e), 114.66 (d), 118.50 (c), 134.81 (h),
149.20 (a). See below for labeling scheme.
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Ni[0] (150. mg, 0.442 mmol) and K° (35 mg, 0.90 mmol) at −78 °C was transferred 10
mL THF. The solution warmed to 23 °C, and darkened from green to brown. After
stirring for 3 days, no more K° was visible and the solvent was removed to yield a redbrown solid. 1H NMR (THF-d8, 400 MHz, 25 °C): δ 0.84 (s, g, 6H), 2.20 (s, f, 4H),
4.02 (t, J = 5 Hz, b, 2H), 4.16 (s, e, 2H), 4.87 (dd, J = 5 Hz, 9 Hz, c, 2H), 5.22 (d, J = 9
Hz, d, 2H), 6.15 (d, J = 5 Hz, a, 2H). See above for labeling scheme.
7. [{2-py,3-PI,4-Me2-azacyclopent-2-ene2−}2Ni]2− [K+(crypt-2.2.2)]2
(Ni[AcPP]). To a 20 mL vial charged with crude Ni[2−](K+(THF)2)2 (20. mg) was
added 2 mL THF. A 2 mL solution of crypt-2.2.2 (49 mg, 0.13 mmol) was added
dropwise at 23 °C. The deep brown solution was filtered into a 5 mL vial, capped, and
allowed to stand at −30 °C. After 3 days, brown needles (~5 mg) suitable for X-ray
diffraction were obtained.
8. {dmp(PI)2}FePMe3 (Fe[0]). To a 25 mL flask charged with dmp(PI)2 (0.219
g, 0.78 mmol) and Fe(PMe3)4 (0.281 g, 0.78 mmol) at −78 °C was added 10 mL
benzene via vacuum transfer. The solution was allowed to thaw and warm to 23 °C,
and the solution turned dark brown. Stirring was maintained 18 h, and the solution was
filtered and volatiles removed in vacuo. The residual solid was triturated with two 5
mL portion of pentane, redissolved in 10 mL pentane, cooled to −78 °C, and filtered to
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yield the brown product as a microcrystalline powder (0.145 g, 0.35 mmol, 45%). 1H
NMR (C6D6, 400 MHz, 23 °C): δ 0.24 (s, P(CH3)3, 9H), 0.73 (s, g, 6H), 3.31 (d, J = 13
Hz, fꞌ, 2H), 3.60 (d, J = 13 Hz, f, 2H), 6.75 (t, J = 7 Hz, b, 2H), 6.81 (t, J = 8 Hz, c,
2H), 7.26 (d, J = 8 Hz, d, 2H), 8.31 (s, e, 2H), 9.51 (d, J = 6 Hz, a, 2H). 31P NMR
(C6D6, 162 MHz, 23 °C): δ 15.30 (s, P(CH3)3). See below for number scheme. Anal.
calcd. for C20H29FeN4P: C, 58.26%; H, 7.09%; N, 13.59%. Found: C, 56.38%; H,
6.86%; N, 13.56%.

9. [{dmp(PI)2}Fe(PMe3)n][K(THF)m] (Fe[-]). To a 20 mL vial charged with
Fe[0] (15 mg, 0.036 mmol) and KC8 (5 mg, 0.04 mmol) at 23 °C was added 2 mL
THF. Over 2 h the dark brown color faded to turquoise. The vial was capped and
stirred for 2d. The reaction mixture was filtered through celite to remove carbon and
the volatiles were removed in vacuo. The green powder was redissolved in THF-d8 for
NMR analysis. 1H NMR (THF-d8, 400 MHz, 23 °C, assignments tentative): δ -59.20
(ν1/2 = 3040 Hz, py-CH, 2H), -14.97 (ν1/2 = 370 Hz, P(CH3)3, 18H), -7.87 (ν1/2 = 350
Hz, CH2, 4H), 1.35 (ν1/2 = 80 Hz, CH3, 6H), 30.28 (ν1/2 = 1710 Hz, py-CH, 4H), 36.77
(ν1/2 = 3180 Hz, py-CH, 2H). Imine CH not found. μeff (Evans' Method, THF-d8,
25 °C) = 1.4 μβ.
10. [{dmp(PI)2}Fe(PMe3)][K(THF)m]2 (Fe[2-]). To a 20 mL vial charged
with Fe[0] (15 mg, 0.036 mmol) and KC8 (10. mg, 0.072 mmol) at 23 °C was added 2
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mL THF. Over 2 h the dark brown color faded to turquoise, then darkened to brown
again over 12 h. The capped vial was stirred for 2d, the reaction mixture was filtered
through celite to remove carbon, and the volatiles were removed in vacuo. The brown
powder was redissolved in THF-d8 for NMR analysis. 1H NMR (THF-d8, 400 MHz,
23 °C, assignments tentative): δ -115.57 (ν1/2 = 390 Hz, py-CH, 2H), -58.63 (ν1/2 = 580
Hz, py-CH, 2H), -24.95 (ν1/2 = 460 Hz, py-CH, 2H), -9.67 (ν1/2 ~ 540 Hz, Im-CH, 2H),
-8.58 (ν1/2 = 160 Hz, P(CH3)3, 9H), 23.08 (ν1/2 = 940 Hz, py-CH, 2H). Methylene CH2
and methyl CH3 not found.
11. [{dmp(PI)2}Fe(PMe3)](BAr4F) (Fe[+]). To a 20 mL vial charged with
Fe[0] (10. mg, 0.024 mmol) was added 2 mL THF. A 2 mL solution of AgBAr4F (24
mg, 0.024 mmol) in THF was added dropwise at 23 °C. Over 30 min, the dark brown
color deepened to forest green. The vial was capped and stirred for 2d. The reaction
mixture was filtered through celite to remove Ag0 and the volatiles were removed in
vacuo. The resulting deep green powder was redissolved in THF-d8 for NMR analysis.
1

H NMR (THF-d8, 400 MHz, 23 °C, assignments tentative): δ -18.62 (ν1/2 = 1130 Hz,

im-CH, 2H), -12.02 (ν1/2 = 560 Hz, py-CH, 2H), -1.49 (ν1/2 = 65 Hz, P(CH3)3, 9H),
9.75 (ν1/2 = 300 Hz, CH3, CH2, 10H), 13.30 (ν1/2 = 170 Hz, py-CH, 2H), 18.10 (ν1/2 =
180 Hz, py-CH, 2H), 23.38 (ν1/2 = 530 Hz, py-CH, 2H). μeff (Evans' Method, THF-d8,
25 °C) = 1.5 μβ.
12. {dmp(PI)2}Fe(PMe3)2](BAr4F)2 (Fe[2+]). To a 20 mL vial charged with
Fe[0] (10. mg, 0.024 mmol) was added 2 mL THF. A 2 mL solution of AgBAr4F (47
mg, 0.48 mmol) in THF was added dropwise at 23 °C. Over 2 h, the dark brown color
faded to purple-magenta. The vial was capped and stirred for 2d. The reaction mixture
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was filtered through celite to remove Ag0 and the volatiles were removed in vacuo.
The resulting magenta powder was redissolved in THF-d8 for NMR analysis. 1H NMR
(THF-d8, 400 MHz, 23 °C): δ 0.76 (s, P(CH3)3, 18H), 1.21 (s, g, 6H), 4.01 (s, f, 4H),
7.58 (s, B[3,5-CF3(C6H3)]4, 8H), 7.79 (s, B[3,5-CF3(C6H3)]4, 16H), 7.93 (t, J = 7 Hz,
b, 2H), 8.25 (d, J = 7 Hz, d, 2H), 8.35 (t, J = 7 Hz, c, 2H), 9.13 (d, J = 5 Hz, a, 2H),
9.21 (s, e, 2H). See above for number scheme.
13. {dmp(PI)2}FeBr2. To a 20 mL vial charged with FeBr2(THF)2 (100. mg,
0.278 mmol) was added 8 mL THF. An 8 mL solution of {dmp(PI)2} (78 mg, 0.28
mmol) in THF was added dropwise at 23 °C while stirring vigorously. Over 10 min, a
bright yellow virtually insoluble precipitate formed. The solution was filtered and the
precipitate was washed with three 10 mL portions of THF to yield bright yellow
{dmp(PI)2}FeBr2 (128 mg, 0.258 mmol, 93%).
14. {dmp(PI)2}FeCO. To a J. Young tube charged with {dmp(PI)2}FePMe3
(Fe[0], 10. mg, 0.024 mmol) at −78 °C was added C6D6 (0.4 mL). Carbon monoxide
(1 atm) was admitted to the NMR tube and the solution was allowed to warm to 23 °C.
Upon warming, the solution turned from deep brown to forest green. 1H NMR (C6D6,
400 MHz, 23 °C): δ 0.80 (s, g, 6H), 3.28 (d, J = 13 Hz, fꞌ, 2H), 3.71 (d, J = 13 Hz, f,
2H), 6.45 (t, J = 6 Hz, b, 2H), 6.71 (t, J = 7 Hz, c, 2H), 7.02 (d, J = 8 Hz, d, 2H), 7.56
(s, e, 2H), 9.28 (d, J = 5 Hz, a, 2H). See above for labeling scheme. IR (C6D6): 1872
cm-1.
15. Oxidative quench of [{dmp(PI)24−}NiII]2−[Cs+(THF)n]2 (Ni[2−]). To a J.
Young tube charged with [{dmp(PI)24−}NiII]2−[Cs+(THF)n]2 (Ni[2−], 30 mg, 0.05
mmol) and Cp2FePF6 (16 mg, 0.048 mmol) at −78 °C was added THF-d8 (0.4 mL).
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Upon thawing, solid precipitated, and the 1H NMR spectrum revealed production of
Cp2Fe. A second equiv. of Cp2FePF6 (16 mg, 0.048 mmol) was added, resulting in an
immediate color change to forest green and formation of more precipitate. 1H NMR
analysis revealed formation of Ni[0] and a second equiv. of Cp2Fe. Calibration to an
internal TMS standard revealed approximately 75% overall conversion.
16. Comproportionation of [{dmp(PI)23−}NiII]−(K(THF)2)+ and
[{dmp(PI)2}2NiIINi0]2+ (OTf−)2. To a J. Young tube charged with
[{dmp(PI)23−}NiII]−(K(THF)2)+ (Ni[−], 18 mg, 0.034 mmol) and
[{dmp(PI)2}2NiIINi0]2+ (OTf−)2 (Ni[2+]Ni[0], 15 mg, 0.015 mmol) at −78 °C was
added CD3CN (0.4 mL). Upon thawing, the solution changed to a forest green color
and light brown solid precipitated out of solution. 1H NMR analysis revealed
formation of Ni[0], and calibration to an internal TMS standard revealed
approximately 90% conversion.
Calculations. Calculations were performed on geometry-optimized molecules
using version 2.8.0 of the ORCA quantum chemistry suite.86 Geometries were
optimized using the BP8687 density functional with the def2-TZVP(-f) basis set.87-89
Solvation was modeled by the conductor-like screening model (COSMO)90 using a
dielectric of 7.6 (THF). Electronic energies and properties were calculated at these
geometries using the B3LYP functional,91-93 the scalar-relativistically contracted def2TZVP(-f) basis set,94 and the zeroth order regular approximation for relativistic effects
(ZORA),95,96 and COSMO(THF). The integration accuracy was increased for Ni
(ORCAGRID14). EPR properties were calculated using coupled perturbation Kohn–
Sham (KS) theory for the g-tensor97 and the spin–orbit coupling (SOC) operator was
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treated by the spin–orbit mean-field approximation.98 Molecular orbital diagrams were
constructed following quasi-restricted orbital (QRO) transformations of the
unrestricted Kohn–Sham (UKS) solutions.99 In cases where broken symmetry (BS)100102

solutions were generated, molecular orbital energies were taken as the average of

UKS spin–orbital pairs. BS solutions are only reported when they are significantly
lower in energy than the UKS calculation; only Ni[0] met this criterion. Magnetically
interacting non-orthogonal orbitals were identified using the corresponding orbital
transformation as previously described.103
Spectroscopy-oriented configuration interaction (SORCI) calculations were
performed as described previously104 to calculate excitation energies and the g-matrix
for Ni[+].105Calculations were performed over a CAS(13,11) complete active space,
which includes the Ni ligand field as well as proximal PI π and π* as well as pyridine
π* molecular orbitals. The def2-TZVP(-f) basis set was used for all atoms.94 As
described elsewhere, individual selection was used in order to ease the computational
burden.94 The size of the first-order interacting space was reduced with a threshold
Tsel = 10−6 Eh. A further approximation involved reduction of the reference space
through another selection – all initial references that contribute less than a second
threshold (Tpre = 10−5) to the zeroth-order states were rejected from the reference
space. The initial orbitals from the first step of the SORCI procedure were taken from
QROs99 generated via standard B3LYP/def2-TZVP-ZORA calculations described
herein.
Magnetic susceptibility measurements. Magnetic susceptibility
measurements of crystalline powdered samples (10–20 mg) were performed on a
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Quantum Design MPMS-5 SQUID magnetometer at 10 kOe (1 T) between 5 and 300
K for all samples. All sample preparations and manipulations were performed under
an inert atmosphere due to the air sensitivity of the samples. The samples were
measured in gelatin capsules, and the diamagnetic contribution from the sample
container was subtracted from the experimental data. Pascal’s constants106 were used
to subtract diamagnetic contributions, yielding paramagnetic susceptibilities. The
program julX written by E. Bill was used for (elements of) the simulation and analysis
of magnetic susceptibility data.107
EPR Spectroscopy. Solution and frozen glass EPR spectra were recorded on a
JEOL continuous wave spectrometer, JES-FA200 equipped with an X-band Gunn
oscillator bridge, a cylindrical mode cavity, and a helium cryostat. For all samples, a
modulation frequency of 100 kHz and a time constant of 0.1 s were employed.
Frequencies were close to 9.0 GHz and all spectra were obtained on freshly prepared
solutions in quartz tubes. Background spectra were obtained on clean solvents at the
same measurement conditions. Spectral simulations were performed using the
programs W95EPR by Prof. Dr. Frank Neese108 and ESRSIM by Prof. Dr. Høgni
Weihe, University of Copenhagen, Denmark. Collinear g and A tensors were used, and
deviations from isotropic parameters in spectra of frozen glasses were only used when
clearly justified.
Single-Crystal X-ray Diffraction Studies. Upon isolation, crystals were
covered in polyisobutenes and placed under a 173 K N2 stream on the goniometer
head of a Siemens P4 SMART CCD area detector (graphite-monochomated Mo Kα
radiation, λ = 0.71073 Å). The structures were solved by direct methods (SHELXS).
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All non-hydrogen atoms were refined anisotropically unless otherwise stated, and
hydrogen atoms were treated as idealized contributions (Riding model).
Crystal data for Ni[2+]Ni[0]: C36H40N8O6F6S2Ni, M = 976.30, triclinic, P-1, a
= 10.0760(7), b = 10.6657(7), c = 19.6623(14) Å, α = 90.050(3)°, β = 97.940(3)°, γ =
105.384(3)°, V = 2016.3(2) Å3, T = 173(2), Z = 2, Rint = 0.0235, 33779 reflections,
9861 independent, R1(all data) = 0.0385, wR2 = 0.0733, GOF = 1.016.
Crystal data for Ni[2+](PF6)2·NCMe: C23H29N7F12P2Ni, M = 752.18,
monoclinic, Cc, a = 9.2230(4), b = 23.7522(8), c = 15.2139(6) Å, β = 107.3500(10)°,
V = 3181.2(2) Å3, T = 173(2), Z = 4, Rint = 0.0143, 15695 reflections, 7932
independent, R1(all data) = 0.0303, wR2 = 0.0796, GOF = 1.051.
Crystal data for Ni[−](K(THF)2): C25H36N4O2KNi, M = 522.39, monoclinic,
P2(1)/n, a = 10.5982(8), b = 12.3634(8), c = 19.8165(13) Å, β = 95.155(3)°, V =
2586.0(3) Å3, T = 173(2), Z = 4, Rint = 0.0246, 25673 reflections, 6390 independent,
R1(all data) = 0.0511, wR2 = 0.0952, GOF = 1.016.
Crystal data for Ni[−](K(crypt-2.2.2)): C35H56N6O6KNi, M = 754.67,
monoclinic, P21c, a = 12.7277(11), b = 21.000(2), c = 28.837(3) Å, β = 99.126(4)°, V
= 7610.2.0(13) Å3, T = 173(2), Z = 8, Rint = 0.0896, 35129 reflections, 8405 (4964 2σ)
independent, R1(2σ) = 0.0695, wR2 = 0.1682, GOF = 1.012.
Crystal data for Ni[AcPP]: C70H106N12O12K2Ni, M = 1444.58, monoclinic,
C2/c, a = 34.460(7), b = 10.852(5), c = 23.144(4) Å, β = 100.903(4)°, V = 2586.0(3)
Å3, T = 243(2), Z = 4, Rint = 0.0455, 24183 reflections, 6091 independent, R1(all data)
= 0.0676, wR2 = 0.0942, GOF = 0.989.
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Crystal data for Fe[0]: C20H29FeN4P, M = 412.29, monoclinic, P2(1)/n, a
=13.2546(5), b =9.6896(3), c = 15.8409(5) Å, β = 91.0510(10)°, V = 2034.13(12) Å3,
T = 193(2), Z = 4, Rint = 0.0248, 21768 reflections, 6451 independent, R1(all data) =
0.0443, wR2 = 0.0963, GOF = 1.042.
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Chapter 3
Iron Complexes Derived from Tetradentate β-Diketiminate Ligands and
Stabilization of FeII via Redox-Non-innocence
Introduction
During investigations into ligand frameworks bearing the 2-azaallyl motif that
imparts strong ligand fields on first row transition metal complexes, several unique
C-C bond forming reactions were discovered (Schemes 2.2, 2.3).1-6 These couplings
could be considered to occur either via radical couplings or nucleophilic/electrophilic
attack. Both mechanisms are illustrated in Scheme 3.1 for the formation of

Scheme 3.1. Possible mechanisms for C-C coupling of azaallyl fragments via radical
coupling (top) or nucleophilic/electrophilic attack (bottom).
{Me2C(CHNCHpy)2M}2 (M = Cr, Co, Ni).4 The reactions were proposed to proceed
in part due to the stabilization afforded by redox noninnocent moieties on the ligand
frameworks (cf. Chapter 2), which could serve as a reservoir for electrons and allow
the formation of stable MII centers. As C-C bond formation processes are some of the
most important chemical transformations mediated by transition metals, these ligand
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couplings showed potential utility in synthesis of cyclic frameworks. In particular, the
coupling shown in Scheme 3.1 allowed formation of three C-C bonds with
simultaneous generation of six new stereocenters in a single chemical reaction. The
organic framework could be quenched from the metal center (M = Ni), resulting in a
stereospecific polycyclic molecule (boxed).
Efforts towards extending these C-C bond formation reactions centered on the
design of new ligand motifs through removal of the geminal-dimethyl group and
incorporation of a β-diketiminate fragment, which could allow for coupling at the midcarbon of the ligand backbone,7-72 linked to a pyridine imine fragment that could serve
as a redox noninnocent electron reservoir.73-81 Several possibilities for new ring
formations are illustrated in Figure 3.1, and newly formed bonds are highlighted in
red. The starting ligand has three acidic positions circled in blue, and deprotonation at
a methylene site allows for formation of a pyridine imine moiety.

Figure 3.1. Possible C-C bond couplings achievable through deprotonation of a βdiketiminate ligand. Deprotonatable positions are circled in blue (dashed) and
coupling sites are circled in red (solid). New C-C bonds are shown in red.
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Results and Discussion
3.1.

Ligand Synthesis
Initial efforts to synthesize the desired β-diketiminate-based 2,4-bis[(E)-(2-

pyridyl)methylideneamino]pentane (H{nn(PM)2}) through direct condensation of 2.0
equiv 2-picolylamine with acetylacetone in the presence of various drying agents and
acid catalysts were unsuccessful, even at elevated temperatures and concentrations.
Fortunately, H{nn(PM)2} could prepared through sequential condensations over three
steps (Scheme 3.2). Reaction of acetylacetone with 1.0 equiv 2-picolylamine in the
presence of MgSO4 afforded the mono-condensation product in high yield (93%).82
Treatment of this compound with 1.0 equiv (Et3O)BF4 in CH2Cl2 at low temperatures
resulted in the formation of a tan precipitate, presumably the O-alkylated BF4 salt,
which afforded the salt H2{nn(PM)2}BF4 in modest yield (30%) when treated with a
second equiv of 2-picolylamine. Deprotonation with KH at elevated temperatures
afforded the desired neutral tetradentate ligand H{nn(PM)2} in good yield (83%).

Scheme 3.2. Synthesis of H{nn(PM)2}.
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3.2. Synthesis of {nn(PM)2}FeX (X = N(TMS)2, Cl, N3) complexes
3.2.1. {nn(PM)2}FeN(TMS)2
Treatment of H{nn(PM)2} with 1.0 equiv Fe(N(TMS)2)2(THF)83,84 in C6H6
afforded the paramagnetic orange-red amide complex {nn(PM)2}FeN(TMS)2
(1-N(TMS)2) in good yield (54 %) (Eq. 3.1). 1-N(TMS)2 was thermally sensitive and
decomposed at room temperature to a brown insoluble material with release of
HN(TMS)2, but was stable indefinitely as a solid at -30° C. The complex was highly
soluble in organic solvents, and 1H NMR spectroscopy revealed 7 paramagnetically
shifted and broadened resonances, indicative of Cs symmetry. Because 1-N(TMS)2

(3.1)

Eq. 3.1. {nn(PI)2}FeN(TMS)2.
was paramagnetic, Evans Method magnetic measurements were carried out.85,86 At
23° C, a μeff of 5.3 μβ (ave, 2 trials) was determined, indicative of a high-spin, S = 2
metal center with a significant contribution from spin-orbit coupling (μspin-only = 4.90
μβ).87,88 Zero-field Mössbauer data were acquired for 1-N(TMS)2 and are presented in
Figure 3.2. Typical isomer shifts (δ) for high-spin FeII complexes are > 0.8 mms-1,89-91
fully consistent with the observed δ = 0.96(1) mms-1 for 1-N(TMS)2. The quadrupole
splitting (ΔEQ) of 2.84(1) mms-1 is quite large and indicates a high degree of electric
field asymmetry about the nucleus, as expected of a 5-coordinate complex with three
different types of donor ligands in an asymmetric geometric environment.
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Figure 3.2. Zero field Mössbauer spectrum of {nn(PM)2}Fe(N(TMS)2 (1-N(TMS)2).
Fit parameters: δ = 0.96(1) mms–1, ΔEQ = 2.84(1) mms-1, FWHM = 0.34(1) mms-1.
To further probe the structure of 1-N(TMS)2, a red needle grown from cold
pentane was selected and subjected to X-ray analysis. The resulting crystal structure is
illustrated in Figure 3.3, and relevant parameters are listed in Table 3.1. There are two
molecules in the asymmetric unit related by a mirror plane (dashed line, Figure 3.3).
The bond distances and angles of the two molecules identical within 3σ are listed as an
average value in Table 3.1. The Fe-N distances, although different between the two
molecules, are consistent with a high-spin FeII center. To describe the geometry about
the metal center, it is useful to determine the Addison parameter τ92 for each iron
center. For Fe1 the apical position is N1, with α defined by ےN3-Fe1-N5 (126.23°)
and β defined by ےN2-Fe1-N4 (149.89°). The resulting value τ = 0.39 is roughly
between a trigonal bipyramidal structure (τ = 1) and a square pyramidal structure (τ =
0). For Fe2 the apical position is N6, with α defined by ےN8-Fe2-N10 (126.02°) and β
defined by ےN9-Fe2-N7 (148.79°). The resulting value τ = 0.38 is very similar to that
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of Fe1, again indicative of an intermediate structure between trigonal bipyramidal and
square pyramidal.

Figure 3.3. Molecular structure of the two independent molecules in the asymmetric
unit for 1-N(TMS)2. Hydrogen atoms have been omitted for clarity.
Table 3.1. Selected interatomic distances and bond angles for 1-N(TMS)2. Bond
distances and angles have been averaged where values for the two independent
molecules in the asymmetric unit are identical within 3σ.
Selected Bond Distances (Ǻ)
Selected Bond Angles (°)
Fe1-N1
Fe1-N2
Fe1-N3
Fe1-N4
Fe1-N5
N1-C5
C5-C6
C6-N2
N2-C7

2.2342(12)
2.1052(12)
2.0873(12)
2.1974(13)
2.0163(12)
1.3442(19)
1.502(2)
1.4553(19)
1.3131(19)

N1-Fe1-N2
N1-Fe1-N3
N1-Fe1-N4
N1-Fe1-N5
N2-Fe1-N3
N2-Fe1-N4
N2-Fe1-N5
N3-Fe1-N4

74.69(5)
116.11(5)
91.88(5)
117.64(5)
84.45(5)
149.34(5)
110.53(5)
114.4(5)
98.19(5)

C7-C8
C8-C9
C9-N3

1.408(2)
1.401(2)
1.3265(19)

N3-Fe1-N5
N4-Fe1-N5

126.13(5)
98.19(5)

3.2.2. {nn(PM)2}FeCl
Exposure of {nn(PM)2}FeN(TMS)2 to 1.0 equiv HCl(g) in C6H6 at room
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temperature resulted in the gradual precipitation of a yellow solid, formulated as
{nn(PM)2}FeCl (1-Cl), with concomitant release of HN(TMS)2 (Eq. 3.2). The solid
could be recrystallized from hot THF to yield sparingly soluble bright yellow plates of

(3.2)

Eq. 3.2. 1-Cl.
1-Cl (57%). Similar to that observed for 1-N(TMS)2, 1H NMR spectroscopy revealed
7 paramagnetically shifted and broadened resonances, indicative of Cs symmetry. A
comparison of proton chemical shifts is given in Table 3.2, and reveals only minor
changes in chemical shift upon substitution of the X-type substituent. In particular,
both spectra exhibit a broad upfield resonance attributable to the β-diketiminate
backbone proton at δ -80.10 for 1-N(TMS)2 and δ -74.28 for 1-Cl, and two relatively
sharp resonances at δ 38.38 and 49.17 (1-N(TMS)2) and δ 38.26 and 51.87 (1-Cl),
attributable to two of the pyridine C-H protons. These three resonances are quite
characteristic of species of the type {nn(PM)2}FeX.
An Evans Method magnetic susceptibility measurement85,86 at 23° C revealed a
μeff of 5.3 μβ, identical to that measured for 1-N(TMS)2 and indicative of a high-spin,
S = 2 iron center with substantial spin-orbit coupling. Zero-field Mössbauer data were
acquired for 1-Cl and are presented in Figure 3.4. The isomer shift (δ) of 0.99 mms-1 is
remarkably similar to that of 1-N(TMS)2 (δ = 0.96(1) mms-1) and suggests a high-spin
FeII center with very similar M-L bonds for the two compounds.89-91 The quadrupole
splitting (ΔEQ) of 3.42(1) mms-1 is larger than that of 1-N(TMS)2 and indicates an
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Table 3.2. 1H NMR data (δ, linewidth (ital., ν1/2) in Hz) of 1-N(TMS)2, 1-Cl, and 1-N3
acquired in C6D6 (a) or THF-d8 (b) in a 400 MHz spectrometer. Assignments are
tentative.
Compound
1-N(TMS)2a
1-Clb
1-N3b

CH3

nn-CH

CH2

py-CH

py-CH

py-CH

py-CH

0.42
(200)
5.10
(120)
5.93
(95)

-80.10
(450)
-74.28
(270)
-82.18
(278)

10.75
(380)
1.57
(30)
1.29
(20)

96.27
(1380)
146.27
(770)
156.09
(675)

38.38
(125)
38.26
(80)
40.07
(105)

49.17
(110)
51.87
(95)
53.45
(100)

-2.45
(70)
-0.05
(34)
133.05
(945)

even greater degree of electric field asymmetry about the nucleus, as predicted due to
the greater difference between a chloride and the nitrogen chelates (1-Cl) as compared
to the difference between an amide and the four nitrogen chelates (1-N(TMS)2).

Figure 3.4. Zero field Mössbauer spectrum of {nn(PM)2}FeCl (1-Cl). Fit parameters:
δ = 0.99(1) mms–1, ΔEQ = 3.42(1) mms-1, FWHM = 0.35(1) mms-1.
3.2.3. {nn(PM)2}FeN3
Treatment of {nn(PM)2}FeCl with 1.0 equiv NaN3 at room temperature
afforded {nn(PM)2}FeN3 (1-N3) as a sparingly soluble orange-yellow material after 4
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days (Eq. 3.3). Recrystallization from THF/pentane allowed isolation of orangeyellow plates in 53% yield, and 1H NMR analysis revealed a spectrum consistent with
the expected Cs symmetry of 1-N3. Proton chemical shifts are listed in Table 3.2 and
show the three resonances (δ -82.18, β-diketiminate CH; δ 40.07, py- CH;

(3.3)

Eq. 3.3.1-N3.
δ 53.45, py-CH) characteristic of {nn(PM)2}FeX complexes. IR spectroscopy revealed
a νNNN of 2062 cm-1, further supporting the formation of 1-N3.
The synthesis of an iron azide from 1-N3 was attempted, but photolysis or
thermolysis of 1-N3 with or without Lewis acid additives generated only tan insoluble
material. One could imagine that photolysis of 1-N3 would form the desired FeIV
nitride transiently, which could then undergo inter- or intramolecular H-atom
abstraction from the methylene position of the ligand backbone to achieve a more
stable FeII configuration (Scheme 3.3). However, the insolubility of the resulting tan
material precluded spectroscopic characterization. Attempts to obtain single crystals
for X-ray analysis are currently ongoing. Initial attempts at photolysis and thermolysis

Scheme 3.3. Possible reaction cascade for the photolysis of 1-N3. Here, for simplicity
H-atom transfer (HAT) is shown as an intramolecular event.

122

of 1-N3 in the presence of H-atom sources such as 9,10-dihydroanthracene and 1,3cyclohexadiene have revealed no H-atom transfer, implying that if H-atom transfer is
occurring, abstraction from the ligand framework is faster than from the organic
additive.
3.3.

Synthesis of {nn(PM)(PI)}FeLLꞌm (L = Lꞌ = PMe3, m = 0, 1+, 2+; L =

PMe3, Lꞌ = CO, m = 0) complexes
3.3.1. {nn(PM)(PI)}Fe(PMe3)2
Because {nn(PM)2}FeN(TMS)2 (1-N(TMS)2) was prone to thermal
degradation with concomitant loss of HN(TMS)2, it was conceivable that
dehydroamination could be triggered in a controlled fashion. Exposure of 1-N(TMS)2
to an excess of PMe3 in C6H6 resulted in a color change from orange-red to deep
purple-red and release of HN(TMS)2, and new diamagnetic species was observed by
1

H NMR spectroscopy. Thirteen resonances were seen in the 1H NMR spectrum,

indicating a desymmetrization of the nn(PM)2 ligand backbone via deprotonation of a
methylene CH to generate {nn(PM)(PI)}Fe(PMe3)2 (2-(PMe3)2) (Eq. 3.4). Chemical

(3.4)

Eq. 3.4. 2-(PMe3)2.
shifts of 2-(PMe3)2 are listed in Table 3.7. Of note are the chemical shifts of the imine
proton (e, δ 6.47) and the β-diketiminate proton (f, δ 4.99), both of which are shifted
upfield, indicating a significant degree of electron density on the ligand backbone. The
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doubly deprotonated ligand is in the -2 oxidation state, consistent with observed 1H
NMR resonances, and the 18 e- FeII metal center is electronically saturated.

Figure 3.5. Zero field Mössbauer spectrum of {nn(PM)(PI)}Fe(PMe3)2 (2-(PMe3)2).
Fit parameters: δ = 0.32(1) mms–1, ΔEQ = 0.69(1) mms-1, FWHM = 0.32(1) mms-1.
Zero-field Mössbauer data were acquired for 2-(PMe3)2 and are presented in
Figure 3.5. The quadrupolar splitting (ΔEQ) of 0.69(1) mms-1 is quite low compared to
that of 1-N(TMS)2 and 1-Cl (2.84(1) and 3.42(1), respectively) suggesting a much
more symmetric electric field about the nucleus, as expected for a complex with
pseudo-octahedral geometry about the metal center. Unfortunately an isomer shift of
0.32(1) mms-1 is not characteristic of any one iron oxidation and spin state, but is
outside the range expected for high-spin FeII complexes.89-91 Therefore, δ = 0.32
mms-1 could correspond to low- or intermediate-spin Fe0, FeI, or FeII and exact
determination is largely dependent on coordination environment.
X-ray analysis was carried out (Figure 3.6) and confirmed the formulation of
2-(PMe3)2. The molecule is pseudo octahedral, with angles of 96.7° (ave) and 176.8°
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(ave) (Table 3.3). Bond distances support the dianionic nature of the ligand backbone,
as the d(C10-C11) of 1.381 Å is within the range expected of a double bond93 and
significantly contracted relative to a standard C(sp2)-C(sp2) single bond. The d(N4C11) in the pyridine ring is slightly elongated (1.3972 Å), implicating additional
electron density in the backbone. In addition, the β-diketiminate portion of the
backbone is roughly symmetric, with d(N2-C7) = 1.3453 Å and d(N3-C9) = 1.3303 Å,
and d(C7-C8) = 1.393 Å and d(C8-C9) = 1.416 Å, lending credence to the
representation of 2-(PMe3)2 illustrated in Eq. 3.4. The Fe-N core distances are normal
and within the range expected for low-spin octahedral complexes. It is important to
note that the well-established metric parameters of related pyridine-imine ligand94-96
(Figure 2.2) are not applicable here, as charge delocalization into the β-diketiminate
framework attenuates the metric differences between each oxidation state.97-101

Figure 3.6. Molecular structure of 2-(PMe3)2. Phosphine methyl groups and selected
hydrogen atoms are omitted for clarity.
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Table 3.3. Selected interatomic distances and bond angles for 2-(PMe3)2. Distances in
bold refer to computed values.
Selected Bond Distances (Ǻ)
Selected Bond Angles (°)
Fe1-N1
Fe1-N2
Fe1-N3
Fe1-N4
Fe1-P1
Fe1-P2
N4-C11

1.9749(11)
1.9487(11)
1.9648(11)
1.9913(11)
2.2737(4)
2.2629(4)
1.3972(17)

2.010
1.973
1.979
2.025
2.362
2.344
1.404

N1-Fe1-N2
N2-Fe1-N3
N3-Fe1-N4
N4-Fe1-N1
N1-Fe1-P1
N1-Fe1-P2
N2-Fe1-P1

82.81(4)
93.58(4)
83.05(4)
100.91(4)
87.39(3)
93.18(3)
91.04(4)

C11-C10
C10-N3
N3-C9
C9-C8
C8-C7
C7-N2

1.3810(19)
1.3931(17)
1.3303(17)
1.416(2)
1.393(2)
1.3453(17)

1.384

N2-Fe1-P2
N3-Fe1-P1
N3-Fe1-P2
N4-Fe1-P1
N4-Fe1-P2
N1-Fe1-N3
N2-Fe1-N4
P1-Fe1-P2

89.85(4)
87.22(3)
92.26(3)
92.64(3)
86.45(3)
173.45(4)
174.88(5)
178.996(15)

1.388
1.329
1.427
1.394
1.349

To further probe the electronic structure of 2-(PMe3)2, calculations were
carried out on the molecule. Calculated bond distances are listed in bold in
Table 3.3 and match up well with experiment, and a truncated molecular orbital
diagram is given in Figure 3.7. The ligand and metal d-orbitals are quite similar in
energy, and a weak interaction between the Fe dxz and a {nn(PM)(PI)} πb orbital
results in bonding and antibonding orbitals that are ~50% metal-based and ~50%
ligand-based. Along with the filled dxy and dyz orbitals, these two orbitals comprise a
filled “t2g” set corresponding to a d6 FeII metal center. The HOMO is a doubly
occupied {nn(PM)(PI)} π* orbital, confirming the dianionic nature of the ligand, and is
well below the empty dz2 and dx2-y2 orbitals in energy.
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Figure 3.7. Truncated molecular orbital diagram of {nn(PM)(PI)}Fe(PMe3)2 (2(PMe3)2) showing a ligand π*-localized HOMO and two molecular orbitals comprised
of ~50% Fe dxz and ~50% {nn(PM)(PI)} πb.
3.3.2. [{nn(PM)(PI)}Fe(PMe3)2](PF6)
To probe the redox capabilities of {nn(PM)(PI)}, 2-(PMe3)2 was treated with
1.0 equiv Cp2FePF6 in THF to yield thermally-unstable brown crystals of
[{nn(PM)(PI)}Fe(PMe3)2](PF6) (2+-(PMe3)2) (Eq. 3.5). Evans Method magnetic
measurements85,86 revealed a μeff of 1.6 (μspin-only = 1.73 μβ), fully consistent with the
expected S = ½ spin state.
Zero-field Mössbauer data for 2+-(PMe3)2 are given in Figure 3.8. The
spectrum consists of two sets of Kramer’s doublets, one corresponding to 2+-(PMe3)2
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(3.5)

Eq. 3.5. 2+-(PMe3)2.
and one corresponding to a compound arising from thermal degradation of 2+-(PMe3)2.
The high isomer shift (δ = 1.05 mms-1) and large quadrupole splitting (ΔEQ = 3.29
mms-1) of the degradation product (Figure 3.8, blue trace) are quite similar to the
parameters obtained for 1-N(TMS)2 (δ = 0.96(1) mms-1, ΔEQ = 2.84(1) mms-1) and 1Cl (δ = 0.99(1) mms-1, ΔEQ = 3.42(1) mms-1) and are clearly indicative of a high-spin
FeII metal center with significant asymmetry. The isomer shift δ = 0.35(1) mms-1 and
quadrupole splitting ΔEQ = 0.52(1) mms-1 of 2+-(PMe3)2 are very similar to 2-(PMe3)2
(δ = 0.32(1) mms-1, ΔEQ = 0.69(1) mms-1), demonstrating substantial similarity at the
metal center for the two complexes. The Mössbauer data support the formulation of
2+-(PMe3)2 as an FeII metal center with a singly reduced ligand backbone,
[{nn(PM)(PI)}−FeII(PMe3)2]+, suggesting the one electron oxidation shown in Eq. 3.5
is a ligand-based redox event.89-91
Although clearly a decomposition product is present in samples of 2+-(PMe3)2
(Figure 3.8), the observed impurity is a high-spin FeII complex and is unlikely to
exhibit an X-band EPR spectrum. Therefore, clean EPR data were acquired for
2+-(PMe3)2 and are presented in Figure 3.9. A fit of the data revealed a rhombic field
with g1 = 2.014, g2 = 2.036, and g3 = 2.125. The average giso = 2.058 is somewhat
similar to that of a free electron and can be interpreted as a ligand-based radical with
substantial metal character. However, a metal-based SOMO with a sizeable amount of
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Figure 3.8. Zero field Mössbauer spectrum of [{nn(PM)(PI)}Fe(PMe3)2](PF6) (2+(PMe3)2) with ~20% degradation product. Fit parameters: δ = 0.35(1) mms–1, ΔEQ =
0.52(1) mms-1, FWHM = 0.36(1) mms-1 (2+-(PMe3)2, red trace, ~80%); δ = 1.05(1)
mms–1, ΔEQ = 3.29(1) mms-1, FWHM = 0.35(1) mms-1 (Degradation product, blue
trace, ~20%).
ligand character cannot be ruled out, and in either depiction, the SOMO is clearly
highly covalent.102-106 Hyperfine coupling is observed for g3 to the two phosphorus
nuclei (A3 = 256 MHz), as expected for two PMe3 ligands in a pseudo-octahedral

Figure 3.9. X-band EPR spectrum of [{nn(PM)(PI)}Fe(PMe3)2](PF6) (2+-(PMe3)2) in
DME glass (0.5 mM, 8.954 GHz). Hyperfine coupling is observed with two equivalent
31
P nuclei (A3 = 256 MHz).

129

environment.
X-ray analysis was carried out on a single crystal of 2+-(PMe3)2, and the
resulting crystal structure is illustrated in Figure 3.10. Two independent molecules
were found in the asymmetric unit, with bond distances and angles equivalent within
3σ. Selected average parameters are presented in Tables 3.4 and 3.5. Unfortunately

Figure 3.10. Molecular structure of one of the identical molecules in the asymmetric
unit of 2+-(PMe3)2. One PF6 counterion, phosphine methyl groups, and selected
hydrogen atoms are omitted for clarity.
Table 3.4. Selected interatomic distances for 2+-(PMe3)2. Distances are average values
of the two independent molecules in the asymmetric unit (identical within 3σ).
Selected Bond Distances (Ǻ)
Selected Bond Distances (Ǻ)
Fe1-N1
Fe1-N2

2.006(4)
1.944(4)

Fe1-N4
Fe1-N3

1.998(4)
1.939(4)

Fe1-P1
C3-C2
C2- N2
N2- C6
C6- C7
C7- N1

2.280(2)
1.391(7)
1.340(6)
1.396(6)
1.445(7)
1.363(6)

Fe1-P2
C3-C4
C4-N3
N3- C12
C12- C13
C13- N4

2.271(2)
1.388(7)
1.333(6)
1.404(6)
1.453(7)
1.359(6)

130

Table 3.5. Selected bond angles for 2+-(PMe3)2. Angles are average values of the two
independent molecules in the asymmetric unit (identical within 3σ).
Selected Bond Angles (°)
Selected Bond Angles (°)
N1-C7-C6
C7-C6-N2
C6-N2-C2
N2-C2-C3

115.7(4)
113.0(4)
119.3(4)
122.2(4)

N4-C13-C12
C13-C12-N3
C12-N3-C4
N3-C4-C3

115.8(4)
113.3(5)
118.6(4)
122.3(5)

disorder renders bond distance analysis difficult: bond distances and angles for the
methylene and imine sides of the molecule are identical within error. Assuming the
observed distances arise from a 1:1 average of methylene and imine sides of the
{dmp(PM)(PI)} ligand and that methylene distances remain constant between
2-(PMe3)2 and 2+-(PMe3)2, the pyridine imine bond distances of 2+-(PMe3)2 can be
estimated (Table 3.6). Comparison of metric parameters with the imine half of
2-(PMe3)2 (Table 3.3) suggests that the {nn(PM)(PI)} ligand is not bis-reduced.
Due to the difficulty in interpretation of metric parameters of 2+-(PMe3)2, DFT
calculations on the molecule were carried out. Calculated bond distances for the imine
half of the molecule are presented in Table 3.6 (ital.) and agree quite well with those
estimated from the disordered structure in Figure 3.10. The molecule is a low-spin FeII
complex with a SOMO that is ~95% ligand in character. A partial MO diagram is
given in Figure 3.11 (center) with correlation to the orbitals of 2-(PMe3)2 shown. The
orbital energies decrease upon increasing oxidation, but the relative orbital ordering
remains unchanged and an electron has clearly been removed from a ligand π* orbital
to afford an FeII metal center bound to a mono-reduced {nn(PM)(PI)} ligand. The
proximity of the ligand-based SOMO to metal d-orbitals of the same symmetry allow
for a slight degree of mixing, accounting for the metal character implicated by EPR
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Table 3.6. Determination of metric parameters for imine fragment of 2+-(PMe3)2 from
known parameters of 2-(PMe3)2 (Table 3.3). Values in italics were determined from
DFT calculations of 2+-(PMe3)2.

Methylene/Imine
C6-C5/C6-C7
C5-N4/C7-N8
N4-C3/N8-C9
C3-C2/C9-C10
C2-N1/C10-N11

2-(PMe3)2
(Methylene) (Å)
1.393
1.345
1.435
1.483
1.359

2+-(PMe3)2
(Average) (Å)
1.390
1.337
1.400
1.449
1.361

2+-(PMe3)2
(Imine, calculated) (Å)
1.387 (1.39)
1.329 (1.35)
1.365 (1.34)
1.415 (1.41)
1.363 (1.37)

studies. However, the π-type interaction with the two equivalent PMe3 groups does not
account for the high phosphorous hyperfine coupling value of 256 Hz, suggesting
either coupling derived from spin polarization and other effects or error in the
computed SOMO composition.107-109
3.3.3. [{nn(PM)(PI)}Fe(PMe3)2](BAr4F)2
A second oxidation of {nn(PM)(PI)}Fe(PMe3)2 (2-(PMe3)2) was achieved
through treatment of 2-(PMe3)2 with 2.0 equiv AgBAr4F (BAr4F = B[3,5CF3(C6H3)]4)110 to yield the lime green [{nn(PM)(PI)}Fe(PMe3)2](BAr4F)2 in high
yield (70%) (Eq. 3.6). The diamagnetic dication exhibited 14 resonances in the 1H
NMR spectrum, listed in Table 3.7. Protons bound to carbons within the βdiketiminate and pyridine-imine framework are shifted significantly downfield relative
to 2-(PMe3)2. In particular, the imine CH (δ = 8.95) and β-diketiminate CH (δ = 6.47)
protons are shifted 1.5 – 2.5 ppm downfield (δ = 6.47 and 4.99, respectively, for
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Figure 3.11. Partial molecular orbital diagrams for 2-(PMe3)2, 2+-(PMe3)2, and 22+(PMe3)2. Broken symmetry calculations were carried out on 2+-(PMe3)2; orbital
energies given are an average of α and β magnetic orbitals.
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(3.6)

Eq. 3.6. 22+-(PMe3)2.

2-(PMe3)2), indicative of a significant decrease in ligand-localized electron density for
22+-(PMe3)2. Thus, NMR data are consistent with a neutral ligand framework bound to a
FeII metal center.
Zero-field Mössbauer data were acquired for 22+-(PMe3)2 and are presented in
Figure 3.12. The isomer shift of δ = 0.33(1) mms-1 and quadrupole splitting ΔEQ =
0.25(1) mms-1 are very similar to the Mössbauer parameters of 2-(PMe3)2 and
2+-(PMe3)2 (δ = 0.32(1) mms-1, ΔEQ = 0.69(1) mms-1, 2-(PMe3)2; δ = 0.35(1) mms–1,
ΔEQ = 0.52(1) mms-1, 2+-(PMe3)2) and offer strong evidence of very similar iron
environments among the three redox species. Because the metals in 2-(PMe3)2 and
2+-(PMe3)2 are low-spin FeII centers, 22+-(PMe3)2 is also presumably low-spin FeII.
Thus, Mössbauer data offer evidence for redox events that are solely ligand-based.89-91
22+-(PMe3)2 was highly crystalline and large single crystals were easily
obtained from THF/pentane for X-ray analysis. Unfortunately although a decent set of
data were obtained, refinement proved difficult due to a large degree of disorder. The
current model is illustrated in Figure 3.13. Disorder is observed for the CF3 groups in
the two BAr4F counterions as well as cocrystalized solvent, and a full-molecule
disorder is observed for the dication, rendering bond distance and angle determination
inaccessible. As it is unlikely that future models would solve these issues, refinement
of the data set was abandoned.
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Figure 3.12. Zero field Mössbauer spectrum of [{nn(PM)(PI)}Fe(PMe3)2](BAr4F)2
(22+-(PMe3)2. Fit parameters: δ = 0.33(1) mms–1, ΔEQ = 0.25(1) mms-1, FWHM =
0.24(1) mms-1.
In the absence of meaningful structural data, calculations were carried out on
22+-(PMe3)2 and resulting geometry-optimized structural parameters are presented in
Figure 3.14 alongside calculated parameters for 2-(PMe3)2 and 2+-(PMe3)2. The
calculated distances for the β-diketiminate/pyridine imine fragment of 22+-(PMe3)2 are
indicative of a neutral ligand, as the distances within the pyridine-imine portion approach
those of previously tabulated pyridine imine ligands with d(Nim-Cim) = 1.30 Å, d(Cim-Cpy)
= 1.44 Å, d(Cpy-Npy) = 1.36 Å for 22+-(PMe3)2 vs. d(Nim-Cim) = 1.28 Å, d(Cim-Cpy) = 1.47
Å, d(Cpy-Npy) = 1.35 Å for (pyridine-Imine)0 (Figure 2.2).94-96 Metal-ligand bond distances
elongate slightly upon oxidation due to a decreased electrostatic interaction from
diminished charge on the ligand framework.111,112 As expected, bond distances within the
methylene-pyridine portion of the ligand remain unchanged upon sequential oxidation.
A partial MO diagram for 22+-(PMe3)2 is presented in Figure 3.11 (right).
Consistent with NMR and Mössbauer data, oxidation of 2+-(PMe3)2 results in removal of
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Figure 3.13. View of the incomplete model of [{nn(PM)PI}Fe(PMe3)2](BAr4F)2 (22+(PMe3)2 (left) and overlay showing the full molecule (dication) disorder (right).
an electron from the ligand-localized SOMO, corresponding to a {nn(PM)(PI)}0/low-spin
FeII configuration. Sequential oxidations of 2-(PMe3)2 are ligand-based and the iron metal
center remains throughout in the +2 oxidation state.
3.3.4. {nn(PM)(PI)}Fe(PMe3)CO
One phosphine group of 2-(PMe3)2 was quite labile, and exposure of a solution
of 2-(PMe3)2 to 1 atm CO resulted in ligand exchange to quantitatively form
{nn(PM)(PI)}Fe(PMe3)CO (2-(PMe3)CO), with a characteristic carbonyl stretching
frequency of νCO = 1912 cm-1 (Eq. 3.7). Exposure of 2-(PMe3)CO to excess PMe3
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Figure 3.14. Calculated bond distances for {nn(PM)(PI)}Fe(PMe3)2 (2-(PMe3)2)
(red), [{nn(PM)(PI)}Fe(PMe3)2]+ (2+-(PMe3)2) (brown), and
[{nn(PM)(PI)}Fe(PMe3)2]2+ (22+-(PMe3)2) (green).
under vacuum allowed for regeneration of 2-(PMe3)2, demonstrating the reversibility
of Eq. 3.7. 1H NMR spectroscopy revealed 14 resonances in the diamagnetic region,
consistent with the expected Cs-symmetric 2-(PMe3)CO, and chemical shifts are listed

(3.7)

Eq. 3.7. 2-(PMe3)CO.
in Table 3.7. The NMR shifts of 2-(PMe3)CO are remarkably similar to those of the
related 2-(PMe3)2, indicating a very similar ligand environment for the two
compounds. Indeed, the six-coordinate 2-(PMe3)CO must necessarily consist of a
dianionic ligand chelated to FeII to maintain an 18 e- count at the metal center.
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Mössbauer data were acquired for 2-(PMe3)CO (Figure 3.15) and reveal a very
low isomer shift of δ = 0.08 mms-1 (δ = 0.32 mms-1 for 2-(PMe3)2). Because πwithdrawing species such as carbonyl ligands tend to reduce isomer shifts due to a
contraction of the metal-ligand bonds, the low δ = 0.08 mms-1 of 2-(PMe3)CO is still
fully consistent with an FeII metal center bound to a carbonyl ligand with nonnegligible π- backbonding.89-91,113-116 The quadrupole splitting of ΔEQ = 0.37 mms-1 is
suggestive of highly symmetric electric field about the metal center, consistent with
octahedral geometry.

Figure 3.15. Zero field Mössbauer spectrum of {nn(PM)(PI)}Fe(PMe3)CO (2(PMe3)CO. Fit parameters: δ = 0.08(1) mms–1, ΔEQ = 0.37(1) mms-1, FWHM = 0.31(1)
mms-1.
3.4.

Synthesis of {nn(PM)(PI)}FeL (L = PMe3, CO) complexes

3.4.1. {nn(PM)(PI)}Fe(PMe3)
In addition to facile ligand substitution, 2-(PMe3)2 could easily undergo
dissociation of the labile phosphine in the absence of an additional donor ligand.
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Table 3.7. 1H NMR data (δ, coupling (mult, J) in Hz) of 2-(PMe3)2, 22+-(PMe3)2, 2(PMe3)CO, and 2-(PMe2Ph)2 acquired in C6D6 (a) or THF-d8 (b) in a 400 MHz
spectrometer.

Compound

2-(PMe3)2a

22+-(PMe3)2b

2-(PMe3)COa

2-(PMe2Ph)2a

a/m

b/l

c/k

d /j

e

f

g

h

i

7.51

5.77

6.60

6.39

6.47

4.99

2.09

2.28

4.14

(d, 6)
8.80
(d, 6)
8.67
(d, 6)
8.71
(d, 6)
7.79
(d, 6)

(t, 6)
6.17
(t, 6)
7.82
(t, 6)
7.63
(t, 6)
5.54
(t, 7)

(t, 7)
6.61
(t, 6)
8.12
(t, 7)
8.10
(t, 7)
6.13
(t, 7)

(d, 7)
6.39
(d, 8)
7.68
(d, 7)
7.93
(d, 7)
6.24
(d, 7)

8.95

6.47

2.40

2.39

5.21

6.41

4.98

2.13

2.08

4.68

8.01
(d, 7)
7.59
(d, 6)
8.52
(d, 6)

6.15
(t, 7)
5.91
(t, 6)
6.12
(t, 6)

6.52
(t, 7)
6.68
(t, 6)
6.09
(t, 6)

6.55
(d, 7)
6.81
(d, 8)
6.48
(d, 8)

6.93

5.47

2.46

2.11

3.54

Repeated exposure of a C6D6 solution of 2-(PMe3)2 to vacuum resulted in a color
change from purple to red-brown as a new set of resonances in the diamagnetic region
appeared by 1H NMR, consistent with loss of 1 equiv PMe3 to form
{nn(PM)(PI)}Fe(PMe3) (3-PMe3). 3-PMe3 could be prepared independently through
treatment of 1-N(TMS)2 with 1.0 equiv PMe3 (Scheme 3.4). The 1H NMR resonances
of 3-PMe3 are given in Table 3.10. The complex is pseudo-CS symmetric and rapidly
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Scheme 3.4. Synthesis of 3-PMe3.
exchanges PMe3 in solution, as the two methylene protons appear chemically
equivalent. Due to this rapid exchange, addition of small amounts of additional
phosphine to 3-PMe3 led to immediate formation of 2-(PMe3)2 with a 1H NMR
spectrum that was a weighted average of 3-PMe3 and 2-(PMe3)2. This phenomenon is
clearly illustrated in Figure 3.17, in which increasing amounts of phosphine shift the
resonances characteristic of 3-PMe3 towards those of 2-(PMe3)2. Unsurprisingly,
treatment of 3-PMe3 with 1 atm CO resulted in the quantitative formation of
2-(PMe3)CO. 3-PMe3 was fairly sensitive, and decomposed in solution at 23 °C over
~ 1 d to a virtually insoluble brown powder with release of PMe3.
One could imagine three different electronic configurations available to
3-PMe3, illustrated in Figure 3.16. The ligand may remain dianionic upon PMe3 loss
and bind a FeII metal center (right), or the ligand could reduce iron by one or two
electrons and bind to a FeI or Fe0center, respectively (Figure 3.16 center, left). Several
of the 1H NMR resonances observed for 2-(PMe3)2 shift significantly downfield upon
loss of phosphine to form 3-PMe3, suggestive of reduced electron density on the

Figure 3.16. Possible electronic configurations for 3-PMe3.
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Figure 3.17. Transition from 3-PMe3 to 2-(PMe3)2 upon addition of excess PMe3.

C6D6

P(CH3)3

ligand framework in 3-PMe3 and a more reduced iron center. In particular, the imineCH shifts from δ 6.47 in 2-(PMe3)2 to δ 7.24 in 3-PMe3 and the β-diketiminate-CH
shifts from δ 4.99 in 2-(PMe3)2 to δ 5.82 in 3-PMe3, However, variation of the
coordination environment via conversion from a 6-coordinate to a 5-coordinate
species could also alter the observed chemical shifts of 3-PMe3.
Mössbauer data for 3-PMe3 (Figure 3.18) reveal a fairly large ΔEQ of 1.62
mms-1, consistent with a 5-coordinate species with a moderate degree of asymmetry in
the electric field about the iron center. The isomer shift of δ = 0.17 mms-1 is low
relative to 2-(PMe3)2 (δ = 0.32 mms-1) and could be indicative of shorter metal-ligand
bond lengths, corresponding to a more oxidized metal center in 3-PMe3. However, as
with the NMR data discussed previously, Mössbauer spectroscopy is highly sensitive
to minor changes in coordination environment90 and the small difference in isomer
shift between the two compounds could simply be a reflection of differing
coordination geometries about the metal center, thus, it is difficult to make a definitive
argument for one particular electron configuration.
3.4.1. {nn(PM)(PI)}FeCO
Analogous to the reaction shown in Scheme 3.4, repeated exposure of a
solution of 2-(PMe3)CO to vacuum resulted in selective loss of PMe3 to generate
{nn(PM)(PI}FeCO (3-CO) as shown in Scheme 3.5. Unfortunately, complete
conversion to 3-CO was never observed, and an alternate synthesis was sought out.
Gratifyingly, the internal deprotonation of 1-N(TMS) did not require strong σ-donors
to initiate, and deprotonation was elicited through treatment with 1 atm CO to generate
3-CO in high yield (79%).
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Figure 3.18. Zero field Mössbauer spectrum of {nn(PM)(PI)}Fe(PMe3) (3-PMe3). Fit
parameters: δ = 0.17(1) mms–1, ΔEQ = 1.62(1) mms-1, FWHM = 0.34(1) mms-1.
The 1H NMR spectrum of 3-CO was quite similar to that of 3-PMe3, and
chemical shifts are listed in Table 3.10. In contrast to 3-PMe3, ligand exchange of
3-CO was slow and two resonances corresponding to the diastereotopic methylene
protons were observed. As with 3-PMe3, resonances corresponding to the imine-CH
and β-diketiminate-CH protons (δ = 7.73 and 6.31, respectively) were shifted

Scheme 3.5. Synthesis of 3-CO.
~1 – 2 ppm downfield relative to the 6-coordinate complexes 2-(PMe3)2 and
2-(PMe3)CO (Table 3.7) suggesting a similar electronic configuration for both 3-PMe3
and 3-CO.
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To further probe the electronic structure of 3-CO, Mössbauer data were
acquired and are presented in Figure 3.19. Fit parameters are comparable to 3-PMe3,
suggestive of a similar oxidation state and coordination environment for both
compounds. The quadrupole splitting of ΔEQ = 1.13 mms-1 is consistent with a
5-coordinate species and is slightly lowered relative to 3-PMe3 (ΔEQ = 1.62) due to the
increased similarity between the nitrogen-based chelate and CO relative to PMe3. The
isomer shift of δ = 0.14 mms-1 is again slightly lower than that of 3-PMe3, presumably
due to presence of a π-withdrawing ligand (vide supra). Isomer shifts of ~ 0.0 – 0.3
mms-1 have been observed for a variety of iron carbonyl compounds in both the +2
and +0 oxidation states,89-91,117-120 so again definitive assignment of the iron oxidation
state in 3-CO is difficult.

Figure 3.19. Zero field Mössbauer spectrum of {nn(PM)(PI)}FeCO (3-CO). Fit
parameters: δ = 0.14(1) mms–1, ΔEQ = 1.13(1) mms-1, FWHM = 0.31(1) mms-1.
IR spectroscopy of 3-CO revealed a νCO = 1879 cm-1, significantly lowered
relative to free CO (νCO = 2143 cm-1). Surprisingly, the CO stretching frequency of
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3-CO is lower than that of 2-(PMe3)CO (νCO = 1912 cm-1). One might expect that the
6-coordinate 2-(PMe3)CO would produce a lower νCO due to a greater degree of
electron density at the metal center, which would permit a greater degree of πbackdonation into the carbonyl ligand. Presumably, the presence of a strong trans
ligand in 2-(PMe3)CO elongates the Fe-CO bond relative to 3-CO and decreases
overlap, reducing the amount of π-backbonding available to 2-(PMe3)CO and
increasing the νCO. This proposal was borne out computationally: the d(Fe-C) in
a.

b.

Figure 3.20. Principle π-backbonding orbitals of 3-CO (a) and 2-(PMe3)CO (b).
2-(PMe3)CO was computed as 0.08 Å longer than that of 3-CO. The HOMO-1
orbitals, which constitute the principle π-backbonding orbitals of 3-CO and
2-(PMe3)CO, are illustrated in Figure 3.20. A greater degree of Fe-CO π-overlap is
clearly seen for 3-CO (left), leading to the lower νCO observed experimentally.
3.5.

Alternate synthesis of {nn(PM)(PI)}FeLn (L = PMe2Ph, n = 2; L =

PMePh2, PPh3, n = 1) complexes
3.5.1. {nn(PM)(PI)}Fe(PMe2Ph)2
An alternative synthetic route to preparation of {nn(PM)(PI)}FeLn complexes
allowed study of the tendency to adopt either 5-coordinate or 6-coordinate geometries.
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(3.8)

Eq. 3.8. Li2{nn(PM)(PI)}
The purple Li2{nn(PM)(PI)} salt could be prepared through treatment of H{nn(PM)2}
with 2.0 equiv nBuLi at low temperatures (Eq. 3.8). Li2{nn(PM)(PI)} was quite
thermally sensitive and decomposed to a brown solid at 23° C, but was indefinitely
stable at -30° C in the solid state.
Addition of Li2{nn(PM)(PI)} to a slurry of FeBr2(THF)2 in the presence of
excess PMe2Ph in THF resulted in formation of a new Cs-symmetric product,
formulated as {nn(PM)(PI)}Fe(PMe2Ph)2 (2-(PMe2Ph)2) (Eq. 3.9). 1H NMR chemical
shifts are listed in Table 3.7, and are quite similar to the other 6-coordinate complexes
2-(PMe3)2 and 2-(PMe3)CO. Because 2-(PMe2Ph)2 was likely similar electronically to
the 6-coordinate 2-(PMe3)2 and 2-(PMe3)CO, further study was not pursued.

(3.9)

Eq. 3.9. 2-(PMe2Ph)2.
3.5.2. {nn(PM)(PI)}Fe(PMePh2)
The synthetic method illustrated in Eq. 3.9 could be expanded to installation of
a variety of different phosphines as supporting ligands. Unexpectedly, treatment of
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FeBr2(THF)2 with Li2{nn(PM)(PI)} in the presence of the slightly less σ-donating
PMePh2 resulted in the formation of 5-coordinate {nn(PM)(PI)}Fe(PMePh2)
(3-PMePh2), even with a vast excess of phosphine (Eq. 3.10). This is an intriguing
result, as it clearly demonstrates the effect of minor electronic changes in the
peripheral ligands on the electronics at the metal center. Strong σ-donors such as PMe3

(3.10)

Eq. 3.10. 3-PMePh2.
and PMe3Ph were capable of six-coordination, but replacement of a single methyl
group with phenyl to weaken the σ-donating ability of the phosphine and improve πbackbonding ability rendered 3-PMePh2 unable to adopt the same six-coordination.
The 1H NMR resonances corresponding to 3-PMePh2 are listed in Table 3.10,
and bear a striking similarity to the other 5-coordinate compounds described above.
Despite the inability of 3-PMePh2 to bind a 6th ligand, the complex must undergo rapid
phosphine exchange in solution as the methylene-CH protons appeared equivalent by
1

H NMR. 3-PMePh2 exhibited the characteristic downfield-shifted imine-CH (δ =

8.03) and β-diketiminate-CH (δ = 6.45), again suggestive of increased ligand-based
electron density for 3-PMePh2 relative to the 6-coordinate species (Table 3.7).
3-PMePh2 was prone to phosphine loss, and in solution at 23°C in the absence
of added phosphine, formed an insoluble material over several days. In the solid state,
at 23°C 3-PMePh2 reacted over weeks to generate a new sparingly soluble
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paramagnetic complex that appeared CS-symmetric by 1H NMR, tentatively
formulated as a {nn(PM)2}FeX species due to similarity in solubility and NMR
spectral signatures with 1-Cl and 1-N3. Presumably, during degradation of 3-PMePh2,
an equivalent of phosphine dissociated and the pyridine-imine arm of the ligand

Figure 3.21. 1H NMR spectrum of diamagnetic product arising from oxidation of
material formed upon gradual degradation of 3-PMePh2.
backbone underwent H-atom abstraction to regenerate the symmetric {nn(PM)2}
framework. Treatment of this paramagnetic material with one equiv AgBAr4F afforded
a sparingly soluble diamagnetic complex featuring 4 inequivalent methyl groups and 4
inequivalent pyridine rings. The 1H NMR spectrum of this new complex in THF-d8 is
given in Figure 3.21. The new species forms quite cleanly, and from other oxidativelyinduced C-C coupling events observed in these laboratories,1-6 is tentatively
formulated as a dimer generated through C-C coupling at the ligand backbone.
Unfortunately, application of 2-dimensional NMR correlation methods was
unsuccessful in determination of the complete molecular structure of the new species
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and, because the compound could not be synthesized rationally from 1-L and oxidant,
further study of the complex was not pursued.
Zero-field Mössbauer data were acquired to aid in the electronic structure
determination of 3-PMePh2 and are displayed in Figure 3.22. The degradation product
is clearly evident as a small percentage of the total sample (11%, blue trace).
Mössbauer parameters of the degradation product (δ = 1.12(1) mms-1, ΔEQ = 3.12(1)
mms-1) are consistent with a 5-coordinate high-spin FeII complex, as expected for a
species of the type {nn(PM)2}FeX. The quadrupole splitting of 3-PMePh2 (ΔEQ =
1.67(1) mms-1) is on par with that expected of a 5-coordinate pseudo-square pyramidal
complex. The isomer shift (δ = 0.39(1) mms-1) is higher than that of 3-CO (δ = 0.14),
as predicted upon removal of the strongly π-withdrawing CO ligand, but is also
significantly higher than that of 3-PMe3 (δ = 0.17(1) mms-1). This difference can be

Figure 3.22. Zero field Mössbauer spectrum of {nn(PM)(PI)}Fe(PMePh2) (3-PMePh2)
with ~11% degradation product. Fit parameters: δ = 0.39(1) mms–1, ΔEQ = 1.67(1)
mms-1, FWHM = 0.27(1) mms-1 (3-PMePh2, red trace, ~89%); δ = 1.12(1) mms–1, ΔEQ
= 3.12(1) mms-1, FWHM = 0.36(1) mms-1 (Degradation product, blue trace, ~11%).
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rationalized through consideration of steric strain: the PMePh2 ligand of 3-PMePh2 is
slightly larger than the PMe3 of 3-PMe3 (ϴ(PMe3) = 118° vs. ϴ(PMePh2) =
136°).121Thus, the d(Fe-P) distance would be elongated in 3-PMePh2 and, because
larger Fe-L distances result in higher isomer shifts,90 δ should be greater for
3-PMePh2. Although the isomer shift of 3-PMePh3 falls in a region that could
correspond to a variety of oxidation and spin states (vide supra), δ = 0.39(1) mms-1 is
fully consistent with a low-spin FeII metal center.
Due to its inability to bind a 6th ligand, 3-PMePh2 was significantly easier to
synthesize cleanly than the related 3-PMe3 and crystalline material suitable for X-ray
analysis could be obtained. The resulting structure is presented in Figure 3.23, and
relevant parameters are given in Table 3.8. The geometry about the metal center is
pseudo-square pyramidal, with an Addison parameter92 of τ = 0.37. The d(Fe-Nim)
distances are 1.8847(11) and 1.9197(11) Å and the d(Fe-Npy) distances are 1.9389(10)
and 1.9746(10) Å, contracted 0.02 – 0.06 Å relative to 2-(PMe3)2. This core distance
contraction is likely due to the lower coordination number of 3-PMePh2, which allows
for less steric hindrance about the metal center.
The bond distances in the ligand framework listed in Table 3.8 are quite
similar to the corresponding distances in 2-(PMe3)2 (Table 3.3) and indeed, many of
the distances are identical within 3σ. Additionally, the experimentally determined
metric parameters of 3-PMePh2 match up well to those calculated for {nn(PM)(PI)}2shown in Figure 3.14. These data are clearly indicative of a doubly reduced ligand
bound to a 16 e- FeII metal center. Thus, the downfield chemical shifts of the
5-coordinate 3-L species are most likely reflective of a general decrease in
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Figure 3.23. Molecular structure of 3-PMePh2. Selected hydrogen atoms are omitted
for clarity.
Table 3.8. Selected interatomic distances and bond angles for 3-PMePh2.
Selected Bond Distances (Ǻ)

Selected Bond Angles (°)

Fe1-N1
Fe1-N2
Fe1-N3
Fe1-N4
Fe1-P1
N3-C13
C13-C12

1.8847(11)
1.9197(11)
1.9379(10)
1.9746(10)
2.1630(3)
1.4075(14)
1.382(2)

N1-Fe1-N2
N2-Fe1-N3
N3-Fe1-N4
N4-Fe1-N1
N1-Fe1-P1
N2-Fe1-P1
N3-Fe1-P1

93.26(5)
82.35(5)
98.94(4)
83.77(5)
103.00(3)
93.32(3)
103.39(3)

C12-N2
N2-C4
C4-C3
C3-C2
C2-N1

1.3705(16)
1.3591(17)
1.385(2)
1.409(2)
1.336(2)

N4-Fe1-P1
N1-Fe1-N3
N2-Fe1-N4

90.35(3)
153.45(4)
175.72(4)
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152
Semi-empirical from equivalents
0.8325 and 0.7505
Full-matrix least-squares on F2
6086 / 0 / 327
R1 = 0.0266, wR2 = 0.0685
R1 = 0.0324, wR2 = 0.0719
.358 and -0.237

1.84 to 31.00
-32<=h<=32, -10<=k<=13, 36<=l<=31
55921

Semi-empirical from equivalents
0.9060 and 0.7520

Full-matrix least-squares on F2
17064 / 0 / 679
1.026

R1 = 0.0355, wR2 = 0.0840

R1 = 0.0573, wR2 = 0.0937
0.382 and -0.312

θ limits, deg

Absorption Correction
Max. and Min.
Transmission
Refinement Method

Data/Restraints/Params.

Goodness-of-Fit on F2

Final R Indeces [I>2σ(I)]

R Indices (all data)
Largest Diffraction Peak
and Hole (e- Å)

Reflections Collected

Index Ranges

1.86 to 28.28
-13<=h<=13, -21<=k<=19, 16<=l<=20
23781

0.71073

1.02

0.71073

0.525 and -0.412

R1 = 0.0613, wR2 = 0.10

R1 = 0.0437, wR2 = 0.0956

1.012

8329 / 0 / 694

Full-matrix least-squares on F2

0.9811 and 0.8617

Semi-empirical from equivalents

1.29 to 23.53
-19<=h<=19, -38<=k<=40, 9<=l<=9
50336

0.71073

183(2)

Data Collection and Refinement

Wavelength (λ), Å

173(2)

173(2)

Temp, K

C23H36F6FeN4P3
631.32
Orthorhombic
P2(1)2(1)2
8
17.6532(14)
35.819(3)
8.8940(7)
90
90
90
5623.9(8)
1.491
0.767
2616
0.20 x 0.15 x 0.03

Crystal Data
C23H37FeN5Si2
495.61
Monoclinic
P2(1)/n
8
22.344(4)
9.5554(14)
25.374(4)
90
98.763(5)
90
5354.4(15)
1.230
0.672
2112
0.45 x 0.30 x 0.15

Formula
Formula Weight
Crystal System
Space Group
Z
a, Å
b, Å
c, Å
α, deg
β, deg
γ, deg
Volume, Å3
D (calc.), g/cm3
Absorption coeff., mm-1
F(000)
Crystal Size, mm

C23H36FeN4P2
486.35
Monoclinic
P2(1)/c
4
10.1579(8)
16.4764(12)
15.0780(11)
90
103.175(3)
90
2457.1(3)
1.315
0.761
1032
0.40 x 0.30 x 0.25

0.620 and -0.452

R1 = 0.1371, wR2 = 0.2260

R1 = 0.0773, wR2 = 0.1968

1.331

8011 / 2 / 1153

Full-matrix least-squares on F2

0.9880 and 0.8889

Semi-empirical from equivalents

1.40 to 23.58
-32<=h<=32, -21<=k<=20, 27<=l<=27
33715

0.71073

203(2)

C53.75H44.75BF23.50Fe0.50N2Pa
1234.87
Monoclinic
C2/c
8
28.799(2)
18.8777(11)
24.191(3)
90
125.079(2)
90
10762.5(17)
1.524
0.302
5006
0.40 x 0.40 x 0.04

0.381 and -0.231

R1 = 0.0256, wR2 = 0.0591

R1 = 0.0233, wR2 = 0.0580

1.006

7723 / 1 / 438

Full-matrix least-squares on F2

0.8196 and 0.6821

Semi-empirical from equivalents

2.86 to 34.40
-25<=h<=25, -15<=k<=10, 22<=l<=22
15608

0.71073

193(2)

C30H31FeN4P
534.41
Monoclinic
C2
4
17.4724(6)
10.0996(3)
14.5690(5)
90
101.8790(10)
90
2515.85(14)
1.411
0.690
1120
0.60 x 0.40 x 0.30

Table 3.9. Structural comparison of 1-N(TMS)2, 2-(PMe3)2, 2+-(PMe3)2, 22+-(PMe3)2,b and 3-PMePh2. a Empirical formula. b Structural
refinement is incomplete.

Figure 3.24. Truncated molecular orbital diagram of {nn(PM)(PI)}Fe(PMePh2 (3PMePh2 showing a primarily ligand π-localized HOMO with ~20% dz2 contribution and
two highly mixed molecular orbitals comprised of Fe dyz and {nn(PM)(PI)}.
electron density at the metal center rather than a formal oxidation state change of the
ligand. The changes in Mössbauer isomer shift between five-coordination and sixcoordination are most likely a consequence of changing coordination environment
rather than formal iron oxidation state change.
Calculations were carried out on 3-PMePh2, and the resulting truncated
molecular orbital diagram is presented in Figure 3.24. The calculated orbitals are more
covalent than those of 2-(PMe3)2 (Figure 3.7), and many of the frontier orbitals show
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highly mixed compositions. The HOMO is primary (~80%) ligand based, with a minor
(~20%) metal dz2 contribution. The remainder of dz2 is in a high-energy σ* orbital with
slight ligand character. There are two filled orbitals of pure metal character and two
filled mixed orbitals arising from a combination of dyz and ligand for a total of six
metal-based electrons. 3-PMePh2 is best construed as a 16 e-, FeII metal center with a
dianionic chelate, similar to the configuration of 2-(PMe3)2. The remainder of the
truncated molecular orbital diagram is comparable to that of 2-(PMe3)2, reflective of
the similar electronic behavior of the two complexes.
3.5.3. {nn(PM)(PI)}Fe(PPh3)
To determine the scope of {nn(PM)(PI)}FeL complexes possible,
Li2{nn(PI)(PM)} was treated with FeBr2(THF)2 in the presence of excess PPh3.
Unsurprisingly, at 23°C a new diamagnetic complex was observed by 1H NMR,
consistent with the formation of {nn(PM)(PI)}FePPh3 (3-PPh3) (Eq. 3.11). 1H NMR
chemical shifts are listed in Table 3.10, and match up very well to the previously
described 5-coordinate complexes.
3-PPh3 was quite prone to degradation and, in polar solvents such as THF
without excess phosphine present, decomposed within minutes with concomitant
phosphine loss. In nonpolar solvents such as C6H6, degradation was decelerated, but

(3.11)

Eq. 3.11. 3-PPh3.
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Table 3.10. 1H NMR data (δ, coupling (mult, J) in Hz) of 3-PMe3, 3-CO, 3-PMePh2,
and 3-PPh3 acquired in C6D6 (a) or THF-d8 (b) in a 400 MHz spectrometer.

Compound

3-PMe3b

3-COb

3-PMePh2 a

3-PPh3a

a/m

b/l

c/k

d /j

e

f

g

h

i

7.89

5.74

6.34

6.71

7.24

5.82

2.45

2.48

4.48

(d, 6)
7.43
(d, 8)
8.43
(d, 6)
8.95
(d, 6)
8.46
(d, 6)
9.26

(t, 6)
7.42
(t, 7)
6.34
(t, 6)
6.28
(t, 6)
6.59
(t, 6)
6.17

(t, 7)
7.13
(t, 6)
6.65
(t, 6)
6.90
(t, 6)
6.91
(t, 6)
6.58

(d, 8)
9.35
(d, 6)
6.36
(d, 6)
7.34
(d, 7)
7.45
(d, 6)
6.90

7.73

6.31

2.64

2.11

8.03

6.45

2.70

3.60
(d, 21)
4.21
(d, 21)
2.27 3.20

(d, 6)
8.78
(d, 7)
9.47
(d, 7)

(t, 6)
6.07
(t, 7)
6.82
(t, 7)

(t, 6)
6.63
(t, 7)
6.83
(t, 7)

(d, 8)
6.97
(d, 8)
7.41
(d, 8)

7.20

6.23

2.35

2.29

3.96

nonetheless complete decomposition was observed over 6 h. As a result, 3-PPh3 could
not be separated completely from excess PPh3 for isolation.
The relative instability of 3-PPh3 perhaps hints at the necessity of strong σdonors to stabilize the {nn(PM)(PI)}Fe core. Indeed, attempts at the same salt
metathesis of Li2{nn(PM)(PI)} with FeBr2(THF)2 in the presence of different L-type
donors such as olefins, alkynes, and cyanides resulted in intractable reaction mixtures,

155

typically with concomitant production of copious amounts of insoluble precipitate.
3.6.

Reactivity of {nn(PM)2}FeX, {nn(PM)(PI)}FeLL’, and {nn(PM)(PI)}FeL

complexes
3.6.1. {nn(PM)2}FeX
Attempts at triggering the internal deprotonation of {nn(PM)2}FeN(TMS)2
(1-N(TMS)2) with non-phosphine L-type donors was carried out to minimal success.
1-N(TMS)2 was unreactive with respect to olefins such as ethylene and reacted
nonspecifically with alkynes such as 2-butyne to generate intractable reaction mixtures
with copious amounts of insoluble precipitate. Unsurprisingly, the gradual heating of
1-N(TMS)2 in the presence of N2 resulted in thermal degradation rather than formation
of a dinitrogen complex. Reaction with 3,3-diphenylcyclopropene to generate an iron
alkylidene complex through deprotonation and cyclopropene ring-opening resulted
only in recovery of starting materials after 2 d at 23°C. Attempts at alkylation or
oxidative addition were similarly unsuccessful. Reaction with HBr and HBAr4F∙2 Et2O
(BAr4F = B(3,5-(CF3)2C6H3)4)122 allowed for the synthesis of the corresponding
{nn(PM)2}FeX (X = Br, BAr4F) complexes, but these reactions were not as clean as
the corresponding synthesis of {nn(PM)2}FeCl (1-Cl) from 1-N(TMS)2 and HCl(g), so
further isolation and study was not pursued.
Because reaction of 1-N(TMS)2 with 1 equiv PMe3 cleanly generated 3-PMe3,
and 3-CO was easily synthesized under analogous conditions, attempts to generate
different 5-coordinate phosphines via the same route were carried out. Unfortunately,
treatment of 1-N(TMS)2 with 1.0 equiv PMe2Ph resulted in consumption of only 0.5
equiv 1-N(TMS)2 and formation of the bis-phosphine {nn(PM)(PI)}Fe(PMe2Ph)2
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(3.12)

Eq. 3.12. 2-PMe2Ph again.
(2-(PMe2Ph)2) (Eq. 3.12). Comproportionation to generate the mono-phosphine
complex {nn(PM)(PI)}FePMe2Ph was not observed after 3 days at 23 °C. Because
both stronger and weaker σ-donors/π-acceptors could successfully stabilize the
{nn(PM)(PI)}FePR2R’ framework (3-PMe3 and 3-PMePh2), one would conclude that
the proposed{nn(PM)(PI)}FePMe2Ph is a stable, isolable compound as well.
Presumably, the mono-phosphine is not observed because comproportionation of
2-(PMe2Ph)2 and 1-(N(TMS)2 occurs more slowly than thermal decomposition of
1-N(TMS)2. Slightly weaker σ-donors such as PPh3 were unable to trigger internal
deprotonation, as was the strong donor PtBu3, presumably due to a prohibitively high
steric barrier (Tolman’s electronic parameter (ν) = 2056.1 cm-1, Tolman’s cone angle
(ϴ) = 182° for PtBu3 vs. ν = 2064.1 cm-1, ϴ = 118° for PMe3).121
Treatment of 1-N(TMS)2 with excess 2,6-dimethylphenylisocyanide did induce
internal deprotonation and resulted in the formation of {nn(PM)(PI)}Fe(2,6(Me)2C6H3NC)2. As separation of excess isocyanide from the reaction mixture proved
difficult, and chemical reactivity was expected to be similar to that of related 2-LL’
complexes, further investigations were not carried out. Treatment of 1-N(TMS)2 with
nitriles (CH3CN, tBuCN) resulted in rapid decomposition of the iron amide starting
material with release of HN(TMS)2 and formation of copious amounts of insoluble
precipitate.
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Attempts to synthesize an iron alkyl species of the form {nn(PM)2}Fe(alk)
from {nn(PM)2}FeCl (1-Cl) were met with limited success: treatment of 1-Cl with 1.0
equiv MeLi at -78°C followed by gradual warming afforded a deep blue complex at
-50°C that, unfortunately, darkened to brown and precipitated out of THF solution at
temperatures above -30°C (Scheme 3.6). The thermal sensitivity of the putative

Scheme 3.6. Reaction of 1-Cl with MeLi to form 2-(PMe3)2.
{nn(PM)2}FeMe precluded isolation and characterization, but addition of PMe3 to the
blue solution at -50°C allowed for the generation of 2-(PMe3)2 with release of CH4.
While this result supports the transient formation of {nn(PM)2}FeMe, it is important
to note that the possibility of a bimolecular deprotonation with MeLi is not excluded.
Indeed, treatment of 1-Cl with 1.0 equiv LiN(TMS)2 did not result in the formation of
1-N(TMS)2, but treatment of 1-Cl with Li(N(TMS)2 in the presence of PMe3 allowed
the generation of 2-(PMe3)2 in low yield.
3.6.2. {nn(PM)2}FeLL’
One could imagine that {nn(PM)(PI)}FeLL’ species could stabilize “FeIV”
complexes via redox noninnocence of the {nn(PM)(PI)} fragment as shown in Scheme
3.7. It has been hypothesized that a metal alkylidene complex with a d-count of 4 or
less (i.e., FeIV) is necessary for olefin metathesis,123 so the synthesis of a “masked
FeIV” alkylidene was targeted. Unfortunately, treatment of 2-(PMe3)2 with carbene
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Scheme 3.7. Possible stabilization of “FeIV” via redox noninnocence of {nn(PM)(PI)}.
transfer reagents such as TMS(H)CN2, Ph2CN2,124 and 3,3-diphenylcyclopropene125,126
resulted in decomposition of starting materials. Similar attempts at alkylation with
MeI or oxidative addition with I2 and Br2 resulted in formation of intractable reaction
mixtures and precipitation of unidentified solids. A mixed strategy of oxidation with
Ph3CCl followed by alkylation with neopentyllithium was similarly unsuccessful.
In lieu of clean chemistry at the iron metal center, reactivity at the ligand
backbone was explored. Treatment of 2-(PMe3)2 with base in an attempt to
deprotonate the pyridine-methylene fragment of {nn(PM)(PI)} resulted in generation
of copious amounts of unidentified insoluble precipitate. Similarly, treatment with Hatom transfer reagents to transform the pyridine-imine fragment to a pyridinemethylene group resulted only in recovery of starting materials.
3.6.3. {nn(PM)2}FeL
One explanation for the lack of clean reactivity for 2-(PMe3)2 was coordinative
saturation: for chemical transformations to occur at the metal center, a bound
phosphine would first have to dissociate. Given that phosphines are very good
ligands,127 dissociation of PMe3 followed by substrate coordination and reaction was
unlikely. Indeed, 2-(PMe3)2 was entirely unreactive with respect to H2, olefins, and
alkynes. However, although {nn(PM)PI)}FePMe3 (3-PMe3) was similarly unreactive
with respect to H2 (only decomposition to 2-(PMe3)2 and unidentified insoluble
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byproducts was observed after 3 d), reaction of 3-PMe3 with excess ethylene resulted
in partial conversion to a new diamagnetic product, consistent with formation of
{nn(PM)(PI)}Fe(C2H4). Ethylene binding was quite weak, and any attempt to isolate
the putative 5-coordinate species resulted in ligand loss and reformation of 3-PMe3.
With evidence of ethylene binding, {nn(PM)(PI)}Fe(C2H4) could be considered as a
potential olefin hydrogenation catalyst, but treatment of 3-PMe3 with excess ethylene
under a hydrogen atmosphere resulted only in formation of the adduct
{nn(PM)(PI)}Fe(C2H4) and 2-(PMe3)2.
The addition of 3,3-diphenylcyclopropene to 3-PMe3 was conducted with the
hope of generating a vinyl alkylidene iron species, but decomposition of starting
materials was noted. Attempts at synthesizing an iron imido species via reaction of
3-PMePh2 with adamantly azide also failed. Treatment of 3-PMe3 with alkylating
agents resulted in formation of intractable mixtures similar to those observed during
alkylation attempts of 2-(PMe3)2.
Because 2-(PMe3)2 was shown to undergo clean oxidative chemistry, attempts
towards the oxidation of 3-PMe3 and 3-PMePh2 were carried out. However, treatment
of either starting material with Ag+ or Cp2Fe+ reagents resulted in formation of green
or brown insoluble precipitates and isolation of a clean oxidation product was
unsuccessful.
Fortunately, treatment of 3-CO with 1.0 equiv 3,3-diphenylcyclopropene did
result in the clean generation of a new C1-symmetric diamagnetic species as observed
by 1H and 13C NMR. Surprisingly, the cyclopropene reagent did not react at the metal
center to form an iron alkylidene complex, but rather, reaction likely occurred at the
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{nn(PM)(PI)} ligand backbone. The observed νCO of 1869 cm-1 is quite similar to that
of 3-CO (νCO = 1879 cm-1) suggestive of a 5-coordinate species. Unfortunately the
high solubility of the reaction product in organic solvents precluded study via X-ray
crystallography, and precise connectivity in the complete molecular structure could
not be determined from 1H/13C correlation techniques.
Because clean reaction with 3,3-diphenylcyclopropene was observed for 3-CO,
further attempts to elicit clean chemistry from 3-CO were carried out. Treatment of
3-CO with 1.0 equiv MeI in THF resulted in the precipitation of a highly insoluble
bright yellow powder with a single νCO = 1942 cm-1 (Eq. 3.13). One could imagine
alkylation at two positions, either at the iron metal center or the electrophilic imine
carbon as illustrated in Eq. 3.13. The IR stretching frequency was somewhat similar to
that of 2-(PMe3)CO (νCO = 1912 cm-1) and suggests six-coordination, but cannot
distinguish between a methyl or iodide group in the position trans to the carbonyl.
Unfortunately, the insolubility of the alkylated product prevented study via NMR
analysis, and suitable crystals for X–ray analysis proved elusive. Attempts to generate

(3.13)

Eq. 3.13. Alkylation of 3-CO.
a more soluble product through reaction with larger linear alkyl halides or attempts at
metathesis to replace the iodide ligand with a bulkier counterion resulted only in the
same yellow precipitate. Without proper characterization, formulation of the alkylated
product shown in Eq. 3.13 is only tentative.
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Similar to the reactivity observed for 2-LL’ and other 3-L species, treatment
with group transfer reagents such as Ph2CN2 or TMSN3 failed to produce the desired
alkylidene or imido complexes. H-atom transfer was not observed with
dihydroanthracene, and attempts at deprotonation of the pyridine-methylene fragment
of 3-CO resulted in production of intractable reaction mixtures and copious amounts
of insoluble precipitate.
3.7.

The role of redox-noninnocence in chemical reactivity
Many attempts towards utilizing the redox noninnocence of {nn(PM)(PI)}

through extraction of the ligand-based electrons were carried out, with minimal
success. The {nn(PM)(PI)} chelate remained dianionic in most complexes, and
oxidative chemical transformations resulted in degradation. The only complex
prepared with {nn(PM)(PI)} in the neutral oxidation state was the dication
[{nn(PM)(PI)}Fe(PMe3)2](BAr4F)2, which was presumably stabilized with respect to
degradation via its electronic saturation and relative insolubility in organic solvents.
Thus, one could imagine that the electrons stored in {nn(PM)(PI)}2- were inaccessible
due to the relative instability of {nn(PM)(PI)}0.
To rationalize the lack of redox-noninnocent behavior of {nn(PM)(PI)}, it is
useful to consider several examples of how redox-noninnocence potentially enables
unique reactivity. Heyduk et al. have shown that use of a redox-noninnocent trianionic
trisamide (NNN) chelated to ZrIV or TaV has allowed for mediation of group transfer
reactions to organic substrates.128-133 Figure 3.25a illustrates the transfer of a nitrene
fragment from an organic azide to tBuNC with a (NNN)ZrCl(CNtBu) catalyst (A).
Formation of the metal imido intermediate (B) occurs through ligand oxidation, while
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a.

b.

Figure 3.25. Proposed mechanisms for nitrene transfer from organic azides to
isonitriles (a)128-133 and intramolecular [2 π +2 π] cycloaddition of dienes (b).147
zirconium remains in the ZrIV state. Insertion into the pendant isonitrile is followed by
reductive elimination, which again occurs via ligand reduction and allows zirconium
to remain in the ZrIV oxidation state (C). External isocyanide then displaces the newly
formed carbodiimide product to regenerate the catalyst (A). In its reduced state (A, C),
the NNN ligand exists as an 18 e-, 4n+2 π system.134 In its oxidized form (B) the NNN
ligand is intrinsically unstable as a 4n π system,134 but is stabile with respect to
reduction by the chelated zirconium because ZrIV is a d0 metal center and, hence, has
no d-electrons with which to reduce the ligand.
The 2,6-pyridinediimine (PDI) system developed by Chirik et al. provides
another set of examples in which the PDI ligand allows mediation of chemistry that
may not be accessible by more conventional methods,135-146 and the intramolecular
[2 π +2 π] cycloaddition of dienes is illustrated in Figure 3.25b.147 Again, the redoxnoninnocence of the PDI ligand is invoked, albeit in a different manner than the
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example in Figure 3.25a. The diene substrate coordinates to the active catalytic species
(D) to form an FeII intermediate (E). In these intermediates, the dianionic PDI is an
unstable 12-e- 4n π system, but is conferred electrostatic stabilization through
coordination to an FeII metal center. The reductive cyclization event occurs, in which
ligand oxidation affords a stable (PDI)0 10 e- 4n+2 π system (F). Elimination of the
cyclized product regenerates the catalyst (D). Although the redox processes in the
catalytic cycle cannot be definitively proven in this case, ample physical and
computational characterization for these complexes certainly support the redoxnoninnocence of PDI.
It is probable that {nn(PM)(PI)} cannot assist in mediation of the redox
processes described above because, although certainly capable of redox-noninnocence,
{nn(PM)(PI)} is too stable in its dianionic form as a 4n+2 π system with electrostatic
stabilization through coordination to an FeII center. The neutral form of {nn(PM)(PI)}
is relatively unstable with a 12 e- 4n π system chelated to a reducing Fe0 metal center

.
Scheme 3.8. Hypothetical X2 oxidative addition to 3-L.
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(Scheme 3.8 top). As shown in Scheme 3.8, the hypothetical oxidative addition of X2
to {nn(PM)(PI)}FeLn results in formation of an unstable 4n π ligand framework. The
electrostatic stabilization afforded by coordination to an FeII center must not be
capable of stabilizing the oxidized product to the extent necessary for productive
chemistry. In addition, the oxidized product {nn(PM)(PI)}FeX2 may access the
{nn(PM)(PI)}-/FeIII electronic configuration, allowing for other degradative pathways
such as C-C bond forming reactions observed in related systems.1-6
The (NNN) system developed by Heyduk et al. is quite similar to the
{nn(PM)(PI)} system developed here in that both ligands are most stable in their
reduced state and electrostatically stabilized through coordination to a charged metal
center. The success of (NNN) in mediating oxidative processes can be rationalized
through two considerations: because the Heyduk system operates with early transition
metals, the energetic tradeoff of a trisamide donor for two nitrogen lone-pair donors,
an amide group, and an imido group at the d0 metal center is minimal. In contrast, for
{nn(PM)(PI}FeLn the formation of an iron imido at a d6 metal center cannot
compensate energetically for loss of the dianionic chelate. In addition, the neutral
ligand in the oxidation product {nn(PM)(PI)}FeX2 is not stable with respect to redox
chemistry. Because the {nn(PM)(PI)}-/FeIII configuration is accessible (cf.
intermediate B, Figure 3.25a), additional degradative pathways may account for the
lack of clean reactivity observed for {nn(PM)(PI)}FeLn.
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Conclusion
A tetradentate β-diketiminate-based ligand incorporating two pyridinemethylene units was successfully synthesized and metallated with
Fe(N(TMS)2)2(THF) to generate {nn(PM)2}FeN(TMS)2 (1-N(TMS)2). 1-N(TMS)2
could be further derivatized to form {nn(PM)2}FeX (X = Cl, N3). One of the
methylene fragments of the ligand backbone was prone to facile deprotonation and
allowed synthesis of {nn(PM)(PI)}FeLL’ (LL’ = (PMe3)2, (PMe2Ph)2, (PMe3)CO;
2-LL’) and {nn(PM)(PI)}FeL (L = PMe3, PMePh2, PPh3, CO; 3-L). Structural,
spectroscopic, and computational methods suggest these species exist as FeII metal
centers bound to {nn(PM)(PI)}2-, with a strong degree of metal-ligand covalency.
Oxidation studies on 2-(PMe3)2 showed two successive ligand-based 1e- oxidations, a
result supported by computational studies. The complexes 2-LL’ and 3-L were
unsuccessful at productively mediating the chemical transformations screened here,
but offer insight into the role of redox noninnocence in chemical transformations.
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Experimental
General Considerations. All manipulations were performed using either
glovebox or high vacuum line techniques under an inert atmosphere. All glassware
was oven dried. THF and ether were distilled under nitrogen from purple sodium
benzophenone ketyl and vacuum transferred from the same prior to use. Hydrocarbon
solvents were treated in the same manner with the addition of 1-2 mL/L tetraglyme.
Benzene-d6 was heated to reflux over sodium to dry and vacuum transferred from
freshly cut sodium prior to use. THF-d8 was dried over sodium and vacuum
transferred from sodium benzophenone ketyl prior to use. Fe{N(TMS)2}2(THF),51
HBAr4F∙2 Et2O,148 AgBAr4F (BAr4F = B[3,5-CF3(C6H3)]4),149 Ph2CN2,150 and 3,3diphenylcyclopropene151,152 were prepared according to literature procedures. Lithium
bis(trimethylsilyl)amide was purchased from Aldrich and recrystallized from hexanes
prior to use. CO (Matheson) was dried via passage through dry ice traps. All other
chemicals were commercially available and used as received.
All NMR spectra were obtained on Varian INOVA 400, Varian INOVA 500,
Varian INOVA 600, and Varian Mercury 300 spectrometers. Chemical shifts are
reported relative to benzene-d6 (1H, δ 7.16; 13C{1H}, δ 128.39) THF-d8 (1H, δ 3.58;
13

C{1H}, δ 67.57) and multidimensional techniques were conducted using INOVA

software affiliated with the spectrometers. Solution magnetic measurements were
conducted via Evans' method.52 Elemental analyses were performed by Complete
Analysis Laboratories, Inc. (E & R Microanalytical Division), Parsippany, New
Jersey, and at the University of Erlangen-Nuremberg, Germany.
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Synthesis. 1. H{nn(PM)2}. a. pyCH2(NHCMeCHCOMe). A 100 mL flask was

charged with 2,4-pentane-dione (4.00 g, 39.9 mmol), MgSO4 (2.40 g, 20 mmol) and
20 mL CH2Cl2. A solution of 2-picolylamine (4.32 g, 39.9 mmol) in 20 mL CH2Cl2
was added dropwise over 5 minutes at 23°C. The mixture was allowed to stir an
additional 2 h at 23°C, then filtered and concentrated to a golden oil in vacuo to yield
7.10 g (37.3 mmol, 93 %) of pure ketoenamine, pyCH2(NHCMeCHCOMe). 1H NMR
(CDCl3, 400 MHz): δ1.82 (s, CH3, 3 H), 1.92 (s, CH3, 3H), 4.47 (d, J = 6 Hz, CH2,
2H), 4.96 (s, nacnac-CH, 1 H), 7.07 (dd, J = 5, 8 Hz, py-CH, 1 H), 7.15 (d, J = 8 Hz,
py-CH, 1 H), 7.55 (t, J = 8 Hz, py-CH, 1 H), 8.44 (d, J = 5 Hz, py-CH, 1 H), 11.16 (br
s, NH, 1 H). b. H2{nn(PM)2}BF4. A 100 mL flask with dropping funnel and 180°
needle valve were flame-dried under vacuum. The apparatus was backfilled with Ar
and pyCH2(NHCMeCHCOMe) (7.00 g, 36.8 mmol) was added under Ar. The
apparatus was evacuated and 25 mL dry CH2Cl2 was added via vacuum transfer. The
addition funnel was charged with Et3OBF4 (6.99 g, 36.8 mmol) in 20 mL dry CH2Cl2
under an Ar counterflow and the reaction flask was cooled to -78°C. The Et3OBF4
solution was added dropwise over 15 minutes and allowed to stir an additional 30
minutes at -78°C. The reaction flask was then allowed to warm to 23°C while stirring
another 30 minutes, during which time a thick tan precipitate formed. The addition
funnel was then charged with 2-picolylamine (3.98 g, 36.8 mmol) in 15 mL dry
CH2Cl2, and the solution was added to the reaction mixture dropwise at 23°C over 30
minutes. During this addition, the solution turned briefly dark red and the precipitate
slowly dissolved. The reaction mixture was allowed to stir at 23°C for 16 hours, over
which time the solution turned brown and a bright yellow powder precipitated out of
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solution. The precipitate was collected via filtration to yield pure H2{nn(PM)2}BF4
(4.08 g, 11.1 mmol, 30 %). 1H NMR (DMSO-d6, 400 MHz): δ2.43 (s, CH3, 6 H), 4.51
(s, CH2, 4H), 5.23 (s, nacnac-CH, 1 H), 7.25 (d, J= 8 Hz, py-CH, 1 H), 7.30 (dd, J = 5
Hz, 8 Hz, py-CH, 1 H), 7.73 (t, J = 8 Hz, py-CH, 1 H), 8.48 (d, J = 5 Hz, py-CH, 1 H),
9.52 (br s, NH, 1 H). c. H{nn(PM)2}. A 100 mL glass bomb reactor was charged with
H2{nn(PM)2}BF4 (4.00g, 10.8 mmol), KH (0.434g, 10.8 mmol), and 30 mL THF. The
vessel was evacuated, sealed, and heated to 60°C for 24 hours, over which time H2
was evolved and the solution turned pale orange. THF was removed in vacuo and the
crude reaction mixture was taken up in dry C6D6, filtered, and concentrated to dryness
to yield 2.53g (9.0 mmol, 83%) of H{nn(PM)2} as a pale orange solid. 1H NMR
(C6D6, 400 MHz): δ2.26 (s, CH3, 6 H), 4.34 (s, CH2, 4H), 5.07 (s, nacnac-CH, 1 H),
7.08 (d, J = 8 Hz, py-CH, 1 H), 7.12 (dd, J = 5, 8 Hz, py-CH, 1 H), 7.55 (t, J = 8 Hz,
py-CH, 1 H), 8.31 (d, J = 5 Hz, py-CH, 1 H), 9.34 (br s, NH, 1 H).
2. {nn(PM)2}FeN(TMS)2 (1-N(TMS)2). In an N2 dry-box, a 100 mL flask
was charged with Fe(N(TMS)2)2(THF) (800. mg, 1.78 mmol) and benzene (15 mL). A
solution of H{nn(PM)2} (500. mg, 1.78 mmol) in 10 mL C6H6 was added dropwise
while stirring over 3 min at 23°C, over which time the solution changed from pale
green to an intense cherry red. The solution was stirred 1 h at 23°C, and solvent was
removed in vacuo. Pentane (25 mL) was added via vacuum transfer and the red
mixture was filtered. The filter cake was washed with (8 x 20 mL) pentane. The
solution was concentrated to 10 mL, cooled to -78°C, filtered, and dried in vacuo to
yield 480. mg (0.969 mmol, 54%) of thermally-sensitive red crystalline 1-N(TMS)2.
H NMR (C6D6, 400 MHz): δ -80.10 (ν1/2 ≈ 450 Hz, nacnac-CH, 1H), -2.45 (ν1/2 ≈ 70 Hz, py-
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CH, 2H), 0.42 (ν1/2 ≈ 200 Hz, CH3, 6H), 10.75 (ν1/2 ≈ 380 Hz, CH2, N(Si(CH3)3)2, 22 H), 33.38
(ν1/2 ≈ 125 Hz, py-CH, 2H), 49.17 (ν1/2 ≈ 110 Hz, py-CH, 2H), 96.27 (ν1/2 ≈ 1380 Hz, py-CH,
2H). Anal. Calc’d for C23H37N5Si2Fe: C, 55.74%; H, 7.53%; N, 14.13%. Found: C, 55.58%, H,
7.38%, N, 14.33%. μeff (Evans’ Method, C6D6, 293 K) = 5.3 μB.

3. {nn(PM)2}FeCl (1-Cl). A 25 mL flask charged with 1-N(TMS)2 (150. mg,
0.303 mmol) and equipped with a calibrated 110 mL gas bulb was evacuated and 5
mL C6H6 was added via vacuum transfer. The gas bulb was charged with 50 torr of
HCl (0.30 mmol) and opened to the reaction flask at 23°C. Upon exposure to HCl, a
small amount of orange-yellow precipitate formed from the red benzene solution. The
reaction was allowed to stir an additional 18 h, and the solvent was removed in vacuo.
The crude reaction mixture was slurried in 5 mL Et2O, filtered, and washed with cold
Et2O (3 x 1 mL) to remove unreacted 1-N(TMS)2. 1-Cl was obtained as a yellow
powder (62 mg, 0.17 mmol, 57%). 1H NMR (THF-d8, 400 MHz): δ -84.28 (ν1/2 ≈ 270
Hz, nacnac-CH, 1H), -0.05 (ν1/2 ≈ 34 Hz, py-CH, 2H), 1.57 (ν1/2 ≈ 30 Hz, CH2, 4 H),
5.10 (ν1/2 ≈ 120 Hz, CH3, 6H), 38.26 (ν1/2 ≈ 80 Hz, py-CH, 2H), 51.87 (ν1/2 ≈ 95 Hz,
py-CH, 2H), 146.27 (ν1/2 ≈ 770 Hz, py-CH, 2H). Anal. Calc’d for C17H19N4ClFe: C,
55.09%; H, 5.17%; N, 15.12%. Found: C, 54.09%, H, 5.12 %, N, 14.18%. μeff (Evans’
Method, THE-d8, 293 K) = 5.3 μB.
4. {nn(PM)2}FeN3 (1-N3). A 4 dram vial was charged with 1-Cl (44 mg, 0.12
mmol), NaN3 (8 mg, 0.1 mmol), and 10 mL THF. The vial was capped and the
solution was stirred for 4 d, turning from yellow to orange-yellow over time. The
reaction mixture was filtered, concentrated to dryness, and orange crystalline 1-N3 was
obtained from a saturated THF solution layered with pentane (24 mg, 0.064 mmol,
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53%). 1H NMR (THF-d8, 400 MHz): δ -82.18 (ν1/2 ≈ 278 Hz, nacnac-CH, 1H), 1.29
(ν1/2 ≈ 20 Hz, CH2, 4 H), 5.93 (ν1/2 ≈ 95 Hz, CH3, 6H), 40.07 (ν1/2 ≈ 105 Hz, py-CH,
2H), 53.45 (ν1/2 ≈ 100 Hz, py-CH, 2H), 133.05 (ν1/2 ≈ 945 Hz, py-CH, 2H), 156.09
(ν1/2 ≈ 675 Hz, py-CH, 2H). Anal. Calc’d for C17H19FeN7: C, 54.13%; H, 5.08%; N,
25.99%. Found: C, 52.79%, H, 4.89 %, N, 23.74%. μeff (Evans’ Method, THF-d8, 295
K, 1 trial) = 5.3 μB. IR (nujol): 2062 cm-1 (NNN).
5. {nn(PM)(CHPy)}Fe(PMe3)2 (2-(PMe3)2). A 50 mL flask was charged with
1-N(TMS)2 (400. mg, 0.807 mmol) and 20 mL benzene, and PMe3 (0.5 mL, 5 equiv)
was added via vacuum transfer. The reaction was stirred at 23°C for 24 h, and the
cherry-red solution darkened to a deeper magenta-red. The reaction mixture was
concentrated to dryness, and 15 mL pentane and 0.5 mL PMe3 were added via vacuum
transfer. The solution was filtered, and the filter cake was washed with five 10 mL
portions of pentane. The solution was concentrated to 8 mL, cooled to -78°C, and
filtered to afford 280. mg (0.576 mmol, 71%) of deep purple 2-(PMe3)2 upon drying in
vacuo. 1H NMR (C6D6, 400 MHz): δ 0.66 (d, J = 6 Hz, s, 18 H), 2.09 (s, g, 3 H), 2.28
(s, h, 3H), 4.14 (s, i, 2H), 4.99 (s, f, 1 H), 5.77 (t, J = 6 Hz, b, 1 H), 6.17 (t, J = 6 Hz, l,
1 H), 6.39 (d, J = 8 Hz, j, 1 H), 6.47 (s, e, 1 H), 6.53 (d, 6 Hz, d, 1H), 6.60 (t, 6 Hz, c,
1H), 6.61 (t, 6 Hz, k, 1H), 7.51 (d, J = 6 Hz, a, 1 H), 8.80 (d, J = 6 Hz, m, 1 H). 13C
NMR (C6D6, 100 MHz): δ 13.33 (s), 22.10 (g), 22.26 (h), 62.70 (i), 96.28 (f), 100.87
(b), 108.78 (e), 112.80 (d), 117.81 (j), 120.83 (l), 125.06 (c), 129.41 (k), 136.56 (p),
149.43 (q), 150.61 (a), 153.90 (n), 155.41 (m), 169.92 (o). 31P NMR (C6D6, 162
MHz): δ19.6 (s, ν1/2 ≈ 60 Hz). Anal. Calc’d for C23H36N4P2Fe: C, 56.80%; H, 7.46%;
N, 11.52%. Found: C, 56.95%, H, 7.31%, N, 11.47%.
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6. [{nn(PM)(PI)}Fe(PMe3)2][PF6] (2+-(PMe3)2). In an N2 dry-box, a 4-dram
vial was charged with 2-(PMe3)2 (30. mg, 0.062 mmol) and 2 mL THF. A 3 mL THF
solution of Cp2FePF6 (20. mg, 0.060 mmol) was added dropwise at 23°C while
stirring. The solution slowly darkened to brown over 15 minutes. The mixture was
stirred for 12 h, and solvent was removed in vacuo. The crude material was washed
with 1 mL cold THF, redissolved in THF, and layered with pentane. Brown crystalline
2+-(PMe3)2 was obtained after 12 h. Anal. Calc’d for C23H36FeN4P3F6: C, 43.76%; H,
5.75%; N, 8.87%. Found: C, 42.74%, H, 5.11%, N, 7.34%. μeff (Evans’ Method, THFd8, 295 K, 1 trial) = 1.6 μB.
7. [{nn(PM)(PI)}Fe(PMe3)2][B(3,5-(CF3)2C6H3)4]2 (22+-(PMe3)2). In an N2
dry-box, a 4-dram vial was charged with {nn(PM)(PI)}Fe(PMe3)2 (50. mg, 0.10
mmol) and 2 mL THF. To this, a 3 mL THF solution of Ag[B(3,5-(CF3)2C6H3)4] (200.
mg, 0.206 mmol) was added dropwise at room temperature while stirring. Upon
addition, the solution turned initially brown (indicative of
{nn(PM)(PI)}Fe(PMe3)2(BArF4)), then deep green with the precipitation of dark
brown Ag0. The mixture was allowed to stir an additional 4 hours then filtered through
Celite to remove Ag0. The THF solution was layered with pentane and left overnight
to yield deep green crystalline material (160. mg, 0.0723 mmol, 70 %). 1H NMR
(THF-d8, 400 MHz): δ 0.93 (dd, J = 4, 5 Hz, s, 18 H), 2.39 (s, h, 3 H), 2.40 (s, g, 3H),
5.21 (s, i, 2H), 6.47 (s, f, 1 H), 7.58 (s, t, 8 H), 7.63 (t, J = 6 Hz, l, 1 H), 7.68 (d, J = 7
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Hz, d, 1 H), 7.79 (s, u, 16 H) , 7.82 (t, J = 6 Hz, b, 1 H), 7.93 (d, 7 Hz, j, 1H), 8.10 (t,
7 Hz, k, 1H), 8.12 (t, 7 Hz, c, 1H), 8.67 (d, J = 6 Hz, a, 1 H), 8.71 (d, J = 6 Hz, m, 1
H), 8.95 (s, e, 1 H). 13C NMR (THF-d8, 100 MHz): δ 10.84 (s), 21.36 (g), 26.39 (h),
67.52 (i), 98.94 (b), 119.50 (t), 128.28 (f), 128.63 (l), 129.97 (j), 135.75 (e), 136.69
(u), 140.77 (p), 141.92 (k), 141.50 (c), 144.35 (d), 156.14 (a), 159.34 (m), 159.45 (q),
163.53 (n), 176.75 (o). 31P NMR (THF-d8, 162 MHz): δ 13.8 (s, ν1/2 ≈ 10 Hz). Anal.
Calc’d for C87H60FeN4P2B2F48: C, 47.22%; H, 2.73%; N, 2.53%. Found: C, 49.28%,
H, 3.40%, N, 2.29%.

8. {nn(PM)(PI)}Fe(PMe3)CO (2-(PMe3)CO). a. A 50 mL flask was charged
with {nn(PM)(PI)}Fe(PMe3)2 (150. mg, 0.308 mmol) and equipped with a 180° needle
valve. The apparatus was evacuated and 15 mL C6H6 was added via vacuum transfer.
The system was charged with 1 atm CO at 23°C and allowed to stir for 18 hours, over
which time the magenta-red solution lightened slightly to a deep orange-red. Solvent
was removed in vacuo, and the resulting solid was washed with cold pentane to yield
{nn(PM)(PI)}Fe(PMe3)CO as a red-brown solid (112 mg, 0.256 mmol, 85%). 1H
NMR (C6D6, 400 MHz): δ 0.83 (d, J = 10 Hz, s, 9 H), 2.08 (s, h, 3 H), 2.13 (s, g, 3 H),
4.68 (br s, ν1/2 ≈ 25, i, 2 H), 4.98 (s, f, 1 H), 5.54 (t, J = 7 Hz, b, 1 H), 6.13 (t, J = 7 Hz,
c, 1 H), 6.15 (t, J = 7 Hz, l, 1 H), 6.24 (d, J = 7 Hz, d, 1 H), 6.41 (s, e, 1 H), 6.52 (t, J =
7 Hz, k, 1 H), 6.55 (d, J = 7 Hz, j, 1 H), 7.79 (d, J = 6 Hz, a, 1 H), 8.01 (d, J = 7 Hz,
m, 1 H). 13C NMR (C6D6, 100 MHz): δ 15.19 (s), 22.31 (g), 22.42 (h), 64.98 (i),
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100.42 (f), 102.03 (b), 118.00 (d), 121.87 (l), 121.92 (c), 124.42 (e), 130.43 (j),
134.88 (k), 138.73 (a), 139.58 (p), 150.25 (m), 152.73 (n), 153.29 (q), 174.38 (o). 31P
NMR (C6D6, 162 MHz): δ41.2 (s, ν1/2 ≈ 880 Hz). Anal. Calc’d for C21H27N4FeOP: C,
57.55 %; H, 6.21%; N, 12.78%. Found: C, 56.49%, H, 7.09%, N, 10.78%. b. A J.
Young tube was charged with {nn(PM)(PI)}Fe(PMe3) (3-PMe3, 10. mg, 0.024 mmol)
and 0.4 mL C6D6. The tube was evacuated via three freeze-pump-thaw cycles, and
charged with 1 atm CO. The red-brown solution lightened slightly to an orange red.
The formation of {nn(PM)(PI)}Fe(PMe3)CO (2-(PMe3)CO) was confirmed by 1H
NMR spectroscopy.

9. {nn(PM)(PI)}Fe(PMe3) (3-PMe3). A 50 mL flask was charged with
{nn(PM)(PI)}Fe(PMe3)2 (2-(PMe3)2, 100. mg, 0.206 mmol), and 20 mL hexanes was
added via vacuum transfer. The solution was stirred for 30 min at 23°C. The solvent
was removed in vacuo, and the residual solid was triturated 8 times with 15 mL
portions of hexanes. With each successive trituration, the hexanes solution gradually
changed from magenta-red to red-brown. The crude red-brown solid was collected and
identified as 3-PMe3 (70. mg, 0.17 mmol, 81 %). 1H NMR (THF-d8, 400 MHz): δ 0.24
(d, J = 8 Hz, s, 9 H), 2.45 (s, g, 3 H), 2.48 (s, h, 3H), 4.48 (s, i, 2H), 5.82 (s, f, 1 H),
5.74 (t, J = 6 Hz, b, 1 H), 6.34 (t, J = 7 Hz, c, 1 H), 6.71 (d, J = 8 Hz, d, 1 H), 7.13 (t, J
= 6 Hz, l, 1 H), 7.24 (s, e, 1 H), 7.42 (t, J = 7 Hz, k, 1 H), 7.43 (d, J = 8 Hz, j, 1 H),
7.89 (d, J = 6 Hz, a, 1 H), 9.35 (d, J = 6 Hz, m, 1 H). 13C NMR (THF-d8, 100 MHz): δ
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11.99 (s), 21.77 (g), 22.48 (h), 65.58 (i), 102.91 (b), 103.48 (f), 112.13 (e), 114.59 (d),
117.93 (j), 121.69 (l), 123.14 (c), 130.04 (k), 137.37 (p), 149.36 (q), 151.41 (a),
154.22 (n), 157.67 (m), 170.90 (o). 31P NMR (C6D6, 162 MHz): δ45.0 (s, ν1/2 ≈ 220
Hz). Anal. Calc’d for C20H27N4FeP: C, 58.55 %; H, 6.63%; N, 13.66%. Found: C,
56.49%, H, 6.30%, N, 13.09%.

10. {nn(PM)(PI)}FeCO (3-CO). A 50 mL flask was charged with 1-N(TMS)2
(75 mg, 0.15 mmol) and 15 mL C6H6 was added via vacuum transfer. CO (1 atm) was
placed over the solution, which was stirred for 18 h at 23°C. Over time, the cherry red
solution turned to a lighter brick red color. Solvent was removed in vacuo, and the
residual solid was washed with pentane to yield 40. mg (0.11 mmol, 79 %) of 3-CO.
1

H NMR (THF-d8, 400 MHz): δ 2.11 (s, h, 3 H), 2.64 (s, g, 3H), 3.60 (d, J = 21 Hz, i,

1H), 4.21 (d, J = 21 Hz, i’, 1 H), 6.28 (t, J = 6 Hz, l, 1 H), 6.31 (s, f, 1 H), 6.34 (t, J = 6
Hz, b, 1 H), 6.36 (d, J = 6 Hz, d, 1 H), 6.65 (t, J = 6 Hz, c, 1 H), 6.90 (t, J = 6 Hz, k, 1
H), 7.34 (d, J = 7 Hz, j, 1 H), 7.73 (s, e, 1 H), 8.43 (d, J = 6 Hz, a, 1 H), 8.95 (d, J = 6
Hz, m, 1 H). 13C NMR (THF-d8, 100 MHz): δ 21.71 (h), 21.83 (g), 64.88 (i), 106.10
(b), 109.11 (f), 117.33 (e), 118.68 (d), 119.98 (j), 122.85 (l), 125.42 (c), 134.78 (k),
143.30 (p), 148.28 (a), 152.62 (q), 153.42 (n), 155.67 (m), 166.81 (o). Anal. Calc’d
for C18H18N4OFe: C, 59.69 %; H, 5.01%; N, 15.47%. Found: C, 57.25%, H, 4.84%, N,
14.64%; successive attempts were similarly low in all elements.
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11. Li2{nn(PM)(PI)}. A 100 mL flask was charged with H{nn(PM)2} (500.
mg, 1.78 mmol) and 20 mL THF, and cooled to -78°C. Under an Ar purge, 1.6 M
n

BuLi in hexanes (2.23 mL, 3.57 mmol) was added dropwise over 10 min. Upon

addition of the first equivalent of nBuLi the solution darkened from orange-yellow to
red-orange, and addition of the second equiv resulted in a color change to dark purple
and precipitation of a dark solid. The reaction was allowed to warm to 23°C and
stirred an additional 4 h. Solvent was removed in vacuo, and the resulting purple solid
was triturated once with 20 mL C6H6 and filtered in 20 mL C6D6 to yield
Li2{nn(PM)(PI)} as a purple powder (310. mg, 1.06 mmol, 60%); this material was
used without further purification. 1H NMR (THF-d8, 400 MHz): δ 1.62 (s, h, 3 H),
1.91 (s, g, 3H), 4.05 (s, f, 1H), 4.61 (t, J = 7, b, 1 H), 4.78 (s, i, 2 H), 5.37 (s, e, 1H),
5.50 (d, J = 8, d, 1 H), 5.86 (t, J = 7 Hz, c, 1 H), 6.46 (d, J = 6 Hz, a, 1 H), 7.16 (t, J =
7 Hz, l, 1 H), 7.22 (d, J = 7 Hz, j, 1 H), 7.64 (t, J = 8 Hz, k, 1 H), 8.47 (d, J = 6 Hz, m,
1 H).

13

C NMR (THF-d8, 100 MHz): δ 19.05 (h), 22.93 (g), 56.78 (i), 95.48 (f), 97.90

(b), 99.24 (e), 115.62 (d), 121.73 (l), 122.60 (j), 130.86 (c), 137.15 (k), 142.46 (p),
149.63 (m), 150.63 (a), 153.32 (n), 158.13 (q), 166.29 (o).

176

12. {nn(PM)(PI)}Fe(PMe2Ph)2 (2-(PMe2Ph)2). In an N2 dry-box, a 4-dram
vial was charged with FeBr2(THF)2 (25 mg, 0.069 mmol), PMe2Ph (19 mg, 0.14
mmol), and 3 mL THF. A 1 mL THF solution of Li2{nn(PM)(PI)} (20. mg, 0.068
mmol) was added to the solution dropwise at room temperature while stirring. Upon
addition, the solution turned purple-brown and a fine light precipitate was formed. The
mixture was allowed to stir an additional 2 hours, and solvent was removed in vacuo.
The crude mixture was dissolved in C6H6, filtered, and concentrated to dryness to
yield 2-(PMe2Ph)2 as a purple-brown solid. 1H NMR (C6D6, 400 MHz): δ 0.85 (s, s, 3
H) 0.88 (s, t, 3 H), 2.11 (s, h, 3 H), 2.46 (s, g, 3 H), 3.54 (s, i, 2H), 5.47 (s, f, 1 H),
5.91 (t, J = 6 Hz, b, 1 H), 6.09 (t, J = 6 Hz, k, 1 H), 6.12 (t, J = 6 Hz, l, 1 H), 6.48 (d, J
= 8 Hz, j, 1 H), 6.68 (t, 6 Hz, c, 1H), 6.81 (d, 6 Hz, h, 1H), 6.89 (m, u, 8 H), 6.93 (s, e,
1 H), 7.00 (m, v, 2 H), 7.59 (d, J = 6 Hz, a, 1 H), 8.52 (d, J = 6 Hz, m, 1 H). 13C NMR
(C6D6, 100 MHz): δ 11.86 (s), 14.65 (t), 22.57 (h), 22.70 (g), 63.29 (i), 99.34 (f),
101.99 (b), 110.93 (u), 110.93 (e), 113.86 (d), 117.46 (l),120.75 (k), 124.98 (c),
127.76 (u), 129.52 (j), 130.13 (v), 137.33 (p), 149.55 (q), 151.59 (a), 154.07 (n),
155.42 (a), 169.48 (o). 31P NMR (C6D6, 162 MHz): δ 16.6 (s, ν1/2 ≈ 130 Hz). The
preparation of 2-(PMe2Ph) was conducted only on a small scale, precluding attempts
at EA.
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13. {nn(PM)(PI)}Fe(PMePh2) (3-PMePh2). A 4-dram vial was charged with
FeBr2(THF)2 (25 mg, 0.070 mmol), PMePh2 (28 mg, 0.14 mmol), and 3 mL THF. A 1
mL THF solution of Li2{nn(PM)(PI)} (20. mg, 0.068 mmol) was added dropwise at
23°C while stirring. Upon addition, the solution turned brown and a brown solid
precipitated. The mixture was allowed to stir an additional 2 h, and solvent was
removed in vacuo. The crude mixture was washed with C6H6 and filtered through
Celite in THF. Crystalline 3-PMePh2 was obtained from a THF solution layered with
pentane over 2 days (21 mg, 0.039 mmol, 56%). 1H NMR (C6D6, 400 MHz): δ 0.38 (s,
s, 3 H), 2.27 (s, h, 3 H), 2.70 (s, g, 3 H), 3.20 (s, i, 2H), 6.17 (t, J = 6 Hz, l, 1 H), 6.45
(s, f, 1 H), 6.58 (t, J = 6 Hz, k, 1 H), 6.59 (t, 6 Hz, b, 1H), 6.71 (m, u, 4 H), 6.90 (d, J
= 8 Hz, j, 1 H), 6.91 (t, 6 Hz, c, 1H), 6.93 (m, t, v, 6 H), 7.45 (d, J = 6 Hz, d, 1 H),
8.03 (s, e, 1 H), 8.46 (d, J = 6 Hz, a, 1 H), 9.26 (d, J = 6 Hz, m, 1 H). 13C NMR (C6D6,
100 MHz): δ 21.46 (h), 21.57 (s), 22.00 (g), 64.86 (i), 105.96 (b), 106.93 (f), 116.10
(d), 116.44 (e), 120.52 (l), 123.40 (j), 123.45 (c), 127.71 (t),128.38 (3), 130.85 (u),
131.55 (p), 131.57 (v), 151.28 (a), 151.96 (q), 155.08 (n), 156.90 (m), 169.63 (o). 31P
NMR (C6D6, 162 MHz): δ 68.8 (s, ν1/2 ≈ 650 Hz). Anal. Calc’d for C30H31Fe N4P: C,
67.42 %; H, 5.85%; N, 10.48%. Found: C, 62.49%, H, 5.54%, N, 8.98%.

14. {nn(PM)(PI)}Fe(PPh3) (3-PPh3). A 4-dram vial was charged with
FeBr2(THF)2 (20. mg, 0.056 mmol), PPh3 (44 mg, 0.17 mmol), and 3 mL THF. Solid
Li2{nn(PM)(PI)} (16 mg, 0.055 mmol) was added to the solution in small portions at
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23°C while stirring. Upon complete addition, the solution turned purple-brown and a
fine light precipitate was formed. The mixture was allowed to stir an additional 2 h,
and solvent was removed in vacuo. The crude mixture was dissolved in C6H6, filtered,
and concentrated to dryness to yield 3-PPh3 as a purple solid. 1H NMR (C6D6, 400
MHz): δ 2.29 (s, h, 3 H), 2.35 (s, g, 3H), 3.96 (s, i, 2H), 6.07 (t, J = 7 Hz, b, 1 H), 6.23
(s, f, 1 H), 6.63 (t, J = 7 Hz, c, 1 H), 6.82 (t, J = 7 Hz, l, 1 H), 6.83 (t, J = 7 Hz, c, 1 H),
6.97 (d, J = 7 Hz, d, 1 H), 7.02 (m, t, 3 H), 7.20 (s, e, 1 H), 7.28 (m, s, 2 H), 7.41 (d, J
= 8 Hz, j, 1 H), 8.78 (d, J = 7 Hz, a, 1 H), 9.47 (d, J = 7 Hz, m, 1 H). 13C NMR (C6D6,
100 MHz): δ 23.05 (g), 24.41 (h), 67.96 (i), 100.76 (b), 108.61 (f), 120.54 (c), 121.27
(l), 121.76 (d), 125.25 (k), 128.43 (t), 128.24 (e), 128.51 (j), 134.24 (s), 137.69 (p),
147.64 (q), 147.68 (n), 154.78 (o), 155.38 (a), 158.21 (m). 31P NMR (THF-d8, 162
MHz): δ 30.5 (s, ν1/2 ≈ 1600 Hz). The preparation of 3-PPh3 was conducted only on a
small scale for the sake of preparing a derivative, precluding attempts at EA.

15. Oxidation of {nn(PM)(PI)}Fe(PMePh2) decay product. A vial of solid
{nn(PM)(PI)}Fe(PMePh2) was stored uncapped in an N2 drybox for 20 d to allow
formation of the putative ligand-free {nn(PM)(PI)}Fe decay product (see text). A 4dram vial was charged with this material (3 mg, ~0.009 mmol), AgBAr4F (9 mg, 0.009
mmol) and THF-d8 (0.04 mL). The resulting solution turned red immediately, and then
turned brown over 2 min with concomitant formation of a small amount of brown
precipitate (Ag0). The solution was filtered to remove Ag0 and transferred to a J.
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Young tube for NMR analysis. Although definitive structural determination was
elusive, chemical shifts of the product as determined by standard 2-dimensional
techniques are given below in Figure 3.26.

Figure 3.26. Chemical shifts of oxidation product as determined by 1H, 13C, (HH)
gCOSY, (HC) HSQCAD, and (HC) gHMBSAD. Two independent ligand frameworks
were determined, and no long-range correlations between the two frameworks were
observed. No standard HMBC correlations between the main β-diketiminate
framework and a pyridine fragment (bottom left) were observed, but long rangecorrelations to the β-diketiminate backbone were seen (dashed red curves).
16. {nn(PM)2}FeBr. A 10 mL flask was charged with {nn(PM)2}FeN(TMS)2
(1-N(TMS)2, 20. mg, 0.040 mmol) and benzene (2 mL). A solution of HBr in HOAc
(5.7 M, 7 μL, 0.04 mmol) was added slowly at 23 °C under Ar purge while stirring
vigorously. Upon acid addition, the cherry red solution lightened to orange red and an
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orange precipitate formed. The reaction was stirred 10 min at 23 °C and solvent was
removed in vacuo. The resulting orange solid was washed with two 2 mL portions of
benzene and two 1 mL portions of pentane, and dissolved in THF-d8 for NMR
analysis. 1H NMR (THF-d8, 400 MHz): δ -86.71 (ν1/2 ≈ 150 Hz, nacnac-CH, 1H), 5.27
(ν1/2 ≈ 60 Hz, py-CH, 2H), 4.67 (ν1/2 ≈ 90 Hz, CH3, 6H), 6.58 (ν1/2 ≈ 130 Hz, CH2, 4
H), 41.38 (ν1/2 ≈ 90 Hz, py-CH, 2H), 53.49 (ν1/2 ≈ 90 Hz, py-CH, 2H), 128.75 (ν1/2 ≈
700 Hz, py-CH, 2H).
17. [{nn(PM)2}Fe](BAr4F)(THF)n. A 4-dram vial was charged with
{nn(PM)2}FeN(TMS)2 (1-N(TMS)2, 15 mg, 0.030 mmol) and THF (2 mL). A 2 mL
THF solution of HBAr4F∙2 Et2O was added dropwise at 23 °C while stirring
vigorously. Upon complete addition, the cherry red solution turned yellow-brown and
a small amount of yellow precipitate formed. The reaction mixture was allowed to stir
2 h and solvent was removed in vacuo. The crude solid was washed with two 2 mL
portions of pentane and dissolved in C6D6 for NMR analysis. 1H NMR (C6D6, 400
MHz): δ -57.56 (ν1/2 ≈ 200 Hz, nacnac-CH, 1H), 1.11 (ν1/2 ≈ 30 Hz, THF),1.11 (ν1/2 ≈
30 Hz, CH3, 6H), 3.26 (ν1/2 ≈ 30 Hz, THF), 7.36 (ν1/2 ≈ 80 Hz, CH2, 4 H), 7.92 (ν1/2 ≈
40 Hz, BAr4F, 4 H), 8.71 (ν1/2 ≈ 30 Hz, BAr4F, 8 H), 27.31 (ν1/2 ≈ 90 Hz, py-CH, 2H),
37.76 (ν1/2 ≈ 80 Hz, py-CH, 2H), 105.13 (ν1/2 ≈ 420 Hz, py-CH, 2H), 133.91 (ν1/2 ≈
450 Hz, py-CH, 2H).
18. Attempt at synthesis of {nn(PM)(PI)}FePMe2Ph. A 4-dram vial was
charged with PMe2Ph (5 mg, 0.04 mmol) and C6D6 (0.4 mL). Solid
{nn(PM)2}FeN(TMS)2 (1-N(TMS)2, 18 mg, 0.36 mmol) was added in portions at
23 °C while stirring, and over 1 min the cherry red solution darkened to brown. The
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reaction mixture was transferred to a J. Young tube and the presence of a 1:1 mixture
of 2-(PMe2Ph)2 and 1-N(TMS)2 and release of HN(TMS)2 was confirmed by 1H NMR.
Storage of the reaction mixture at 23 °C resulted only in thermal decomposition of
1-N(TMS)2 over 3 d.
19. {nn(PM)(PI)}Fe(3,6-(CH3)2C6H3NC)2. A J. Young tube was charged with
{nn(PM)(PI)}FeN(TMS)2 (1-N(TMS)2, 10. mg, 0.020 mmol) and C6D6 (0.4 mL).
Solid 2,6-dimethylphenyl isocyanide (5 mg, 0.4 mmol) was added and the cherry red
solution turned red-brown. 1H NMR analysis revealed the formation of
{nn(PM)(PI)}Fe(3,6-(CH3)2C6H3NC)2. 1H NMR (C6D6, 400 MHz): δ 2.12 (s, s, 12 H),
2.29 (s, g, 3 H), 2.31 (s, h, 3H), 4.86 (s, i, 2H), 5.18 (s, f, 1 H), 5.55 (t, J = 6 Hz, b, 1
H), 6.32 (t, J = 6 Hz, l, 1 H), 6.44 (d, J = 6 Hz, j, 1 H), 6.53 (s, c, 1 H), 6.63 (mult, u, t,
6H), 6.64 (d, 6 Hz, d, 1H), 6.70 (t, 6 Hz, c, 1H), 6.71 (t, 6 Hz, k, 1H), 7.94 (d, J = 5
Hz, a, 1 H), 8.52 (d, J = 5 Hz, m, 1 H). IR (Nujol): 2036 cm-1 (νNC).

20. Alkylation of {nn(PM)2}FeCl. A J. Young tube was charged with
{nn(PM)2}FeCl (1-Cl, 20. mg, 0.054 mmol) and THF-d8 (0.4 mL). A solution of MeLi
in Et2O (1.6 M, 34 μL, 0.054 mmol) was added at -78 °C under Ar counterflow. Upon
complete addition, the yellow solid 1-Cl dissolved and the solution turned deep blue.
The tube was gradually warmed to 23 °C over 10 min. At approximately -50 °C, the
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blue solution turned brown and a brown precipitate formed. 1H NMR analysis revealed
evolution of CH4, but the insolubility of the brown precipitate precluded further NMR
analysis.
21. {nn(PM)(PI)}Fe(C2H4). A J. Young tube was charged with
{nn(PM)(PI}FePMe3 (3-PMe3, 10. mg, 0.024 mmol) and C6D6 (0.4 mL). Ethylene (1
atm) was admitted to the tube at 23 °C. No physical changes were observed, but 1H
NMR analysis revealed formation of a new diamagnetic species consistent with
{nn(PM)(PI)}Fe(C2H4). 1H NMR (C6D6, 400 MHz): 2.54 (s, h, 3 H), 2.72 (s, g, 3 H),
4.47 (s, i, 2H), 6.19 (t, J = 6 Hz, l, 1 H), 6.34 (s, f, 1 H), 6.46 (t, J = 6 Hz, k, 1 H), 6.79
(t, 6 Hz, b, 1H), 6.81 (d, J = 6 Hz, j, 1 H), 6.84 (t, 6 Hz, c, 1H), 7.37 (d, J = 6 Hz, d, 1
H), 7.91 (s, e, 1 H), 8.37 (d, J = 6 Hz, a, 1 H), 9.42 (d, J = 6 Hz, m, 1 H).

22. Reaction of {nn(PM)(PI)}FeCO with 3,3-diphenylcyclopropene. A 10
mL flask was charged with {nn(PM)(PI)}FeCO (3-CO, 35 mg, 0.10 mmol) and
benzene (2 mL). 3,3-diphenylcyclopropene was added at -78 °C under an Ar purge.
The reaction mixture was warmed to 23 °C and the red solution gradually turned
brown. Stirring was maintained 1 h, and solvent was removed in vacuo. The resulting
brown oil was triturated once with 8 mL pentane to yield a thick solid, and the solid
was washed with pentane until the washes ran clear (~ 15 mL). NMR analysis of the
resulting brown filter cake was carried out and resulting chemical shift assignments
are presented in Figure 3.27.
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Figure 3.27. Chemical shifts of reaction product of 3-CO and 3,3diphenylcyclopropene as determined by 1H, 13C, (HH) gCOSY, (HC) HSQCAD, and
(HC) gHMBSAD with 1H (red) and 13C (blue) NMR chemical shifts listed (spectra
acquired in THF-d8).
23. Alkylation of {nn(PM)(PI)}FeCO. A 25 mL flask was charged with
{nn(PM)(PI)}FeCO (3-CO, 40. mg, 0.11 mmol) and 5 mL toluene, and cooled to
-78°C. Under an Ar purge, a toluene solution of CH3I (6.9 μL in 5 mL, 0.11 mmol)
was added dropwise over 3 min. Upon addition, the solution darkened from cherry red
to dark red-brown. The reaction was allowed to warm to 23°C and stirred an
additional 30 min. Solvent was removed in vacuo, and the resulting brown solid was
slurried in C6H6 and filtered. The filter cake was washed with two 2 mL portions of
Et2O to yield a sparingly soluble bright yellow powder (25 mg). IR (Nujol) νCO = 1942
cm-1.
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Mössbauer Spectroscopy. 57Fe Mössbauer spectra were recorded on a WissEl
Mössbauer spectrometer (MRG-500) at 77 K in constant acceleration mode. 57Co/Rh
was used as the radiation source. WinNormos for Igor Pro software has been used for
the quantitative evaluation of the spectral parameters (least-squares fitting to
Lorentzian peaks). The minimum experimental line widths were 0.20 mms-1. The
temperature of the samples was controlled by an MBBC-HE0106 MÖSSBAUER
He/N2 cryostat within an accuracy of ±0.3 K. Isomer shifts were determined relative to
-iron at 298 K.
EPR Spectroscopy. Solution and frozen glass EPR spectra were recorded on a
JEOL continuous wave spectrometer, JES-FA200 equipped with an X-band Gunn
oscillator bridge, a cylindrical mode cavity, and a helium cryostat. For all samples, a
modulation frequency of 100 kHz and a time constant of 0.1 s were employed.
Frequencies were close to 9.0 GHz and all spectra were obtained on freshly prepared
solutions in quartz tubes. Background spectra were obtained on clean solvents at the
same measurement conditions. Spectral simulations were performed using the
programs W95EPR by Prof. Dr. Frank Neese153 and ESRSIM by Prof. Dr. Høgni
Weihe, University of Copenhagen, Denmark. Collinear g and A tensors were used, and
deviations from isotropic parameters in spectra of frozen glasses were only used when
clearly justified.
Calculations. Calculations were carried out at the M06/6-311+G(d)154,155
level of theory. An ultrafine grid was used for integration in all calculations.
Simulations were performed with the Gaussian 09 program.156 All structures were
optimized with restraint of neither symmetry nor geometry. Open-shell complexes
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were modeled within the framework of the unrestricted Kohn-Sham formalism; spin
contamination was deemed to be minimal via calculation of the <Ŝ2>UDFT expectation
value. Systems were judged to be minima via calculation of the energy Hessian.
Energetics are free energies (kcal/mol) and were determined with unscaled vibrational
frequencies assuming standard temperature and pressure.
Single-Crystal X-ray Diffraction Studies. Upon isolation, crystals were
covered in polyisobutenes and placed under a 173 K N2 stream on the goniometer
head of a Siemens P4 SMART CCD area detector (graphite-monochomated Mo Kα
radiation, λ = 0.71073 Å). The structures were solved by direct methods (SHELXS).
All non-hydrogen atoms were refined anisotropically unless otherwise stated, and
hydrogen atoms were treated as idealized contributions (Riding model).
Crystal data for {nn(PM)2}FeN(TMS)2 (1-N(TMS)2). A blocky red needle
(0.45 x 0.30 x 0.15 mm3) of 1-N(TMS)2 was obtained from pentane at 23°C.
C23H37FeN5Si2, M = 495.61, monoclinic, P2(1)/n, a = 22.344(4), b = 9.5554(14), c =
25.374(4) Å, α = 90°, β = 98.763(5)°, γ = 90°, V = 5354.4(15) Å3, T = 173(2) , Z = 8,
Rint = 0.0271, 55921 reflections, 17064 independent, R1(all data) = 0.0573, wR2 =
0.0937, GOF = 1.026.
Crystal data for {nn(PM)(PI)}Fe(PMe3)2 (2-(PMe3)2). A purple block (0.40 x
0.30 x 0.25 mm3) of 2-(PMe3)2 was obtained from pentane at 23°C. C23H36FeN4P2, M
= 486.35, monoclinic, P2(1)/c, a = 10.1579(8), b = 16.4764(12), c = 15.0780(11) Å, α
= 90°, β = 103.175(3)°, γ = 90°, V = 2457.1(3) Å3, T = 173(2) , Z = 4, Rint = 0.0217,
23781 reflections, 6086 independent, R1(all data) = 0.0324, wR2 = 0.0719, GOF =
1.023.
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Crystal data for [{nn(PM)(PI)}Fe(PMe3)2][PF6] (2+-(PMe3)2). A dark brown
plate (0.40 x 0.40 x 0.04 mm3) of 2+-(PMe3)2 was obtained from THF/pentane at 23°C.
C23H36F6FeN4P3, M = 631.32, Orthorhombic, P2(1)2(1)2, a = 17.6532(14), b =
35.819(3), c = 8.8940(7) Å, α = 90°, β = 90°, γ = 90°, V = 5623.9(8) Å3, T = 183(2), Z
= 8, Rint = 0.0583, 50336 reflections, 8329 independent, R1(all data) = 0.0613, wR2 =
0.1039, GOF = 1.012.
Crystal data for [{nn(PM)(PI)}Fe(PMe3)2][BAr4F]2 (22+-(PMe3)2). A dark
green plate (0.20 x 0.15 x 0.03 mm3) of 22+-(PMe3)2 was obtained from THF/pentane
at 23°C. As shown in Figure 3.13 and described in the text, data were collected on 22+(PMe3)2 but a high degree of disorder precluded structure refinement.
C53.75H44.75BF23.50Fe0.50N2 P (empirical), M = 1234.87, Monoclinic, C2/c, a =
28.799(2), b = 18.8777(11), c = 24.191(3) Å, α = 90°, β = 125.079(2)°, γ = 90°, V =
10762.5(17) Å3, T = 203(2), Z = 8, Rint = 0.0587, 33715 reflections, 8011 independent,
R1(all data) = 0.1371, wR2 = 0.2260, GOF = 1.331.
Crystal data for {nn(PM)(PI)}Fe(PMePh2) (3-PMePh2). A black block (0.60 x
0.40 x 0.30 mm) of 3-PMePh2 was obtained from THF/pentane at 23°C. C30H31FeN4P,
M = 534.41, Monoclinic, C2, a = 17.4724(6), b = 10.0996(3), c = 14.5690(5) Å, α =
90°, β = 101.8790(10)°, γ = 90°, V = 2515.85(14) Å3, T = 193(2), Z = 4, Rint = 0.0149,
15608 reflections, 7723 independent, R1(all data) = 0.0256, wR2 = 0.0591, GOF =
1.006.
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Chapter 4
Synthesis, Characterization, and Reactivity of First-Row Transition Metal
Complexes supported by a Tetradentate β-diketiminate-based Ligand
Introduction
β-diketiminate ligands have been ubiquitous in transition metal-based
coordination chemistry, and complexes featuring β-diketiminate moieties have been
used to support low-coordinate metal centers,1-10 metal-ligand multiple bonds,11-19 and
a variety of different catalytic processes.20-31 The β-diketiminate-based 2,4-bis[(E)-(2pyridyl)methylideneamino]pentane (H{nn(PM)2}) ligand was shown to be highly
effective in supporting various iron complexes as both high-spin FeII ({nn(PM)2}FeX)
and low-spin FeII ({nn(PM)(PI)}FeLn) (Figure 4.1).
Coupling at the mid carbon of a β-diketiminate backbone has been observed

Figure 4.1. FeII complexes supported by a β-diketiminate-based ligand featuring
pyridine-methylene and pyridine-imine moieties.
previously,2 so the incorporation of an azaallyl fragment into the β-diketiminate
framework was an attractive target for discovery of carbon-carbon bond forming
reactions.32-34 Because research in this laboratory has focused on the discovery of
unique carbon-carbon bond forming reactions in organometallic systems, application
of the H{nn(PM)2} ligand to other transition metals of the first row was carried out.
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Results and Discussion
4.1. Synthesis of {nn(PM)2}MXn (M = V, X = Cl2; M = Co)
4.1.1. {nn(PM)2}VCl2
Treatment of V(N(TMS)2)2Cl(THF)35,36 with 1.0 equiv H{nn(PM)2} in THF
resulted in the immediate formation of a deep red solution and release of HN(TMS)2,
with precipitation of a dark red solid that was virtually insoluble in organic solvents
(Eq. 4.1). Highly crystalline material was obtained in 36% yield through slow
diffusion of a THF solution of H{nn(PM)2} into a solution of V(N(TMS)2)2Cl(THF)

(4.1)

Eq. 4.1. 1-V.
and was subjected to X-ray analysis. The resulting structure is shown in Figure 4.2
with relevant parameters displayed in Table 4.1. Rather than the predicted singly or
doubly deprotonated products,{nn(PM)2}V(Cl)(N(TMS)2) and {nn(PM)(PI)}VCl,
respectively, X-ray analysis revealed {nn(PM)2}VCl2 (1-VCl2). The molecule has
distorted octahedral geometry, with average angles of 90.5° (cis) and 165.3° (trans).
The two chloride ligands are bent away from the β-diketiminate moiety (ےCl1-V1-Cl2
= 158.741°) and the {nn(PM)2} ligand has a slight twist (ےN1-N2-N3-N4 (dihedral) =
10.5°) from planarity. A ligand exchange event necessarily occurred to provide the
dichloride 1-VCl2 because the V(N(TMS)2)2Cl(THF) starting material contained only
one chloride per metal center. A possible mechanism for this reaction, consistent with
the <50% observed yield of 1-VCl2, is an initial metallation/deprotonation event to
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generate the {nn(PM)2}V(Cl)(N(TMS)2) intermediate, followed by either ligand
exchange to form {nn(PM)2}V(N(TMS)2)2 and {nn(PM)2}VCl2 in a 1:1 ratio, or
exchange with the V(N(TMS)2)2Cl(THF) starting material to generate 1-VCl2 and

Figure 4.2. Molecular structure of 1-VCl2. Hydrogen atoms are omitted for clarity.
Table 4.1. Selected interatomic distances and bond angles for 1-VCl2.
Selected Bond Distances (Ǻ)
Selected Bond Angles (°)
V1-N1
V1-N2
V1-N3
V1-N4
V1-Cl1
V1-Cl2
N1-C5
C5-C6
C6-N2
N2-C8

2.1615(11)
2.0025(10)
1.9989(11)
2.1641(10)
2.3728(4)
2.3763(4)
1.3367(16)
1.5024(19)
1.4577(17)
1.3392(17)

N1-V1-N2
N2-V1-N3
N3-V1-N4
N4-V1-N1
N1-V1-Cl1
N2-V1-Cl1
N3-V1-Cl1
N4-V1-Cl1
N1-V1-Cl2
N2-V1-Cl2

79.52(4)
91.05(4)
79.77(4)
110.28(4)
85.57(3)
93.29(3)
102.33(3)
83.20(3)
84.49(3)
103.30(3)

C8-C9

1.3942(19)

N3-V1-Cl2
N4-V1-Cl2
N1-V1-N3
N2-V1-N4
Cl1-V1-Cl2

90.72(3)
82.70(3)
168.11(4)
169.18(5)
158.741(15)
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Scheme 4.1. Proposed mechanism for the formation of 1-VCl2.
V(N(TMS)2)3(THF)n37,38 (Scheme 4.1).Although the possible paramagnetism and large
quadrupolar broadening intrinsic to vanadium nuclei39 precluded direct NMR analysis
of the reaction shown in Eq. 4.1, filtration of the reaction mixture to remove 1-V and
thermolysis of the resulting NMR-silent mother liquor resulted in the gradual
production of HN(TMS)2 and virtually insoluble precipitate, suggesting the gradual
decomposition of a N(TMS)2-containing vanadium complex. 1-VCl2 could be
synthesized rationally through the reaction of VCl3(THF) with 1.0 equiv Na{nn(PM)2}
in THF, but due to the poor solubility of 1-VCl2 in organic solvents, the NaCl
byproduct could not easily be separated from the desired product.
The negligible solubility of 1-VCl2 in organic solvents greatly limited its utility
in chemical transformations, so to increase solubility the installation bulky alkyl
groups was targeted. Treatment of a THF slurry of 1-VCl2 with 2.0 equiv neoPeLi at
-78°C and subsequent warming to 23°C formed a dark brown-black solution, which,
gratifyingly, was fully soluble in THF (Eq. 4.2). However, the reaction mixture was
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NMR-silent, as one might predict for a VIII complex. Removal of solvent resulted in a
thick black film, and repeated trituration with organic solvents did not yield a solid
material. As such, growth of high-quality crystals for X-ray analysis remained elusive
and proper characterization was abandoned.

(4.2)

Eq. 4.2. 1-VneoPe2.

Attempts towards dehydrohalogenation to generate {nn(PM)(PI)}2-VIIICl with
the hope of accessing chemistry analogous to the iron system seen previously was
carried out. However, exposure of 1-VCl2 to 1.0 equiv LiN(TMS)2 resulted in
decomposition of starting material, and reaction with LiN(TMS)2 in the presence of
pyridine-N-oxide to generate {nn(PM)(PI)}2-VV=O(Cl) resulted also only in
decomposition of starting material.
4.1.2. {nn(PM)2}Co
Treatment of Co(N(TMS)2)2(THF)40,41 with 1.0 equiv H{nn(PM)2} to
synthesize {nn(PM)(PI)}Co produced a deep indigo-blue solution with concomitant
release of HN(TMS)2. 1H NMR analysis revealed a diamagnetic species with C2
symmetry, inconsistent with the expected {nn(PM)(PI)}2-CoII product, but suggestive
of the reduced complex {nn(PM)2}Co (1-Co) (Eq. 4.3). Bright gold crystals were
grown from THF/pentane at -35 °C, and single-crystal X-ray analysis confirmed the
formulation of 1-Co as a low-spin CoI metal center in a pseudo-square planar
geometry. Presumably, Co(N(TMS)2)2(THF) reacts with H{nn(PM)2} to transiently
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(4.3)

Eq. 4.3.1-Co.

form {nn(PM)2}CoN(TMS)2, which then undergoes disproportion to afford the
reduced {nn(PM)2}CoI product and a [N(TMS)2]n byproduct. Unfortunately,
[N(TMS)2]n could not be quantified by 1H NMR due to chemical shift overlap with
HN(TMS)2.
The structure of 1-Co is shown in Figure 4.3 with relevant parameters
displayed in Table 4.2. The molecule has a crystallographic C2 axis of symmetry
through the C9-Co1 axis, and as expected, the bond distances of the chelate are quite
similar to that of 1-VCl2. The d(M-N) are quite contracted relative to 1-VCl2

Figure 4.3. Molecular structure of 1-Co. Hydrogen atoms are omitted for clarity.
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Table 4.2. Selected interatomic distances and bond angles for 1-Co.
Selected Bond Distances (Ǻ)
Selected Bond Angles (°)
Co1-N1
Co1-N2
Co1-N1’
Co1-N2’
N1-C5
C5-C6
C6-N2
N2-C7

1.8869(11)
1.8588(11)
1.8870(11)
1.8587(11)
1.3602(17)
1.4934(19)
1.4639(16)
1.3394(16)

C7-C9

1.3985(16)

N1-Co1-N2
N1’-Co1-N2’
N1-Co1-N1’
N2-Co1-N2’
N1’-Co1-N2
N2’-Co1-N1
N1-N2-N2’-N1’
(dihedral)

84.85(5)
84.85(5)
98.00(6)
94.98(7)
167.51(5)
167.51(5)
18.58 (6)

(Δ d(M- N) ~ 0.1 – 0.3 Å), which is attributable to the smaller covalent radius of
cobalt relative to vanadium. 1-Co displays a slight chelate twist of 15.58°, allowing for
reduced overlap with the torus of the filled dz2 orbital and attenuation of its σ*
character.
The UV-visible spectrum of 1-Co acquired in C6H6 is presented in Figure 4.4
and extinction coefficients are listed in Table 4.3. The spectrum is dominated by
charge transfer bands, masking any weak d-d transitions that would otherwise be
observed. Due to the insolubility of the singly deprotonated ligand, Na{nn(PM))2}, in
organic solvents, a UV-visible spectrum of the transition metal-free ligand could not
be obtained for comparison. However, as Na{nn(PM)2} is nearly colorless, the
observed bands are unlikely due to intraligand charge transfer and instead arise from
metal-to-ligand or ligand-to metal charge transfer.
Attempts to convert the {nn(PM)2} ligand to the redox-active {nn(PM)(PI)}
focused initially on direct H-atom abstraction from the methylene position of the
ligand backbone. However, treatment of 1-Co with H-atom abstraction agents such as
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Figure 4.4. UV-visible spectrum of {nn(PM2)}Co (1-Co).
Table 4.3. Extinction coefficient values (ε) for {nn(PM)2}Co (1-Co).
ν (cm-1)
ε (M-1cm-1)
ν (cm-1)
ε (M-1cm-1)
11600
3440
24500
1800
13100
3970
28800
2750
16300
4190
32300
5590
19300
2820
TEMPO, benzoquinone, or organic peroxides resulted in decomposition, and exposure
of 1-Co to 9,10-dihydroanthracene or 1,3-cyclohexadiene resulted only in recovery of
starting materials.
Because the direct H-atom abstraction from 1-Co was unsuccessful, oxidation
followed by deprotonation was attempted. Treatment of 1-Co with X2 (X = Br, I) in
the presence of base resulted in rapid decomposition of starting materials.
Gratifyingly, treatment of 1-Co with 1.0 equiv Cp2FePF6 afforded a dark blue solid
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(4.4)

Eq. 4.4. 1+Co.
that was sparingly soluble in organic solvents, consistent with [{nn(PM)2}Co](PF6)
(1+-Co), with release of 1.0 equiv Cp2Fe (Eq. 4.4). NMR analysis of saturated THF-d8
solutions of 1+-Co did not reveal any characteristic spectral signatures, presumably
because the concentration of the paramagnetic cation was too low for detection.
However, the presence of a PF6 counterion in the complex was confirmed by 19F
NMR.
Treatment of 1+-Co with KH resulted in the evolution of H2 with formation of
copious solids and regeneration of 1-Co. Reaction with other strong bases such as
LDA similarly afforded the one-electron reduction of 1+-Co to 1-Co, and 1+-Co was
unreactive with respect to weaker bases such as DBU. Attempts to alkylate or
protonate 1-Co to generate the cobalt(III) {nn(PM)2}CoIII(CH3)(I) or
[{nn(PM)2}CoIIIH]+complexes, respectively, resulted in decomposition of starting
materials.
As the synthesis of cobalt carbene and imido complexes supported by
porphyrin ligands is known,42-46 attempts to prepare analogous complexes from 1-Co
were carried out. Addition of 1-adamantyl azide to 1-Co in C6D6 resulted in a color
change from blue to red-brown, consumption of both starting materials, and
precipitation of a sparingly soluble solid (Scheme 4.2). 1H NMR analysis revealed a
new diamagnetic species with five resonances that integrated in a 1:1:1:1:1 ratio and a
complex chemical shift pattern between 1.5 – 2 ppm corresponding to adamantyl
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Scheme 4.2. Reaction of 1-Co with 1-adamantyl azide.
protons. Unfortunately the resonances corresponding to the methylene CH2 and the βdiketiminate backbone CH protons were not observed, suggesting that if either the
{nn(PM)2}Co(N3Ad) or {nn(PM)2}CoNAd products were formed, they rapidly
decomposed to the sparingly soluble precipitate observed in the reaction mixture.
Reaction of 1-Co with carbene transfer reagents fared no better. Treatment of
1-Co with 3,3-diphenylcyclopropene47,48 formed a red solution and insoluble
precipitate, with 1H NMR analysis of the solution revealing two major diamagnetic
products in a 1:1 ratio and at least three minor products. Reaction with
diphenyldiazomethane49 similarly degraded nonspecifically to a virtually insoluble
precipitate.
Due to its electronic and coordinative unsaturation, 1-Co was capable of
binding L-type donor ligands such as PMe3 to form stable complexes. Treatment of

(4.5)

Eq. 4.5. 1-CoPMe3
1-Co with excess PMe3 formed a deep red highly soluble complex identified by 1H
NMR spectroscopy as the electronically saturated {nn(PM)2}CoPMe3 (Eq. 4.5). PMe3
binding was seemingly irreversible, as repeated exposure of {nn(PM)2}CoPMe3
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solutions to vacuum did not result in regeneration of 1-Co. As 1-Co was unable to
afford clean and productive chemistry in the reactions screened, further study was not
pursued.
4.2. Synthesis of {nn(PM)(PI) }M (M = Cr, Ni)
4.2.1. {nn(PM)(PI)}Cr
Exposure of Cr(N(TMS)2)2(THF)250,51 to 1.0 equiv H{nn(PM)2} in C6D6
resulted in an immediate color change from purple to dark brown and release of
HN(TMS)2 and THF in a 1:1 ratio. Dark green needles precipitated over 4 d at 23 °C,
and X-ray analysis revealed double deprotonation to generate {nn(PM)(PI)}Cr, 4-Cr

(4.6)

Eq. 4.6. 2-Cr.
(Eq. 4.6).The resulting structure is presented in Figure 4.5 and relevant parameters are
given in Table 4.4. There are two independent molecules in the asymmetric unit, with
similar bond angles and bond distances that are identical within error. 4-Cr is nearly
planar, with only a slight chelate twist of 2.5° for one molecule and 4.2° for the other.
A clear differentiation between the pyridine-methylene and pyridine-imine halves of
the molecule is evident from bond distances. The N2-C6 bond length of 1.391 Å is
contracted nearly 0.5 Å relative to the N3-C10 bond (1.451 Å), suggestive of
substantially more double bond character in the former. Similarly, the d(C6-C5) of
1.371 Å and the d(C5-N1) of 1.405 Å are elongated and contracted, respectively,
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Figure 4.5. Molecular structure of 4-Cr. Selected hydrogen atoms are omitted for
clarity.
Table 4.4. Selected interatomic distances and bond angles for 4-Cr. Parameters listed
are an average of the two independent molecules in the asymmetric unit when
equivalent to within 3 σ. Both values are given in italics when outside 3 σ.
Selected Bond Distances (Ǻ)
Selected Bond Angles (°)
Cr1-N1
Cr1-N2
Cr1-N3
Cr1-N4
N1-C5
C5-C6
C6-N2
N2-C7
C7-C8
C8-C9

2.0686(15)
2.0254(15)
1.9999(15)
2.1138(15)
1.405(2)
1.371(3)
1.391(2)
1.341(2)
1.402(3)
1.397(3)

C9-N3
N3-C10
C10-C11
C11-N4

1.345(2)
1.451(2)
1.499(3)
1.346(2)

N1-Cr1-N2
N2-Cr1-N3
N3-Cr1-N4
N4-Cr1-N1
N1-Cr1-N3

N2-C6-C5
N3-C10-C11

81.57(6)
91.01(6)
80.75(6)
106.44(6)
171.05(6)
171.72(6)
171.90(6)
169.38(6)
117.88(17)
111.94(15)

N1-N2-N3-N4
(dihedral)

4.2 (1)
2.5 (1)

N2-Cr1-N4
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1855 / 0 / 139

6034 / 0 / 293

Data/Restraints/Params.

R1 = 0.0283, wR2 = 0.0676

R1 = 0.0362, wR2 = 0.0925
0.385 and -0.240

R Indices (all data)

Largest Diffraction Peak and Hole (e- Å)

0.306 and -0.215

R1 = 0.0236, wR2 = 0.0641

R1 = 0.0299, wR2 = 0.0892

Final R Indeces [I>2σ(I)]

1.011

Full-matrix least-squares on F2

Full-matrix least-squares on F2

Refinement Method

1.045

0.8470 and 0.6573

0.9771 and 0.8476

Goodness-of-Fit on F

Semi-empirical from equivalents

Semi-empirical from equivalents

Absorption Correction

Max. and Min. Transmission

2

7788

48211

Reflections Collected

0.337 and -0.306

R1 = 0.0502, wR2 = 0.0913

R1 = 0.0349, wR2 = 0.0843

1.041

7236 / 0 / 541

Full-matrix least-squares on F2

0.9439 and 0.7721

Semi-empirical from equivalents

26414

-9 ≤ h ≤ 9, -14 ≤ k ≤ 14, -25 ≤ l ≤ 25

1.10 to 28.28

2.56 to 28.28
-6 ≤ h ≤ 7, -18 ≤ k ≤ 19, -24 ≤ l ≤ 24

1.91 to 30.51
-26 ≤ h ≤ 29, -13 ≤ k ≤ 18, -23 ≤ l ≤ 21

θ limits, deg

0.71073

173(2)

C17H18CrN4
330.35
Triclinic
P-1
4
7.4675(4)
11.0204(6)
19.4260(10)
73.613(2)
79.583(2)
74.918(2)
1470.90(14)
1.492
0.779
688
0.35 x 0.10 x 0.08

0.71073 Å

173(2) K

C17H19CoN4
338.29
Orthorhombic
Pccn
4
5.3435(7)
14.9830(19)
18.744(3)
90
90
90
1500.7(3)
1.497
1.145
704
0.40 x 0.20 x 0.15

Index Ranges

173(2)
0.71073

Temp, K

Crystal Data

Data Collection and Refinement

C17H19Cl2N4V
401.20
Monoclinic
C2/c
8
20.4128(16)
12.9424(11)
16.2616(13)
90
113.009(4)
90
3954.4(6)
1.348
0.777
1648
0.22 x 0.15 x 0.03

Wavelength (λ), Å

Formula
Formula Weight
Crystal System
Space Group
Z
a, Å
b, Å
c, Å
α, deg
β, deg
γ, deg
Volume, Å3
D (calc.), g/cm3
Absorption coeff., mm-1
F(000)
Crystal Size, mm

Table 4.5. Structural comparison of 1-VCl2, 1-Co, and 4-Cr.

relative to d(C10-C11) and d(C11-N4) (1.499 Å and 1.346Å). The bond distances of
the pyridine-imine half of the molecule are identical within error to those of
{nn(PM)(PI)}Fe(PMe3)2 (Table 3.3), suggesting a similar ligand oxidation state for
both complexes. Furthermore, the ligand metrics of 4-Cr match up better to those
calculated for {nn(PM)(PI)}2-FeII than those for [{nn(PM)(PI)}-FeII]+ and
[{nn(PM)(PI)}0FeII]2+ (Figure 3.14). Thus, the electronic structure of 4-Cr is most
likely [{nn(PM)(PI)}2-CrII]. Multiple reasonable configurations exist for a monomeric
d4 metal center and doubly reduced ligand, several of which are illustrated in Figure
4.6. However, the poor solubility of 4-Cr precluded solution state magnetic
measurements, and acquisition of solid state SQUID data to differentiate between the
possible configurations is underway.

Figure 4.6. Several possible electronic configurations for monomeric 4-Cr.
Due to the electronic unsaturation of the d4 metal center, interactions of
individual molecules of 4-Cr in the crystal structure were further examined for
evidence of metal-metal bonding. Figure 4.7 illustrates the packing of 4-Cr, in which
the nearly planar molecules stack in 1-dimensional columns. The d(Cr-Cr) in each

210

column alternate between 3.329(3) Å and 4.284(3) Å. The shorter distance of 3.329 Å
is longer than the sum of covalent radii for the two chromium centers and longer than
a standard single bond, but within the range of some unusually long Cr-Cr single
bonds reported in the literature.52-57 To the best of our knowledge, the longest
unsupported Cr-Cr single bond reported is that of [Cr(η5-C5H4PMePh2)(CO)3]2
[B(C6F5)4]2 at 3.3509(7) Å.52 However, although a bonding interaction between
adjacent molecules of 4-Cr is certainly possible, the long d(Cr-Cr) suggests that if
metal-metal interactions exist, they are quite weak.

Figure 4.7. Illustration of solid-state packing in 4-Cr.
4-Cr was sparingly soluble in THF, and although the limited solubility and
probable paramagnetism prevented analysis via NMR spectroscopy, the species
colored THF solutions enough to acquire UV-Visible data (Figure 4.8). Due to the
electronic unsaturation of 4-Cr it is highly probable that in solution, 4-Cr coordinates
one or two molecules of THF to achieve a higher electron count at the metal center.
Thus, it is important to note that the spectrum shown in Figure 4.8 may be that of a
THF adduct of 4-Cr.
The UV-visible spectrum displays numerous charge transfer bands, listed in
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Table 4.6, which mask any low-intensity d-d transitions that would otherwise be
observed. For comparison, the UV-visible spectrum of Li2{nn(PM)(PI)} is presented
in Figure 4.8 and clearly exhibits intraligand charge transfer bands that match up well
to the major absorptions of 4-Cr but are red-shifted by ~ 400 cm-1. The low-energy
features exhibited by 4-Cr between 14,000 and 18,000 cm-1 do not match up to any
red-shifted bands of Li2{nn(PM)(PI)} and likely arise from ligand-to-metal or metalto-ligand charge transfers. A possible vibronic progression is exhibited in the spectrum
of Li2{nn(PM)(PI)} between 14000 and 18500, where the features centered at 14200,
15500, 16830, and 18215 cm-1 could correspond to the νGS = 0 to νES = 0, 1, 2, and 3
vibrational components. The IR spectrum of Li2{nn(PM)(PI)} exhibits numerous

Figure 4.8. UV-visible spectra of {nn(PM)(PI)}Cr(THF)n (green) and
Li2{nn(PM)(PI} (purple). The small features at 11000 cm-1 are an artifact arising
from a source change in the spectrometer.
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Table 4.6. Extinction coefficient (ε) values for 4-Cr and Li2{nn(PM)(PI}.
4-Cr
Li2{nn(PM)(PI}
-1
-1
-1
-1
ν (cm )
ε (M cm )
ν (cm )
ε (M-1cm-1)
14600
2100
11800
190
17000
4190
14200
500
20120
5000
15500
1350
21350
5770
16830
2250
23450
8090
18215
2790
24500
8680
20120
5640
26100
8630
21050
5100
29600
8900
27400
8460
33000
12700
31450
9880
stretches in the region between 1,300 and 1,400 cm-1, which match up well to the
difference of ~1,350 cm-1.
Because any useful reactivity of 4-Cr would likely be hindered by its poor
solubility, the synthesis of a {nn(PM)(PI)}CrLn complex with bulky L groups was
targeted. Surprisingly, treatment of 4-Cr with excess PMe3 did not result in a soluble
material. As the dissolution of 4-Cr could have been prohibitively kinetically hindered,
the reaction shown in Eq. 4.6 was run in the presence of excess PMe3 to generate the
proposed {nn(PM)(PI)}Cr(PMe3)n species prior to crystallization of 4-Cr.
Unfortunately, isolation of a soluble material was unsuccessful, suggesting that if the
desired complex was synthesized, the solubility was not significantly different from
that of 4-Cr. Exposure of a slurry of 4-Cr to a CO atmosphere did not result in material
that exhibited a νCO, possibly due to prohibitively slow dissolution of 4-Cr in organic
solvents. It is unusual that 4-Cr does not form monomeric ligand adducts given that the
complex is both electronically and coordinatively unsaturated, and binding of donor
ligands would be expected to be facile, but presumably the stability afforded by π-
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stacking and/or the weak metal-metal interaction in the solid state of 4-PMe3
dominates.
Because a more soluble analogue of 4-Cr remained elusive, the direct
reactivity of 4-Cr was explored. Initial efforts centered on oxidative chemistry with the
intent of utilizing the two electrons stored in the redox-noninnocent ligand framework
of 4-Cr. Unfortunately, attempts to access oxidative chemistry through treatment with
CH3I, I2, Br2, or N-bromosuccinimide under various reaction conditions resulted in
nonspecific degradation of starting materials.
Treatment with group-transfer reagents were met with limited success.
Exposure of 4-Cr to 1.0 equiv diazodiphenylmethane49 resulted in immediate
dissolution of insoluble 4-Cr and formation of an orange-brown solution. One could
envision either the simple binding of the N2 unit in the diphenyldiazomethane reagent
or loss of N2 to form the CrII alkylidene, where the ligand backbone was oxidized by
two electrons (Scheme 4.3). Unfortunately, the putative chromium product was

Scheme 4.3. Reaction of 4-Cr with diphenyldiazomethane and proposed reaction
products.
paramagnetically broadened and NMR analysis of the highly soluble reaction mixture
did not reveal any resonances from -300 – 300 ppm. Exhaustive attempts to generate
crystalline material for X-ray analysis under a variety of conditions were carried out,
but high-quality crystals remained elusive. Treatment of 4-Cr with 3,3-
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diphenylcyclopropene47,48 to synthesize the corresponding vinyl alkylidene species
resulted only in consumption of starting materials and formation of a thick brown
precipitate, presumably the result of nonspecific degradation processes.
Reaction of 4-Cr with 1.0 equiv TMSN3 to synthesize a chromium imido
complex was met with similar results. Upon mixture, complete consumption of 4-Cr
was observed and a dark green solution was produced. One could envision the organic
azide binding to the CrII metal center, or loss of N2 to generate the desired CrII imido
species with oxidation of the ligand backbone as illustrated in Scheme 4.4. As with the

Scheme 4.4. Reaction of 4-Cr with TMSN3 and proposed reaction products.
reaction illustrated in Scheme 4.3, the chromium product formed in Scheme 4.4 did
not exhibit any characteristic NMR resonances from -300 – 300 ppm. Similarly,
crystalline material could not be obtained from the reaction mixture for analysis and
further study was not pursued.
4.2.2. {nn(PM)(PI)}Ni
Reaction of H{nn(PM)2} with 0.5 equiv {Ni(NPh2)2}258 in C6H6 produced a
deep red solution and full consumption of starting materials. 1H NMR analysis
revealed release of 2.0 equiv HNPh2 and formation of a new diamagnetic species with
CS symmetry, consistent with generation of {nn(PM)(PI)}Ni, 4-Ni (Eq. 4.7).
Unfortunately attempts to obtain crystalline material for X–ray analysis were
unsuccessful, but 4-Ni could be fully characterized via 2-dimentional NMR correlation
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(4.7)

Eq. 4.7. 4-Ni
spectroscopy and the H NMR spectrum of 4-Ni is illustrated in Figure 4.9. Although
1

in the absence of crystallographic data the electronic structure of 4-Ni cannot be easily
confirmed, the species is likely a square planar NiII metal center bound to a dianionic

C6D6
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Figure 4.9.1H NMR spectrum of 4-Ni in C6D6.
ligand, as recent work in this laboratory has demonstrated the extreme stability of NiII
in a square planar geometry (cf. Ch. 2). In addition, the 1H NMR spectrum of 4-Ni
features several upfield resonances corresponding to the imine CH (e, δ 6.32) and βdiketiminate backbone CH (f, δ 5.40), on par with the chemical shifts observed for
{nn(PM)(PI)}FeLL’ and {nn(PM)(PI)}FeL complexes (e, δ 6.9–6.4; f, δ 5.5–5.0 and
e, δ 8.0–7.2; f, δ 6.5–5.8, respectively), indicative of increased electron density on the
ligand backbone.
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Initial reactivity studies focused on the use of 4-Ni as a catalyst for olefin
hydrogenation. Unfortunately, exposure of solutions of 4-Ni to excess hydrogen and
ethylene offered no evidence of reaction with either reagent. Dishearteningly,
exposure of unpurified samples of 4-Ni to H2 and C2H4 did result in rapid production
of ethane, suggesting that colloidal nickel, byproducts, etc. were responsible for the
observed hydrogenation and were, in fact, far better hydrogenation catalysts than the
isolated 4-Ni.
It is possible the stored electrons in the {nn(PM)(PI)} backbone of 4-Ni could
serve as reducing equivalents to allow for the formation of a nickel alkylidene species
stabilized in the NiII oxidation state, so 4-Ni was treated with 1.0 equiv 3,3diphenylcyclopropene (Eq. 4.8). However, 3,3-diphenylcyclopropene was entirely

(4.8)

Eq. 4.8. binger
unreactive with 4-Ni, even at temperatures up to 110 °C (the thermal instability of the
cyclopropene reagent precluded prolonged heating at higher temperatures). Because
initial reactivity studies of 4-Ni were not encouraging, further investigation was not
pursued.
4.3. Synthesis of {nn(PM)2}MR (M = Mn, R = N(TMS)2; M = Zn, R = Et)
As the design of the {nn(PM)2} ligand allowed for the synthesis of wellbehaved coordination complexes of V, Cr, Fe, Co, and Ni, the synthesis of the
analogous Ti and Mn species was targeted. The slow addition of a THF solution of
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H{nn(PM)2} to Ti(NMe2)459 afforded an orange-brown solution and thick dark brown
precipitate, and 1H NMR analysis revealed release of HNMe2 and formation of a
complex mixture of diamagnetic byproducts. Treatment of TiCl2(TMEDA)260 with
H{nn(PM)2} to induce dehydrohalogenation with TMEDA and generate the TiII
species {nn(PM)(PI}2-TiII similarly produced a red-brown solution with a thick dark
brown precipitate. By 1H NMR spectroscopy a large amount of TMEDA and
H{nn(PM)2}was observed, implying that the insoluble precipitate was derived from
decomposition of the TiCl2(TMEDA)2 starting material rather than clean formation of
{nn(PM)2}Ti and TMEDA∙HCl, both of which would be expected to be insoluble.
Accordingly, crystalline material could not be isolated from the reaction mixture.
In an attempt to synthesize the analogous manganese complex, H{nn(PM)2}
was treated with 1.0 equiv Mn(N(TMS)2)2(THF)61 in C6D6. Immediately upon mixing,
the reaction mixture darkened to orange and slowly turned brown over 5 min. 1H
NMR analysis indicated formation of HN(TMS)2 and release of THF in a 1:1 ratio,

(4.9)

Eq. 4.9. 1-MnN(TMS)2.
suggesting only single deprotonation of the {nn(PM)2} ligand to generate
{nn(PM)2}MnN(TMS)2 (Eq. 4.9). Unfortunately, no characteristic resonances were
observed from -300 to 300 ppm. Thus far, crystals suitable for X-ray analysis have
remained elusive, so the formulation of 1-MnN(TMS)2 is only tentative.
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Reaction of H{nn(PM)2} with Et2Zn in C6D6 resulted in release of 1 equiv
ethane and generation of a dark red solution. By 1H NMR, single deprotonation and
formation of {nn(PM)2}ZnEt was confirmed (Eq. 4.10, Figure 4.10). Thermolysis of

(4.10)

Eq. 4.10. 1-ZnEt
1-ZnEt at 60 °C to induce a second internal deprotonation at the methylene position of
the ligand to generate {nn(PM)(PI}Zn resulted only in gradual decomposition to form
Zn0, H{nn(PM)2}, ethane, and several unidentified diamagnetic byproducts.

g

e
C2H4

f
a

C6D6
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i

h

Figure 4.10. 1H NMR spectrum of {nn(PM)2}ZnEt (1-ZnEt).
Similarly, the reaction of H{nn(PM)2} with Zn(N(TMS)2)262 in C6D6 resulted
in immediate color change to dark red-brown and formation of a new CS-symmetric
diamagnetic species, consistent with {nn(PM)2}ZnN(TMS)2. As with 1-ZnEt,
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thermolysis to generate {nn(PM)(PI)}Zn only afforded decomposition products and
further study was not pursued.
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Experimental
General Considerations. All manipulations of air sensitive materials were
performed using glove box and high vacuum techniques under an inert atmosphere.
Hydrocarbon or ethereal solvents were refluxed over sodium, and vacuum transferred
from sodium benzophenone ketyl (with 3–6 mL tetraglyme/L added to hydrocarbons).
Benzene-d6 was heated to reflux over sodium to dry and vacuum transferred from
freshly cut sodium. THF-d8 was dried over sodium and stored over 4 Å sieves.
Diazodiphenylmethane,49 3,3-diphenylcyclopropene,47,48 V(N(TMS)2)2Cl(THF),35,36
Co(N(TMS)2)2(THF),40,41 Cr(N(TMS)2)2(THF)2,50,51 {Ni(NPh2)2}2,58 Ti(NMe2)4,59
TiCl2(TMEDA)2,60 and Mn(N(TMS)2)2(THF)61 were prepared according to literature
procedures. All other chemicals were commercially available and used as received. All
glassware was oven dried for a minimum of 2 h. NMR tubes for sealed tube
experiments were flame dried under dynamic vacuum prior to use.
1

H, 13C{1H}, 13C and 31P{1H} NMR spectra were obtained on Varian INOVA

400, Varian INOVA 500, Varian INOVA 600, Varian Mercury 300, and Bruker ARX
300 spectrometers, and chemical shifts are reported relative to benzene-d6 (1H, δ 7.16;
13

C{1H}, δ 128.39) and THF-d8 (1H, δ 3.58; 13C{1H}, δ 67.57). Infrared spectra were

recorded on a Nicolet Avatar 370 DTGX spectrophotometer interfaced to an IBM PC
(OMNIC software). UV-Vis spectra were obtained on a Cary 60 UV/Vis spectrometer.
Elemental analyses were performed by Complete Analysis Laboratories, Inc.,
Parsippany, New Jersey, or by the laboratory of Professor Karsten Meyer, University
of Erlangen – Nuremberg, Department of Chemistry & Pharmacy, Egerlandstr. 1, D91058 Erlangen, Germany.
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Synthesis. 1. {nn(PM)2}VCl2 (1-VCl2). a. To a 25 mL flask charged with
V(N(TMS)2)2Cl(THF) (100. mg, 0.209 mmol) and THF (8 mL) was added a solution
of H{nn(PM)2} (59 mg, 0.21 mmol) in 8 mL THF dropwise at 23 °C. The solution
turned deep red-brown, a red precipitate was observed, and the solution was allowed
to stand at 23 °C for 48 h without stirring. The solvent was decanted, and the resulting
red crystals were washed with three 2 mL portions of THF and three 2 mL portions of
pentane to yield 30. mg (0.075 mmol, 36%) of red crystalline 1-VCl2. Anal. Calc’d for
C17H19Cl2N4V: C, 50.98%; H, 4.77%; N, 13.96%. Found: C, 51.87%, H, 5.21%, N,
12.31%; analysis is consistent with 0.5 THF per 1-VCl2 (C, 52.19%; H, 5.30%; N,
12.81%). b. To a 20 mL vial charged with VCl3(THF)3 (309 mg, 0.827 mmol) and
Na{nn(PM)2} (250. mg, 0.827 mmol) was added THF (10 mL) at 23 °C. The solution
darkened to red-purple over 2 h and stirring was continued 4 d. Solvent was removed
in vacuo to yield crude 1-VCl2 as a mixture with NaCl.
2. {nn(PM)2}Co (1-Co). To a 50 mL flask charged with Co(N(TMS)2)2(THF)
(150. mg, 0.332 mmol) was added THF (10 mL). A solution of H{nn(PM)2} (93 mg,
0.33 mmol) in 10 mL THF was added dropwise while stirring over 3 min at 23 °C, and
the solution turned dark blue-grey with precipitation of a dark blue solid. The solution
was stirred 12 h at 23 °C and solvent was removed in vacuo. Benzene (25 mL) was
added via vacuum transfer and the blue mixture was filtered. The filter cake was
washed with benzene until washes ran colorless (~ 20 x 15 mL). The solution was
concentrated to 5 mL, pentane (20 mL) was added vacuum transfer, and the mixture
was filtered to yield crude 1-Co. Gold needles were obtained through recrystallization
of 1-Co in THF/pentane at -35 °C (45 mg, 0.13 mmol, 40%). 1H NMR (C6D6, 400

222

MHz): δ 1.76 (s, g, 6H), 3.87 (s, e, 4H), 5.35 (s, f, 1 H), 6.01 (t, J = 6 Hz, b, 2 H), 6.18
(d, J = 7 Hz, d, 2 H), 7.10 (t, 6 Hz, c, 2H), 9.01 (d, J = 6 Hz, a, 2 H). 13C NMR (C6D6,
100 MHz): δ 21.45 (g), 61.96 (e), 125.43 (f), 123.09 (b), 118.42 (d), 122.12 (c),
146.77 (a). Anal. Calc’d for C17H19N4Co: C, 60.36%; H, 5.66%; N, 16.56%. Found:
C, 59.08%, H, 5.63%, N, 14.10%.

3. {nn(PM)2}CoPMe3. To a J. Young tube charged with {nn(PM)2}Co (1-Co,
10. mg, 0.030 mmol) and C6D6 (0.4 mL) at 77 K was added PMe3 (19 torr, 0.15
mmol). The tube was allowed to warm to 23 °C and the solution turned deep red. 1H
NMR analysis confirmed formation of {nn(PM)2}CoPMe3. 1H NMR (C6D6, 400
MHz): δ 0.10 (s, P(CH3)3, 9H), 2.82 (s, g, 6H), 3.88 (s, e, 4H), 6.58 (s, f, 1 H), 6.95 (t,
J = 6 Hz, b, 2 H), 7.10 (d, J = 7 Hz, d, 2 H), 7.76 (t, 6 Hz, c, 2H), 8.51 (d, J = 6 Hz, a,
2 H). 13C NMR (C6D6, 100 MHz): δ 1.16 (P(CH3)3), 19.91 (g), 66.65 (e), 106.37 (f),
125.50 (b), 117.28 (d), 117.88 (c), 149.31 (a). 31P NMR (C6D6, 162 MHz): δ 48.12 (br
s, ν1/2 ~ 700 Hz). See above for numbering scheme.
4. {nn(PM)(PI)}Cr (4-Cr). To a 20 mL scintillation vial charged with
Cr(N(TMS)2)2(THF)2 (200. mg, 0.387 mmol) and C6H6 (5 mL) was added a solution
of H{nn(PM)2} (108 mg, 0.385 mmol) in C6H6 (5 mL) at 23 °C while swirling. The
solution rapidly turned from light purple to brown. The vial was capped and left
unstirred for 4 days and brown crystalline needles formed at the bottom of the vial.
The supernatant was decanted and the crystals were washed with three 5 mL portions
of C6H6 and three 5 mL portions of pentane. Volatiles were removed in vacuo to yield
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4-Cr as a virtually insoluble brown material (62 mg, 0.19 mmol, 48%). Anal. Calc’d
for C17H18N4Cr: C, 61.81%; H, 5.49%; N, 16.96%. Found: C, 62.14%, H, 5.55%, N,
16.12%.
5. {nn(PM)(PI)}Ni (4-Ni). a. To a 100 mL flask charged with {Ni(NPh2)2}2
(282 mg, 0.357 mmol) was added C6H6 (15 mL). A solution of H{nn(PM)2} (200. mg,
0.713 mmol) in C6H6 (20 mL) was added dropwise while stirring over 3 min at 23 °C,
and the solution turned dark red. The solution was stirred 12 h at 23 °C and solvent
was removed in vacuo. Diethyl ether (40 mL) was added via vacuum transfer and the
red solution was filtered. The filter cake was washed with six 20 mL portions of Et2O,
and the filtrate was concentrated to 15 mL, cooled to -78 °C, and filtered to yield red
microcrystalline {nn(PM)(PI)}Ni (136 mg, 0.403 mmol, 57%). 1H NMR (THF-d8, 400
MHz): δ 2.16 (s, g, 3H), 3.27 (s, h, 3H), 3.44 (s, i, 2H), 5.10 (s, f, 1H), 5.20 (t, J = 6
Hz, b, 1H), 5.80 (s, e, 1H), 6.16 (d, J = 6 Hz, d, 1H), 6.18 (t, J = 6 Hz, c, 1H), 6.92 (d,
5 Hz, a, 1H), 7.30 (t, 6 Hz, l, 1H), 7.43 (d, 5 Hz, j, 1H), 7.80 (t, J = 6 Hz, k, 1H), 8.50
(d, J = 6 Hz, m, 1H). 13C NMR (THF-d8, 100 MHz): δ 20.96 (g), 59.04 (h), 72.53 (i),
100.34 (f), 101.14 (b), 105.53 (e), 114.09 (c), 123.10 (l), 126.50 (d), 128.68 (j),
136.48 (k), 145.55 (a), 149.92 (m). Anal. Calc’d for C17H18N4Ni: C, 60.58%; H,
5.38%; N, 16.62%. Found: C, 48.42%, H, 4.68%, N, 11.63%; consistent with ~20%
residual LiCl and 0.5 THF per molecule of 4-Ni (C, 48.93%, H, 4.75%, N, 12.01%). b.
To a 20 mL scintillation vial charged with Li2{nn(PM)(PI)} (20. mg, 0.067 mmol) and
NiCl2(DME) (15 mg, 0.068 mmol) was added THF (2 mL) at 23 °C. Upon addition,
the solution turned from dark purple to red with precipitation of a small amount of tan
solid. The mixture was allowed to stir for 1 h, filtered through celite, and concentrated
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to dryness in vacuo. 1H NMR analysis confirmed clean conversion to 4-Ni.

6. {nn(PM)2}ZnEt (1-ZnEt). To a J. Young tube charged with H{nn(PM)2}
(20. mg, 0.071 mmol) and C6D6 (0.4 mL) was added Et2Zn (7.3 μL, 0.071 mmol) at
23 °C. The reaction mixture turned from orange to dark red over 20 min, and
formation of 1-ZnEt was observed by 1H NMR. 1H NMR (C6D6, 400 MHz): δ 0.47 (q,
J = 8 Hz, h, 2H), 1.46 (t, J = 8 Hz, i, 3H), 1.87 (s, g, 6H), 4.69 (s, e, 4H), 4.67 (s, f, 1
H), 6.60 (t, J = 6 Hz, b, 2 H), 6.78 (d, J = 7 Hz, d, 2 H), 6.99 (t, 7 Hz, c, 2H), 8.41 (d, J
= 5 Hz, a, 2 H).

7. {nn(PM)2}MnN(TMS)2 (1-MnN(TMS)2). To a J. Young tube charged with
Mn(N(TMS)2)2(THF) (20. mg, 0.045 mmol) and H{nn(PM)2} (13 mg, 0.046 mmol)
was added C6D6 at 23 °C. Upon mixture, the reaction darkened to orange-brown. 1H
NMR analysis revealed release of HN(TMS)2 and THF in a 1:1 ratio, but no
resonances attributable to 1-MnN(TMS)2 were observed from -300 to 300 ppm.
8. Alkylation of 1-VCl2. To a 50 mL flask charged with {nn(PM)2}VCl2
(1-VCl2, 40. mg, 0.10 mmol) at -78 °C was transferred 10 mL THF. Under an Ar
purge, a solution of neoPeLi (8 mg, 0.1 mmol) in THF (5 mL) was added dropwise over
5 min. The solution turned dark purple-black immediately upon addition. The reaction
was allowed to warm to 23 °C and stirred an additional 12 h. Solvent was removed in
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vacuo, and the resulting solid was triturated once with 10 mL pentane and washed
with 10 mL pentane to yield the putative {nn(PM)2}V(neoPe)2. The highly soluble
material did not exhibit any characteristic 1H NMR resonances and further
characterization was not pursued.
9. [{nn(PM)2}Co]PF6 (1+-Co). To a 25 mL flask was added {nn(PM)2}Co
(1-Co, 50. mg, 0.15 mmol), Cp2FePF6 (49 mg, 0.15 mmol) and THF (5 mL) at 23 °C.
The blue reaction mixture was allowed to stir at 23 °C 24 h and then filtered to remove
Cp2Fe. The filter cake was washed with three 10 mL portions of THF and dried in
vacuo to yield crude [{nn(PM)2}Co]PF6 as a dark blue solid.
10. Reaction of {nn(PM)(PI)}Cr with Ph2CN2. To a 5 mL scintillation vial
charged with {nn(PM)(PI)}Cr (4-Cr, 10. mg, 0.030 mmol) suspended in C6D6 (0.2
mL) was added a solution of Ph2CN2 (6 mg, 0.03 mmol) in C6D6 at 23 °C. Upon
addition, the solution darkened to orange-brown and complete dissolution of 4-Cr was
observed. The mixture was allowed to react for 10 min at 23 °C and transferred to a J.
Young tube. 1H NMR did not reveal any resonances not attributable to solvents from
-300 to 300 ppm.
11. Reaction of {nn(PM)(PI)}Cr with N3TMS. To a 5 mL scintillation vial
charged with {nn(PM)(PI)}Cr (4-Cr, 10. mg, 0.030 mmol) suspended in C6D6 (0.2
mL) was added a solution of N3TMS (3 mg, 0.03 mmol) in C6D6 at 23 °C. Upon
addition, the solution darkened to deep green and complete dissolution of 4-Cr was
observed. The mixture was allowed to react for 10 min at 23 °C and transferred to a J.
Young tube. 1H NMR did not reveal any resonances not attributable to solvents from
-300 to 300 ppm.
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Single-Crystal X-ray Diffraction Studies. Upon isolation, crystals were
covered in polyisobutenes and placed under a 173 K N2 stream on the goniometer
head of a Siemens P4 SMART CCD area detector (graphite-monochomated Mo Kα
radiation, λ = 0.71073 Å). The structures were solved by direct methods (SHELXS).
All non-hydrogen atoms were refined anisotropically unless otherwise stated, and
hydrogen atoms were treated as idealized contributions (Riding model).
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APPENDIX
A.1. Cyclopropanes for the Reversible Storage of Singlet Diradicals
In recent years, it was discovered in these laboratories that reaction of
Me2C(CH═NCH2py)2 with 1.0 equiv TiCl2(TMEDA)2 afforded the diamagnetic C-C
coupled [Me2cyPro(NCH2py)2]TiCl2 (Eq. A.1).1 It was thought that the reaction to
form the new cyclopropane ring in the ligand backbone arose from reductive coupling

(A.1)

Eq. A.1. Me2cyProNCh2Oy2TiCl2
of the two imines, and brought forth the question of whether this coupling was
reversible. With the intent to study whether diradical character could be reversibly
stored in cyclopropane rings within this ligand system, the rational synthesis of a
cyclopropane-based tetradentate ligand was perused. As the cyclopropane ring in
[Me2cyPro(NCH2py)2]TiCl2 contained a cis linkage within the ligand framework, the
synthesis of cis-1,2-cyclopropane diamine was initially targeted.
As shown in Scheme A.1, 1,2-cyclopropanedicarboxylic acid could be readily
synthesized from ethyl acrylate and chloroacetate in two steps as a mixture of cis and
trans isomers, typically in a 2:1 to 3:1 ratio. Reaction of the mixture with acetic
anhydride converted the cis isomer exclusively to the corresponding anhydride, which
could be separated from the mixture via sublimation and hydrolyzed back to the diacid
with H2O. Further reaction to cis-1,2-cyclopropane diisocyanate was accomplished in
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Scheme A.1.23 Synthesis of various cyclopropane derivatives. Conditions: i. NaOMe,
neat, 0 °C, 2 h; ii. NaOH, H2O, 100 °C, 4h; iii. Ac2O, neat, 100 °C, 30 min, cis and
trans isomers separated via sublimation; iv. H2O, 100 °C, 10 min; v. PCl5, neat, 100
°C, 5 hr; vi, NaN3, H2O/acetone, 0 °C, 2 h; vii. Toluene, 100 °C, 3 h; viii. HCl, H2O,
23 °C, 30 min; ix. NaOMe, MeOH, 23 °C, 20 min; x. 2-pyridinecarboxylic acid,
triphenylphosphite, pyridine, 100 °C, 4 h.
three steps (Scheme A.1 v – vii), but conversion to the cis-1,2-cyclpropane diamine
was unsuccessful. Due to the difficulty of synthesizing the cis-cyclopropane reagent,
and because a cyclopropane ring with trans stereochemistry would likely ring-open
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upon binding to a metal center, thus “releasing the diradical stored in the C-C bond”,
the analogous trans-cyclopropane reagents were next targeted.
Trans-1,2-cyclopropane diisocyanate could be readily prepared as illustrated in
Scheme A.1 under conditions analogous to those of the corresponding cis isomer.
Interestingly, the Curtius rearrangement in which the acyl azide moieties were
converted to isocyanate fragments seemed to pass through the same intermediate
regardless of initial stereochemistry. Illustrated in Figure A.1 is the conversion of 1,2cyclopropanedicarbonyl diazide to the corresponding diisocyanate as a function of
time. At t = 60 min (Figure A.1, top), a set of resonances (CDCl3; δ 1.21, t, J = 7 Hz,
2H; 3.47, q, J = 7 Hz, 2H) appeared. This same set of resonances appeared when the
trans acyl azide was used instead, and when a mixture of cis- and trans-1,2cyclopropanedicarbonyl diazide (Figure A.1, bottom) was heated the sets of
resonances corresponding to cis and trans isomers coalesced to the same triplet and
quartet set (t = 120 min) before again separating to the cis and trans-1,2-cyclopropane
diisocyanate products at long reaction times. However, because stereochemistry was
clearly conserved in this reaction to yield the desired products, this seemingly
common intermediate remained a curiosity as further study was not perused.
Conversion of trans-1,2-cyclopropane diisocyanate to the diamine was facile
(Scheme A.1, steps viii – ix), but due to poor solubility in organic solvents, the
complex could not be separated from the NaCl byproduct. Nonetheless, the diamine
was used as a 1:1 salt mixture in subsequent reactions.
Unfortunately, condensation of trans-1,2-cyclopropane diamine with
2-pyridine carboxyaldehyde (Eq. A.2) was unsuccessful under a variety of reaction
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(A.2)

Eq. A.2. Condensation that doesn’t work

Figure A.1. Top: Reaction of cis-1,2-cyclopropanediarbonyl diazide to form cis-1,2cyclopropane diisocyanate. Two different intermediates can be seen at t = 30 min and t
= 60 min. Bottom: Thermolysis of a mixture of cis and trans cis-1,2cyclopropanediarbonyl diazide. Both species seemingly pass through the same
intermediate (t = 120 min) but stereochemistry is retained in the final product (t = 180
min).
conditions. Various ligand cyclizations have been observed in these laboratories where
two imine moieties were in close proximity and able to interact. A recent example is
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(A.3)

Eq. A.3
highlighted in Eq. A.3,4 where the newly formed heterocycle is shown in red. One
could envision that an analogous cyclization of the desired reaction product would
result in cyclopropane ring-opening, which would in turn lead to nonspecific
decomposition reactions to generate the intractable mixtures observed.
The synthesis of related [2-(benzoylamino)cyclopropylamino](2pyridyl)formaldehyde was facile (Scheme A.1 x),5 but attempts at metallation with 1st
row transition metals generated complex product mixtures. This result is perhaps
unsurprising, as the trans cyclopropane moiety was initially expected to ring-open
upon metallation and clean reactivity out of the trans ligand system was hopeful at
best.
A.2. Alternate Tetradentate Ligand Networks
To further explore the utility of various tetradentate ligands, a series of
condensations were carried out to synthesize L1 – L6 (Scheme A.2, Scheme A.3). L1
is analogous to the {dmp(PI)2} ligand (cf. Chapter 2), and unsurprisingly, exhibits
analogous reactivity with nickel. Unfortunately L2, where n = 5, did not metallate

Scheme A.2. Synthesis of tetradentate pyridine imine-based ligands L1 – L2.
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cleanly. Presumably, the long alkyl chain in the ligand backbone allowed coordination
to multiple metal centers and formation of oligomeric species.
To extend the chemistry of tetradentate diimine ligand systems that could
impart pseudo square planar geometry about a metal center, 2,2-dimethyl-1,3propanediamine was treated with various benzaldehyde derivatives to afford L3 – L6
(Scheme A.3). Initial metallation efforts focused on the preparation of
[Me2C(CH=NCH2Ph)2]FeLn, {dmp(PhI)2}FeLn. The reaction of L5 with 1.0 equiv

Scheme A.3. Synthesis of tetradentate phenyl imine-based ligands L3 – L6.
(Me3P)4FeMe26 resulted in a deep purple solution over 1 wk, although 1H NMR
spectral analysis only indicated the presence of starting materials. Over 3 wk a minor
diamagnetic product started growing in and precipitation of solids was observed,

(A.4)

Eq. A.4. Karsh rxn
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although the thermal sensitivity of (Me3P)4FeMe2 precluded complete reaction to form
the new product (Eq. A.4). Gratifyingly, treatment of L3 with 2.0 equiv Fe(PMe3)47
afforded the same purple solution within minutes with concomitant precipitation of
solid. The 1H NMR spectrum of the reaction mixture was consistent with the
diamagnetic product formed in Eq. A.4 and confirmed generation of
{dmp(PhI)2}Fe(PMe3)2, LA-Fe(PMe3)2 (Eq. A.5). The complex was isolable as a

(A.5)

Eq. A.5. Fe0 Karsh
purple solid, but was prone to thermal degradation and darkened to brown over 4 h in
the solid state at 23 °C. Nonetheless, LA-Fe(PMe3)2 could be crystallized from a
saturated solution of pentane at -35 °C. The 1H NMR spectrum of the isolated LAFe(PMe3)2 is illustrated in Figure A.2 and reveals a highly symmetric species with two
bound phosphine ligands.
In the reaction shown in Eq. A.5, one equivalent of Fe(PMe3)4 was lost as
FeBr2(PMe3)2. To develop a more atom-economic synthesis of LA-Fe(PMe3)2 the
fluorinated ligand L4 was synthesized. In principle, reaction of L4 with 1.0 equiv.
Fe(PMe3)4 could afford the desired product and Me3PF2. Unfortunately, reaction of L4
with either 1 or 2 equiv Fe(PMe3)4 did not produce LA-Fe(PMe3)2.
To further explore the chemistry of first-row transition metals with tetradentate
diimine ligand systems with metal-carbon bonds, L3 was treated with 2.0 equiv
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Figure A.2. 1H NMR spectrum of {dmp(PhI)2}Fe(PMe3)2 (LA-Fe(PMe3)2) in C6D6.
Ni(COD)28 to afford dark orange {dmp(PhI)2}Ni, LA-Ni (Eq. A.6). The 1H NMR
spectrum of LA-Ni is illustrated in Figure A.3. The chemical shifts of LA-Ni are quite

(A.6)

Eq. A.6. La-Ni
similar to those of {dmp(PI)2}Ni, although the proton ortho to the metal center is
shifted ~1.4 ppm downfield in {dmp(PI)2}Ni due to the close proximity of a nitrogen
atom on the pyridine ring.
To synthesize the analogous cobalt complex {dmp(PhI)2}CoLn, L4 was
allowed to react with 2 equiv Co(PMe3)4.9 Upon addition of ligand to a solution of
Co(PMe3)4, an immediate color change from light brown to deep blue-brown was
observed with precipitation of a gold solid (Eq. A.7). By 1H NMR spectroscopy
consumption of starting materials was observed but no new soluble diamagnetic or
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Figure A.3. 1N NMR spectrum of {dmp(PhI)2}Ni, LA-Ni in C6D6. COD = 1,4cyclooctadiene.
paramagnetic products were seen, implying that the cobalt species formed was
insoluble in organic solvents. Considering the relatively high solubilities of the
analogous {dmp(PhI)}Fe(PMe3)2 and {dmp(PhI)2}Ni complexes, it is unlikely that

(A.7)

Eq. A.7. Co
monomeric {dmp(PhI)}2Co(PMe3)n formed cleanly, but a dimeric or oligomeric cobalt
species would be predicted as relatively insoluble. Attempts at obtaining crystals
suitable for X-ray analysis of the gold precipitate to determine the molecular structure
of the reaction product are ongoing.
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Experimental
All manipulations were performed using glove box and high vacuum
techniques under an inert atmosphere unless otherwise stated. Hydrocarbon and
ethereal solvents were refluxed over sodium, and vacuum transferred from sodium
benzophenone ketyl (with 3–6 mL tetraglyme/L added to hydrocarbons). Benzene-d6
was heated to reflux over sodium to dry and vacuum transferred from freshly cut
sodium. (Me3P)4FeMe2,6 Fe(PMe3)4,7 Ni(COD)2,8 and Co(PMe3)49 were prepared
according to literature procedures. Sodium methoxide was prepared fresh before use.
All other chemicals were commercially available and used as received. All glassware
was oven dried for a minimum of 2 h. Caution: ethyl acrylate has a very strong,
characteristic acrid odor and MUST be used in a fume hood. 1H NMR spectra were
obtained on Varian INOVA 400, Varian Mercury 300, and Bruker ARX 300
spectrometers, and chemical shifts are reported relative to benzene-d6 (1H, δ 7.16),
CDCl3 (1H, δ 7.26), D2O (1H, δ 4.79), and CD3OD(1H, δ 3.31).
Synthesis. 1. 1,2-Cyclopropanedicarboxylic acid diethyl ester. To a 250 mL
flask charged with ethyl acrylate (86 mL, 0.808 mol) and ethyl chloroacetate (38.3
mL, 0.359 mol) at 0 °C was added solid sodium methoxide (19.4g, 0.359 mol) in
portions over 20 min in air. The solution turned yellow and was allowed to stir 1 h at
0 °C. The reaction mixture was transferred to a 1 L flask containing 200 mL distilled
water, and enough distilled water was added to completely dissolve the NaCl
byproduct (~50 mL). The organic phase was separated, and the aqueous phase was
extracted with three 20 mL portions of dichloromethane. The combined organics were
washed with brine (2 x 50 mL) and dried over MgSO4. Removal of volatiles in vacuo
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yielded crude product. Pure 1,2-cyclopropanedicarboxylic acid diethyl ester isomers
was obtained as a mixture of cis and trans (~ 2:1 ratio) through fractional distillation
(b.p. 60 -79 °C, 26.01 g, 0.140 mol, 39%). 1H NMR (CDCl3, 300 MHz) δ 1.11 – 1.31
(mult, cis + trans CH3; mult, trans cyPro-CH2; 10H), 1.36 – 1.43 (mult, cis cyPro-CH2,
1H), 1.59 – 1.68 (mult, cis cyPro-CH2, 1 H), 1.99 – 2.06 (mult, cis cyPro-CH, 2 H),
2.09 – 2.16 (mult, trans cyPro-CH, 1 H), 4.07 – 4.16 (mult, cis + trans CH2, 6H).
2. 1,2-Cyclopropanedicarboxylic acid. To a 250 mL flask containing NaOH
(16.76 g, 0.419 mol) in H2O (112 mL) was added 1,2-cyclopropanedicarboxylic acid
diethyl ester (cis + trans, 26.00 g, 0.140 mol) in air. The mixture was heated to reflux
3h and concentrated to 10 mL total volume. Concentrated HCl(aq) was added to
neutralize until pH < 1 (35 mL). The mixture was filtered to remove NaCl, and the
filtrate was continually extracted with Et2O for 24h. The resulting organic portion was
dried over MgSO4 and concentrated to dryness to yield pure 1,2cyclopropanedicarboxylic acid as a mixture of cis and trans isomers (~2:1 ratio). Yield
= 16.94 g (0.130 mol, 93%). 1H NMR (CDCl3, 300 MHz, cis) δ 1.35 – 1.44 (mult,
cy

Pro-CH2, 1H), 1.48 – 1.56 (mult, cyPro-CH2, 1 H), 2.21 – 2.28 (mult, cyPro-CH, 2 H).

1

H NMR (CDCl3, 300 MHz, trans) δ 1.48 – 1.54 (t, J = 7 Hz, cyPro-CH2, 2H), 2.16 –

2.23 (t, J = 7 Hz, cyPro-CH, 2 H).
3. Separation of cis and trans 1,2-cyclopropanedicarboxylic acid. To a 250
mL flask charged with acetic anhydride (10.25 g, 0.100 mol) was added 1,2cyclopropanedicarboxylic acid (16.94 g, 0.130 mol) as a mixture of cis and trans
(~ 2:1) isomers in air. The reaction mixture was heated to 80 °C for 25 min then
concentrated to a thick yellow oil. 1,2-cyclopropanedicarboxylic anhydride sublimed
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out of the mixture under full dynamic vacuum at ~ 60 °C as a white crystalline
powder. The material remaining in the sublimation apparatus was trans-1,2cyclopropanedicarboxylic acid (> 95%), which could be recrystallized from hot
acetonitrile (3.38 g, 0.26 mol, 60%). The sublimed 1,2-cyclopropanedicarboxylic
anhydride was dissolved in 5 mL H2O and heated to 80 °C for 10 min. Solvent was
removed in vacuo, and the resulting cis-1,2-cyclopropanedicarboxylic acid was
recrystallized from hot nitromethane (9.36 g, 0.72 mmol, 83%).
4. cis-1,2-Cyclopropanedicarbonyl dichloride. To a 25 mL flask charged
with solid cis-1,2-cyclopropanedicarboxylic acid (6.7 g, 0.051 mol) was added solid
PCl5 (32.17 g, 0.154 mol) in portions at 23 °C in air over 10 min while stirring. The
reaction was slightly exothermic upon addition and a small amount of liquid PCl3 and
cyclopropanedicarbonyl dichloride was formed. The reaction was heated to 100 °C
for 5 h, and then filtered to remove excess PCl5. cis-1,2-cyclopropanedicarbonyl
dichloride was isolated from the filtrate via fractional distillation (35 – 51 °C, 10-4 torr,
7.04 g, 0.042 mol, 82%). 1H NMR (CDCl3, 300 MHz, cis) δ 1.60 – 1.69 (mult, cyProCH2, 1H), 2.02 – 2.10 (mult, cyPro-CH2, 1 H), 2.80 – 2.89 (mult, cyPro-CH, 2 H). IR:
νCO = 1794 cm-1.
5. trans-1,2-Cyclopropanedicarbonyl dichloride. Trans-1,2cyclopropanedicarbonyl dichloride was prepared via an analogous procedure to that
given in (4.). 1H NMR (CDCl3, 300 MHz, trans) δ 1.90 (t, J = 8 Hz, cyPro-CH2, 2H),
2.91 (t, J = 8 Hz, cyPro-CH, 2 H).
6. cis-1,2-Cyclopropanedicarbonyl diazide. To a 25 mL flask charged with
NaN3 (1.58 g, 24.3 mmol) in H2O (4.5 mL) was added cis-1,2-cyclopropanedicarbonyl
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dichloride (1.35 g, 8.1 mmol) in acetone (3 mL) dropwise at 0 °C over 5 min in air.
The mixture was allowed to stir at 0 °C for 2 h and then poured into ice H2O (18 mL).
Et2O (4 mL) was added and the organic layer was separated. The aqueous layer was
extracted with Et2O (3 x 4 mL) and the combined organics were washed with H2O (1 x
3 mL) and dried over MgSO4. Volatiles were removed in vacuo to yield a thick yellow
oil, and the oil was triturated twice with 10 mL hexanes to yield cis-1,2cyclopropanedicarbonyl diazide (1.43 g, 7.9 mmol, 98%) as an off-white powder that
was used without further purification. 1H NMR (CDCl3, 300 MHz, cis) δ 1.34 – 1.44
(mult, cyPro-CH2, 1H), 1.81 – 1.89 (mult, cyPro-CH2, 1 H), 2.10 – 2.18 (mult, cyProCH, 2 H). IR: νCO = 1710 cm-1, νNNN = 2144 cm-1.
7. cis-1,2-Cyclopropanedicarbonyl diazide. Trans-1,2cyclopropanedicarbonyl diazide was prepared via an analogous procedure to that
given in (6.). 1H NMR (CDCl3, 300 MHz, trans) δ 1.61 (t, J = 7 Hz, cyPro-CH2, 2H),
2.26 (t, J = 7 Hz, cyPro-CH, 2 H).
8. cis-1,2-Cyclopropane diisocyanate. To a 25 ml flask charged with cis-1,2cyclopropanedicarbonyl diazide (1.46 g, 8.1 mmol) was added toluene (15 mL) via
vacuum transfer. The reaction mixture was heated to 80 °C under Ar. Upon initial
evolution of N2 the reaction mixture turned bright aqua blue and progressively turned
green and then yellow as the reaction was heated to 80 °C for 3 h. Toluene was
removed in vacuo to yield crude cis-1,2-cyclopropane diisocyanate as an off-white
solid that was used without purification in subsequent reactions. 1H NMR (CDCl3, 300
MHz, cis) δ 0.80 – 0.89 (mult, cyPro-CH2, 1H), 1.12 – 1.22 (mult, cyPro-CH2, 1 H),
2.86 – 2.94 (mult, cyPro-CH, 2 H). IR: νNCO = 2281 cm-1.
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9. trans-1,2-Cyclopropane diisocyanate. Trans-1,2-cyclopropane
diisocyanate was prepared via an analogous procedure to that given in (8.). 1H NMR
(CDCl3, 300 MHz, trans) δ 1.12 (t, J = 6 Hz, cyPro-CH2, 2H), 2.96 (t, J = 6 Hz, cyProCH, 2 H).
10. trans-1,2-Cyclopropane diamine dihydrochloride. To a 250 mL flask
charged with concentrated HCl (6.93 mL, 28 mmol) in H2O (50 mL) was added a
solution of trans-1,2-cyclopropane diisocyanate (3.40 g, 27 mmol) in toluene (4 mL)
dropwise at 23 °C while stirring. An orange-brown biphasic mixture formed and the
reaction was allowed to stir 18 h. The reaction mixture was concentrated to dryness
and methanol (45 mL) was added. The resulting solution was filtered and Et2O (20
mL) was added to precipitate trans-1,2-cyclopropane diamine dihydrochloride as a
white powder (3.19 g, 22 mmol, 79%). 1H NMR (D2O, 300 MHz, trans) δ 1.48 (t, J =
7 Hz, cyPro-CH2, 2H), 3.13 (t, J = 7 Hz, cyPro-CH, 2 H).
11. trans-1,2-Cyclopropane diamine. To a 25 mL flask charged with trans1,2-cyclopropane diamine dihydrochloride (300. mg, 2.07 mmol) in H2O (2 mL) was
added NaOH (170. mg, 4.25 mmol) in H2O (2 mL) at 23 °C while stirring. The
mixture was allowed to stir 10 min and was concentrated to dryness to yield crude pale
pink trans-1,2-cyclopropane diamine as a mixture with NaCl. The similar solubility of
the reaction product and NaCl precluded separation, but 1H NMR spectral analysis
indicated clean conversion to the desired trans-1,2-cyclopropane diamine. 1H NMR
(CD3OD, 300 MHz, trans) δ 0.54 (t, J = 6 Hz, cyPro-CH2, 2H), 2.16 (t, J = 6 Hz, cyProCH, 2 H).
12. [2-(Benzoylamino)cyclopropylamino](2-pyridyl)formaldehyde. To a 5
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mL flask charged with a 1:1 mixture of trans-1,2-cyclopropane diamine and NaCl
(151 mg, 0.83 mmol) was added pyridine (0.5 mL) in air. A solution of 2-picolic acid
(205. mg, 1.67 mmol) in pyridine (0.8 mL) was added dropwise at 23 °C over 5 min,
and a tan-brown precipitate formed. The reaction was stirred 15 min, and P(OPh)3
(516 mg, 1.67 mmol) was added dropwise over 5 min. The reaction flask was
equipped with a reflux condenser and the brown mixture was heated to reflux for 4 hr.
After cooling to 23 °C the solution was filtered to remove NaCl, and the resulting dark
brown mixture was concentrated to a thick brown oil and crystallized from hot
chloroform to yield [2-(benzoylamino)cyclopropylamino](2-pyridyl)formaldehyde as
a light brown powder. 1H NMR (CDCl3, 300 MHz) δ 1.37 (t, J = 6 Hz, cyPro-CH2,
2H), 3.07 – 3.13 (mult, cyPro-CH, 2 H), 7.43 (td, J = 5, 2 Hz, py-CH, 2H), 7.85 (td, 8,
2 Hz, py-CH, 2H), 8.19 (d, J = 8 Hz, py-CH, 2H), 8.26 (br s, ν1/2 = 9.5 Hz, NH, 2 H),
8.54 (dt, 4, 1 Hz, py-CH, 2 H).
13. H2C(CH2N=CHPy)2 (L1). To a 25 mL flask containing 1,3diaminopropane (500. mg, 6.74 mmol), MgSO4 (400. mg, 3.32 mmol), and CH2Cl2 (5
mL) was added a solution of 2-pyridinecarboxaldehyde (1.44 g, 13.44 mmol) in
CH2Cl2 (5 mL) dropwise at 23 °C over 5 min. The reaction was allowed to stir at 23
°C for 4 h, filtered to remove MgSO4, and volatiles was removed in vacuo to afford
H2C(CH2N=CHPy)2 as a pale golden oil (1.06 g, 4.2 mmol, 62%). 1H NMR (CDCl3,
300 MHz): δ 2.10 (quint, J = 7 Hz, CH2, 2H), 3.73 (t, J = 6 Hz, CH2, 4H), 7.23 (t, J = 6
Hz, py-CH, 2H), 7.66 (t, J = 8 Hz, py-CH, 2H), 7.92 (d, J = 8 Hz, py-CH, 2H), 8.35 (s,
im-CH, 2H), 8.56 (d, J = 6 Hz, py-CH, 2H).

246

14. (CH2CH2CH2N=CHPy)2 (L2). To a 25 mL flask containing 1,6diaminohexane (500. mg, 4.30 mmol), MgSO4 (1.55g, 12.9 mmol), and CH2Cl2 (2
mL) was added a solution of 2-pyridinecarboxaldehyde (922 mg, 8.61 mmol) in
CH2Cl2 (2 mL) dropwise at 23 °C over 5 min. The reaction was allowed to stir at 23
°C for 2 h, filtered to remove MgSO4, and volatiles was removed in vacuo to afford
(CH2CH2CH2N=CHPy)2 as an off-white oil (800. mg, 2.70 mmol, 63%). 1H NMR
(C6D6, 300 MHz): δ 1.25 – 1.31 (mult, CH2, 4H), 1.56 – 1.65 (mult, CH2, 4H), 3.45
(td, J = 7, 1 Hz, CH2, 4H), 6.64 (ddd, J = 7, 5, 1 Hz, py-CH, 2H), 7.07 (td, J = 7, 2 Hz,
py-CH, 2H), 8.17 (dt, J = 8, 1 Hz, py-CH, 2H), 8.48 (ddd, J = 5, 2, 1 Hz, py-CH, 2H),
8.54 (s, im-CH, 2H).
15. Me2C(CH2N=CH-2-Br-Ph)2 (L3). To a 25 mL flask containing 2,2dimethyl-1,3-propanediamine (400. mg, 3.91 mmol), MgSO4 (236 mg, 1.96 mmol),
and CH2Cl2 (2 mL) was added a solution of 2-bromobenzaldehyde (1.449 g, 7.83
mmol) in CH2Cl2 (2 mL) dropwise at 23 °C over 5 min. The reaction was allowed to
stir at 23 °C for 2 h, filtered to remove MgSO4, and volatiles was removed in vacuo to
afford Me2C(CH2N=CH-2-Br-Ph)2 as a viscous yellow oil (1.59 g, 3.65 mmol, 93%).
1

H NMR (C6D6, 300 MHz): δ 1.09 (s, CH3, 6H), 3.46 (s, CH2, 4H), 6.69 (t, J = 7 Hz,

py-CH, 2H), 6.90 (t, J = 7 Hz, py-CH, 2H), 7.27 (d, J = 8 Hz, py-CH, 2H), 8.23 (d, J =
8 Hz, py-CH, 2H), 8.72 (s, im-CH, 2H).
16. Me2C(CH2N=CH-2-F-Ph)2 (L4). To a 10 mL flask containing 2,2dimethyl-1,3-propanediamine (206 mg, 2.02 mmol), MgSO4 (121 mg, 1.01 mmol),
and CH2Cl2 (10 mL) was added a solution of 2-fluorobenzaldehyde (500. mg, 4.03
mmol) in CH2Cl2 (5 mL) dropwise at 23 °C over 5 min. The reaction was allowed to
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stir at 23 °C for 3 h, filtered to remove MgSO4, and volatiles was removed in vacuo to
afford Me2C(CH2N=CH-2-F-Ph)2 as a viscous yellow oil (552 mg, 1.76 mmol, 87%).
1

H NMR (C6D6, 400 MHz): δ 1.08 (s, CH3, 6H), 3.44 (s, CH2, 4H), 6.71 – 6.91 (mult,

py-CH, 6H), 8.20 (t, J = 7 Hz, py-CH, 2H), 8.59 (s, im-CH, 2H). 19F NMR (C6D6, 400
MHz): δ -122.82 (dt, J = 11, 6 Hz, Ar-F).
17. Me2C(CH2N=CHPh)2 (L5). To a 25 mL flask containing 2,2-dimethyl1,3-propanediamine (500. mg, 4.89 mmol), MgSO4 (294 mg, 2.44 mmol), and CH2Cl2
(3 mL) was added a solution of benzaldehyde (1.039 g, 9.79 mmol) in CH2Cl2 (2 mL)
dropwise at 23 °C over 5 min. The reaction was allowed to stir at 23 °C for 2 h,
filtered to remove MgSO4, and volatiles was removed in vacuo to afford
Me2C(CH2N=CHPh)2 as a viscous pale yellow oil (1.20 g, 4.34 mmol, 89%). 1H NMR
(C6D6, 400 MHz): δ 1.23 (s, CH3, 6H), 3.58 (s, CH2, 4H), 7.17 – 7.22 (mult, py-CH,
6H), 7.81 (d, J = 7 Hz, py-CH, 4H), 8.12 (s, im-CH, 2H).
18. Me2C(CH2N=CH-4-tBu-Ph)2 (L6). To a 25 mL flask containing 2,2dimethyl-1,3-propanediamine (500. mg, 4.89 mmol), MgSO4 (294 mg, 2.44 mmol),
and CH2Cl2 (3 mL) was added a solution of 4-tert-butylbenzaldehyde (1.588 g, 9.79
mmol) in CH2Cl2 (2 mL) dropwise at 23 °C over 5 min. The reaction was allowed to
stir at 23 °C for 2.5 h, filtered to remove MgSO4, and volatiles was removed in vacuo
to afford Me2C(CH2N=CH-4-tBu-Ph)2 as an off-white viscous oil (1.6 g, 4.10 mmol,
84%). 1H NMR (C6D6, 400 MHz): δ 0.74 (s, C(CH3)3, 18H), 0.85 (s, CH3, 6H), 3.20
(s, CH2, 4H), 6.78 (d, J = 7 Hz, py-CH, 4H), 7.79 (s, im-CH, 2H), 8.08 (d, J = 7 Hz,
py-CH, 4H).
19. [Me2C(CH=NCH2Ph)2]Fe(PMe3)2. To a 50 mL flask charged with
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Fe(PMe3)4 (300. mg, 0.833 mmol) and THF (10 mL) was added a solution of
Me2C(CH2=NCH-2-Br-Ph)2 (L4, 182 mg, 0.42 mmol) in THF (10 mL) dropwise at
23 °C over 5 min. The solution turned deep indigo-purple and dark solid precipitated
out of solution. The reaction mixture was stirred 2 h at 23 °C and solvent was removed
in vacuo to yield a dark blue-purple film, and the residue was triturated twice with 10
mL portions of pentane. The thick oily material was taken up in 25 mL pentane and
filtered, and the filter cake was washed with pentane (~ 30 x 10 mL). The filtrate was
cooled to -78 °C and filtered to yield [Me2C(CH=NCH2Ph)2]Fe(PMe3)2 as a thermally
sensitive purple sticky solid (30. mg, 0.062 mmol, 15%). 1H NMR (C6D6, 400 MHz):
δ 0.42 (t, J = 3 Hz, h, 18H), 0.85 (s, g, 6H), 3.32 (s, f, 4H), 7.19 (t, J = 7 Hz, c, 2H),
7.42 (t, J = 7 Hz, b, 2 H), 7.54 (d, J = 8 Hz, d, 2 H), 8.71 (d, J = 8 Hz, a, 2 H). 31P
NMR (C6D6, 162 MHz): δ 10.02 (s, ν1/2 = 13 Hz, PMe3).

20. [Me2C(CH=NCH2Ph)2]Ni. To a J. Young tube charged with
Me2C(CH2N=CH-2-Br-Ph)2 (L3, 15 mg, 0.034 mmol) and Ni(COD)2 (19 mg, 0.069
mmol) was added C6D6 (0.4 mL) at 23 °C. The reaction mixture turned deep red over
15 min and solid precipitated out of solution. 1H NMR analysis confirmed release of
cyclooctadiene and formation of [Me2C(CH=NCH2Ph)2]Ni. 1H NMR (C6D6, 400
MHz): δ 0.68 (s, CH3, 6H), 2.84 (s, CH2, 4H), 7.00 (t, J ~ 6 Hz, py-CH, 2H), 7.05 (t, J
~ 7 Hz, py-CH, 2 H), 7.18 (s, im-CH, 2H), 7.34 (d, J ~ 7 Hz, py-CH, 2 H), 8.19 (d, J ~
7 Hz, py-CH, 2 H).
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