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 A series of tertiary amines, i.e. HAr2pyN, HArpy2N, BrAr2pyN, and 

BrArpy2N, containing at least one pyridyl arm were prepared, and oxidative addition 

of BrAr2pyN, and BrArpy2N with Ni(COD)2 afforded two diamagnetic Ni(II) 

complexes, ((BrAr)ArpyN)NiBr (1-Ni) and (Arpy2N)NiBr (2-Ni). The 

disproportionation of Fe{N(TMS)2}2(THF) in the presence of BrArpy2N afforded 

(Arpy2N)FeBr (2-Fe); however, C-N bond cleavage, not disproportionation, was 

observed upon treating Cr{N(TMS)2}2(THF)2 with BrArpy2N. Unusual optical 

properties were characteristic of the resulting complex, (smif)CrN(TMS)2 (4-Cr), 

(smif = (2-py)CHNCH(2-py)). 

Exposure of 1st-row transition metal complexes with the smif ligand produced 

a new homologous series of optically dense complexes, (smif)2M (M = V (6-V); Cr 

(6-Cr); Mn (6-Mn); Fe (6-Fe); Co (6-Co); Ni (6-Ni)). Oxidation chemistry afforded 

three [(smif)2M](OTf) complexes (M = Cr (7-Cr); Mn (7-Mn); Co(7-Co)). Physical 

and electronic properties for the series were investigated by NMR, EPR, UV-vis, and 

XAS (pre K-edge) spectroscopies along with X-ray crystallography, electrochemistry, 

and SQUID magnetometry. SQUID and XAS data helped elucidate the electronic 

structures obtained from the density functional theory calculations. Large 

absorptivities ( ~ 18,000 – 60,000 M-1cm-1) were observed in the UV-vis spectra for 

the complexes and have been attributed to intraligand transitions between CNazaC
nb 

and smif * orbitals. Efforts to synthesize (smif)2Ti via salt metathesis under reducing 



 

conditions afforded varying ratios of four titanium(II) complexes: lithium[(-

C,Nam,Nim,Npy
3-1,2-bis(pyridin-2-yl)-2-(pyridin-2-ylmethyleneamino)ethyl)(pyridin-2-

ylmethideyl)amido)Ti(smif)] (10-Ti), (smif)2Ti (11-Ti), (smif)(dpma)Ti (12-Ti), (-

Nam,Npy
2-2,3,5,6-tetrakis(pyridin-2-yl)piperazin-1-yl)(smif)Ti (13-Ti).  

Reactivity of the coordinated azaallyl moiety in the smif ligand was probed 

after treatment of Fe{N(TMS)2}2(THF) with one equivalent of smifH afforded a 

solution of (smif)FeN(TMS)2 (14-Fe), which dimerizes in the solid state to form a 

bridging tetra-substituted piperazine bis-amide ligand, [14-Fe]2. Solid-state and 

solution dynamics indicated reversible C-C bond coupling of the smif backbone, 

thereby provoking an exploration of reactivity for the azaallyl moiety with unsaturated 

organic molecules. Exposure of 14-Fe to di-(p-tolyl)acetylene yielded the [3+2] 

cycloaddition product, 29-Fe.  Attempts to prevent C-C bond formation by 

methylating the backbone led to acid-base chemistry of the azaallyl moiety.  
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 1 

CHAPTER 1  

First-Row Transition Metal Complexes Containing Aryl Chelates and the 

Discovery of the smif, 1,3-di-(2-pyridyl)-2-azaallyl, Ligand
∗∗∗∗ 

Introduction 

Many organic transformations require the use of transition metal catalysts, and 

the best catalyst systems available often contain 2nd or 3rd-row transition metals. For 

instance, olefin metathesis chemistry is ruled by ruthenium and molybdenum 

catalysts,1,2,3 whereas palladium complexes dominate the field of coupling reactions: 

C-C (e.g. Suzuki,4,5 Heck,6,7,8 and Sonogashira9) and C-N (e.g. Buchwald-

Hartwig10,11,12) bond formations (Figure 1.1).  Most catalysts are easily synthesized 

and tuning of catalyst properties may be done via ligand modifications. All of the 

catalysts utilized for the aforementioned organic transformations undergo 2 e- 

processes, which are required for the oxidative addition and reductive elimination 

steps often invoked in catalytic cycles.  

Figure 1.1. Examples of olefin metathesis and cross-coupling catalysts. 

 

Ideally, a transition metal catalyst system should be cost effective, non-toxic, 

and easily synthesized. First-row transition metals are often cheaper than 2nd and 3rd-

row metals and are also less toxic; therefore, rigorous purification steps required in 

drug syntheses utilizing 2nd and 3rd-row transition metal catalysts can be avoided 

                                                 
∗ Reproduced with permission from: Frazier, B. A.; Wolczanski, P. T.; Lobkovsky, E. B. Inorg. Chem. 
2009, 48, 11576-11585. Copyright 2009 American Chemical Society.  
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through a switch for the first-row.13,14 First-row transition metal compounds are not 

frequently used as catalysts, in part because of the weak fields exhibited by these 

complexes, which often lead to 1 e- chemistry that can be detrimental for metathesis or 

cross coupling reactions.15 The challenge remains to generate 1st-row transition metal 

complexes possessing a field strong enough to effectively undergo 2 e- processes, such 

as oxidative addition and reductive elimination, as observed by 2nd and 3rd-row 

catalysts.    

First-row transition metal complexes exhibiting strong fields often contain 

carbon-based ligands.16,17,18 Metal-aryl bonds are particularly appealing and should 

impart strong fields since sp2-C’s generate better orbital overlap than corresponding 

O- and N-based ligands (SC > SN > SO). They also do not undergo β-H eliminations, 

which are prevalent in sp3 carbon-based ligands. From an electronic standpoint, C-

based ligands are favored over O- and N-based ligands as angular overlap theory 

shows stronger fields arise from better orbital overlap and a smaller energy gap, ∆EML, 

between metal 3d orbitals and ligands and . (Figure 1.2).19 

 

 

 

 

 

 

 

 

 
 
Figure 1.2. Angular overlap arguments predict that C-based ligands should generate 
stronger fields than O- and N-based ligands based on orbital overlap and interaction 
energy. 

M

C

N

O

Interaction Energy = S2ML

Orbital overlap: SC > SN > SO

1/ EML

EML = (E M - E L)



 3 

Initial research efforts probed the use of potentially tetradentate, tertiary 

amines as ancillary ligands to generate the target compounds, A and B (Figures 1.3, 

1.4). A possesses a ligand coordinated κ-C,Npy,Npy,Nam with the incorporation of a 

single metal-aryl bond, whereas B contains two metal-carbon bonds and displays κ-

C,C,Npy,Nam coordination. The remaining coordination site (X/L) was designated as a 

location for either a halide, lending toward future reactivity, an alkylidene, or a labile 

coordinating ligand.  

 

 

 

 

 

Figure 1.3. Target compounds.  

 

 

 

 

 

 

 

 

 

 

 
Figure 1.4. Ligands for heterolytic CH bond activation (HArpy2N and HAr2pyN) and 
oxidative addition (BrArpy2N and BrAr2pyN). 
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Each tertiary amine ligand was specifically designed with hopes of installing at 

least one metal-aryl bond and generating strong fields in the resulting transition metal 

complexes. Ligand chelation would be directed by the incorporation of ‘hooks,’ i.e. an 

amine nitrogen and pyridine ring nitrogens. These ‘hooks’ would coordinate the 

ligands in such a fashion as to prepare the complex for the future metal-aryl bond.  

Metal-aryl bonds may be incorporated via heterolytic CH bond activation for 

HAr2pyN and HArpy2N
20,21 and oxidative addition of aryl bromide bonds in 

BrAr2pyN and BrArpy2N.22,23 Recent research efforts, particularly in our 

laboratories,21 have shown that electrophilic metal centers can invoke CH bond 

activations. This process maintains the metal’s oxidation state and is rather atom 

efficient, often only involving the loss of HX. Oxidative addition is a simple route for 

installing a metal-aryl bond, yet it requires finding an appropriate M(0) source.  

 

Results and Discussion 

 Synthesis of tetradentate ligands. Treatment of 2-(aminomethyl)pyridine and 

di-(2-picolyl)amine with substituted benzyl bromides24 afforded tetradentate ligands 

(Scheme 1.1). These ligands were synthesized on 4 - 15 g scales and isolated as yellow 

crystalline solids in good yields, 62 - 76 %. HArpy2N and HAr2pyN were synthesized 

for heterolytic CH bond activation while BrArpy2N and BrAr2pyN were prepared for 

oxidative addition of the aryl-bromide bond. Substitution meta to the activation site, 

where X = H or Br, was intended to not only increase product solubility, but also to 

protect the future metal-aryl bond.   
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Scheme 1.1. Syntheses for tetradentate ligands, HArpy2N, BrArpy2N, HAr2pyN, and 
BrAr2pyN.  

 

 Heterolytic CH Bond Activation Attempts.  All attempts to utilize various 

electrophilic M(II) sources, such as triflates, or M(II) halides to induce heterolytic CH 

bond activation of HArpy2N and HAr2pyN were unsuccessful. Treatment of M(II) 

halides led to the formation of adducts, e.g. {κ-Npy,Nam-HAr2pyN}MCl2, where M = 

Fe, Co, and Ni. These compounds were not characterized as the desired CH bond 

activation was not observed, even at elevated temperatures. Subsequent investigations 

focused on oxidative addition methods to generate metal-aryl bonds.  

 

 Oxidative Addition Generates Metal-Aryl Bonds. A. Nickel. To prevent the 

insertion of a carbonyl into the future metal-aryl bond, noncarbonyl containing 1st-row 

transition metal complexes were explored. Initial efforts focused on using Ni(COD)2,
25 

a soluble Ni(0) source possessing labile ligands. Oxidative addition to yield a Ni(II) 

compound was observed. Treatment of Ni(COD)2 with one equivalent of BrAr2pyN 
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in THF yielded the corresponding diamagnetic compound, {κ-C,Npy,Nam-(2-

pyridylmethyl)N(CH2(4-tBu-phenyl-2-yl))(CH2(4-tBu-phenyl-2-Br))}NiBr 

(((BrAr)ArpyN)NiBr, 1-Ni). 1-Ni was isolated in 96 % yield as orange crystals 

(Scheme 1.2). Unfortunately, all attempts to install the second metal-aryl bond under 

reducing conditions resulted in the reductive elimination and intramolecular aryl-aryl 

coupling of the ligand, thus generating a seven-membered ring, and presumably Ni(0). 

Aryl-aryl coupling with nickel complexes is well documented,26,27 and the reductive 

elimination to form the ring was not surprising. 
 

 
 
Scheme 1.2. Synthesis of ((BrAr)ArpyN)NiBr (1-Ni) and conversion to intramolecular 
aryl-aryl coupled ligand.  
 

 Oxidative addition studies with nickel focused on the use of BrArpy2N in the 

hope of installing one metal-aryl bond, and examining subsequent reactivity. 

Treatment of Ni(COD)2 in benzene with BrArpy2N yielded the diamagnetic, Ni(II) 

oxidative addition product, {κ-C,Npy,Npy,Nam-(2-pyridylmethyl)2N(CH2(4-tBu-phenyl-

2-yl))}NiBr ((Arpy2N)NiBr, 2-Ni). Orange needles of 2-Ni were isolated in 67 % 

yield (Scheme 1.3).  2-Ni is depicted as a trigonal bipyramid with κ-C,Npy,Npy,Nam 

ligation based upon the Cs symmetry observed in the  1H and 13C{1H} NMR spectra. 

However, the compound may undergo a rapid exchange of the 2-pyridylmethyl groups 

through the square planar complex shown in Scheme 1.3. Further reactivity was not 

investigated as thermolysis of 2-Ni revealed the unexpected intermolecular aryl-aryl 
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coupling of the ligand, which was presumably accompanied by the disproportionation 

of nickel. The development of neutral hexadentate ligands from aryl-aryl coupling 

may be beneficial for other coordination chemistry, but our research focus shifted 

toward other 1st-row transition metals.  
 

 
 
Scheme 1.3. Synthesis of (Arpy2N)NiBr (2-Ni) and conversion to intermolecular aryl-
aryl coupled ligand. 

 

B. Iron. The search for noncarbonyl Fe(0) sources led to studying the 

reactivity of BrAr2pyN and BrArpy2N with Rieke iron28 and “Fe(PMe3)4,”
29 in 

addition to complexes capable of behaving like Fe(0) sources, e.g. (dmCh)2Fe (dmCh 

= dimethylcyclohexadienyl).30 However, these reactions were unsuccessful in yielding 

the desired targets. Subsequent efforts concentrated on disproportionating Fe(II) 

sources into ⅓ Fe(0) and ⅔ Fe(III). Unfortunately, the disproportionation attempts 

with Fe(II) halides were unsuccessful even upon thermolysis, presumably due to a lack 

of solubility, thereby warranting the use of a soluble Fe(II) source, i.e 

Fe{N(TMS)2}2(THF).31 Treatment of Fe{N(TMS)2}2(THF) in Et2O with BrArpy2N 

generated a dark green solution, Fe{N(TMS)2}3,
32 from which {κ-C,Npy,Npy,Nam-(2-

pyridylmethyl)2N(CH2(4-tBu-phenyl-2-yl))}FeBr ((Arpy2N)FeBr, 2-Fe), was isolated 

as red needles in 16 % yield (Scheme 1.4). When considering the disproportionation of 
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Fe{N(TMS)2}2(THF), the low yield of paramagnetic 2-Fe was approximately 50 % of 

the anticipated yield. The 1H NMR spectrum of 2-Fe observed in THF-d8 displayed 18 

paramagnetic peaks, which may be rationalized by the slight twist observed in the 

crystal structure of 2-Fe preventing the mirror plane required for true Cs symmetry. 

Crystals of 2-Fe were insoluble in non-coordinating solvents, such as C6D6 and 

toluene-d8. A more convenient, higher yielding synthesis to 2-Fe (Scheme 1.4) was 

pursued after the structure of 2-Fe was elucidated via X-ray crystallography. Exposing 

FeBr2 in THF with an equivalent of BrArpy2N for 6 h yielded the paramagnetic, 

yellow adduct, {κ-Npy,Npy,Nam-(2-pyridylmethyl)2N(CH2(4-tBu-phenyl-2-Br))}FeBr2 

((BrArpy2N)FeBr2, 3-Fe), in excellent yield (97 %). The reduction of 3-Fe in THF 

with two equivalents of sodium amalgam over the course of 6 h afforded 2-Fe in 91 % 

yield.  

 
 
Scheme 1.4. Synthetic routes to 2-Fe via disproportionation, A, and reduction of the 
adduct, B. 

 

 Characterization of (Arpy2N)Fe (2-Fe): X-ray Crystal Structure. Single 

crystal, X-ray diffraction quality, red rods were obtained from toluene. Select 
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crystallographic and refinement data for 2-Fe are listed in Table 1.1. Pertinent bond 

distances and angles are listed in Table 1.2. The solid state structure, shown in Figure 

1.5, is a slightly distorted trigonal bipyramid with equatorial angles around the 

expected 120 ° (∠N2-Fe1-N3 = 110.77(16) °, ∠N2-Fe1-C15 = 117.34(18) °, ∠N3-

Fe1-C15 = 117.07(18) °) while the axial bromide and amine nitrogen span an angle of 

169.10(11) ° around the iron. The chelation angles of the ligand are all less than 90 °, 

i.e. ∠N1-Fe1-N2 = 75.47(15) °, ∠N1-Fe1-N3 = 75.19(15) °, ∠N1-Fe1-C15 = 

80.07(17) °, resulting in a slight twist of the amine ligand preventing true Cs symmetry 

for 2-Fe and tilting the chelates away from the amine: ∠Fe1-N2-C2 = 116.5(3) °, 

∠Fe1-N2-C6 = 125.3(4) °, ∠Fe1-N3-C8 = 117.6(4) °, ∠Fe1-N3-C12 = 122.5(3) °, 

∠Fe1-C15-C14 = 113.0(4) °, and ∠Fe1-C15-C16 = 131.8(4) °. Due to the acute bite 

angles of the ligand, all angles between the ligand and the bromide are greater than 90 

°, i.e. ∠Br1-Fe1-N2 = 99.77(11) °, ∠Br1-Fe1-N3 = 97.86(12) °, ∠Br1-Fe1-C15 = 

110.75(14) °. The amine is pyramidal, possessing iron-nitrogen-carbon angles around 

106 ° (∠Fe1-N1-C1 = 106.7(3) °, ∠Fe1-N1-C7 = 108.0(3) °, ∠Fe1-N1-C13 = 

105.5(3) °). The iron-bromide and iron-carbon bond distances of 2.5352(9) Å and 

2.068(5) Å are normal. Bond lengths consistent with an sp3(N)-sp3(C) assignment are 

observed for the amine nitrogen-methylene carbons: d(N1-C1) = 1.461(6) Å, d(N1-

C7) = 1.466(6) Å, d(N1-C13) = 1.467(6) Å. Iron-pyridine nitrogen distances, 2.149(4) 

Å and 2.156(4) Å, are shorter than the iron-amine nitrogen bond length of 2.276(4) Å. 
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Table 1.1. X-ray crystallographic data for (Arpy2N)FeBr (2-Fe) and (smif)CrN(TMS)2 
(4-Cr). 

 

 

 

 

 

 

2 - Fe 4 - Cr

Formula C23H26N43BrFe C18H28N4Si2Cr

Formula weight 480.23 408.62
Crystal system Orthorhombic Triclinic
Space group P bca P ̅1
Z 8 2
a  (Å) 13.0576(12) 8.0101(4)
b  (Å) 16.9655(11) 11.5495(5)
c  (Å) 20.0495(18) 11.9921(7)
α (°) 90 95.2630(10)
β (°) 90 91.093(4)
γ (°) 90 107.584(4)

V  (Å3) 4441.5(6) 1051.84(9)

ρcalc g/cm3 1.436 1.290

µ (mm–1) 2.491 0.666
temp (K) 173(2) 173(2)
λ (Å) 0.71073 0.71073
final R indices [I > 2σ(I)]a,b

R1 = 0.0501 R1 = 0.0405

 w R2 = 0.0906 w R2 = 0.0783

R indices (all data)a,b 
R1 = 0.1101 R1 = 0.0689

 w R2 = 0.1100 w R2 = 0.0928

GOFc
1.000 1.001

a R1 = Σ||F o | - |F c || /Σ|F o |.  

b
w R2 = [Σw (|F o | - |F c |)2/ΣwF o

2]1/2.
c GOF (all data) = [Σw (|F o | - |F c |)2/(n  - p )]1/2, n  = number of 
independent reflections, p  = number of parameters.
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Figure 1.5. Molecular structure of (Arpy2N)FeBr (2-Fe). Thermal ellipsoids are at 50 
% probability level, and all hydrogens have been removed for clarity. The disordered 
tBu group (two staggered positions, one shown above) was refined isotropically. 

 

Table 1.2. Selected interatomic distances and angles for (Arpy2N)FeBr (2-Fe). 

Bond Distances (Å) Bond Angles (°)
Fe1 - N1 2.276(4) N1 - Fe1 - Br1 169.10(11)
Fe1 - N2 2.149(4) N2 - Fe1 - N3 110.77(16)
Fe1 - N3 2.156(4) N2 - Fe1 - C15 117.34(18)  
Fe1 - C15 2.068(5) N3 - Fe1 - C15 117.07(18)
Fe1 - Br1 2.5352(9) N1 - Fe1 - N2 75.47(15)
N1 - C1 1.461(6) N1 - Fe1 - N3 75.19(15)
N1 - C7 1.466(6) N1 - Fe1 - C15 80.07(17)
N1 - C13 1.467(6) Fe1 - N2 - C2 116.5(3)

Fe1 - N2 - C6 125.3(4)  
Fe1 - N3 - C8 117.6(4)
Fe1 - N3 - C12 122.5(3)
Fe1 - C15 - C14 113.0(4)
Fe1 - C15 - C16 131.8(4)
Br1 - Fe1 - N2 99.77(11)
Br1 - Fe1 - N3 97.86(12)
Br1 - Fe1- C15 110.75(14)
Fe1 - N1 - C1 106.7(3)
Fe1 - N1 - C7 108.0(3)
Fe1 - N1 - C13 105.5(3)
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 Magnetism of (Arpy2N)FeBr (2-Fe). The paramagnetic 1H NMR spectrum 

prompted an investigation into the temperature dependence of the molar susceptibility 

of 2-Fe (Figure 1.6). SQUID magnetometry revealed a µeff of 5.3 µB at 293 K, 

consistent with a high spin (S = 2) ground state for Fe(II). The value is slightly higher 

than the spin-only value of 4.90 µB presumably due to contributions from orbital 

angular momentum and spin-orbit coupling. The magnetic moment values observed 

between 0 K and 50 K may be attributed to zero field splitting (ZFS). Apparently, one 

metal-aryl bond was not capable of invoking a field strong enough to produce a low 

spin (S = 0) or even an intermediate spin (S = 1) metal center.  

 

Figure 1.6. SQUID data for (Arpy2N)FeBr (2-Fe): Magnetic moment (µeff in µB) as a 
function of T (K). 
 
 
 

 C-N Bond Cleavage and the Synthesis of (smif)CrN(TMS)2. After 

observing the disproportionation of Fe{N(TMS)2}2(THF)31 from Fe(II) to ⅓ Fe(0) and 
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⅔ Fe{N(TMS)2}3,
32 investigations shifted toward inducing the same 

disproportionation from the corresponding chromium analog, 

Cr{N(TMS)2}2(THF)2.
33,34 Treatment of Cr{N(TMS)2}2(THF)2 with BrArpy2N in 

Et2O generated an intense deep green solution from which, {κ-Npy,Npy,Naza-(1,3-di-(2-

pyridyl)-2-azaallyl)}CrN(TMS)2 ((smif)CrN(TMS)2, (4-Cr)) was isolated as dark 

green crystals in 52 % yield (eq. 1.1).  

The 1H NMR spectrum acquired in C6D6 of the dark green solid revealed six 

paramagnetic peaks. Single crystal X-ray diffraction studies established the structure 

of 4-Cr and revealed an unusual C-N bond cleavage, or amine debenzylation, of 

BrArpy2N leading to the formation of the 1,3-di-(2-pyridyl)-2-azaallyl ligand, dubbed 

“smif”, instead of the anticipated trigonal bipyramidal oxidative addition product. 1H 

NMR spectroscopy revealed that the reaction filtrates contained 2-bromo-4-tert-

butyltoluene, a precursor to the benzyl bromide used in the synthesis of BrArpy2N, 

and hexamethydisilazane, HN(TMS)2. An alternative route to synthesize 

(smif)CrN(TMS)2 was established (eq 1.2). Slow addition of a solution of 1,3-di-(2-

pyridyl)-2-azapropene, smifH,35 to Cr{N(TMS)2}2(THF)2 in Et2O at 23 °C produced a 

very intense, deep emerald green solution containing 4-Cr and HN(TMS)2. 4-Cr was 

isolated in a good yield (74 %).    

 

+ Cr{N(TMS)2}2(THF)2
-78 oC 23 oC, 1 d

Et2O
N

N

NCr

N

Si Si

Br

- HN(TMS)2,

52 %

H H

4-Cr

BrArpy2N

N N

N

Br

(1.1)
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Characterization of (smif)CrN(TMS)2 (4-Cr): X-ray Structure. Single 

crystal, X-ray diffraction quality, dark green hexagonal blocks were obtained from 

pentane. Select crystallographic and refinement data for 4-Cr are listed in Table 1.1, 

and pertinent bond distances and angles are listed in Table 1.3. The solid state 

structure of 4-Cr, shown in Figure 1.7, depicts a nearly square planar Cr(II) compound 

containing an amide, N(TMS)2, perpendicular to the plane produced by the smif 

ligand. Pyridine nitrogens span an angle of 157.07(6) ° (N1-Cr1-N3) around 

chromium. Similar to 2-Fe, the azaallyl chelate of 4-Cr has acute bite angles, i.e. 

∠N2-Cr1-N1 = 78.80(6) ° and ∠N2-Cr1-N3 = 78.35(6) °, rendering the corresponding 

angles between the amide nitrogen and pyridine rings obtuse: ∠N4-Cr1-N1 = 

101.04(6) ° and ∠N4-Cr1-N3 = 101.74(6) °. The bond distances on the azaallyl 

backbone are considerably shorter than those observed for 2-Fe (~ 1.46 Å) and are 

consistent with a delocalized anion: d(N2-C6) = 1.332(2) Å, d(N2-C7) = 1.320(2) Å. 

As observed in 2-Fe, the pyridine rings are “tilted” away from the metal center: ∠Cr1-

N1-C1 = 129.05(12) °, ∠Cr1-N1-C5 = 112.12(12) °, ∠Cr1-N3-C8 = 113.02(12) °, 

∠Cr1-N3-C12 = 129.57(13) °. The structure of 4-Cr deviates slightly from a true 

square plane as the asymmetric amide (∠Cr1-N4-Si1 = 110.97(7) °, ∠Cr1-N4-Si2 = 

122.23(7) °) is canted out of the plane of the molecule shown by the NazaCrNam angle 

of 168.76(6) °. These distortions may result in the attenuation of the trans-influence 

between the azaallyl and amide. Chromium-nitrogen bond distances are relatively 

N

N

N
+ Cr{N(TMS)2}2(THF)2

23 oC, 12 h

Et2O

- HN(TMS)2

N

N

NCr

N

Si Si

74 %

H H

4-Cr

(1.2)

smifH
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close even though the nitrogens are very different. The chromium-pyridine nitrogen 

distances are the longest at 2.0887(14) Å and 2.0864(15) Å for Cr1-N1 and Cr1-N3, 

respectively. The anionic nitrogens yield the shortest distances from chromium with 

the amide at 2.0260(12) Å and the azaallyl-nitrogen 2.0416(14) Å away.  

 
Figure 1.7. Molecular structure of (smif)CrN(TMS)2 (4-Cr). Thermal ellipsoids are at 
50 % probability level, and all hydrogens have been removed for clarity.  
 
 
 
 
 



 16 

Table 1.3. Selected interatomic distances and angles for (smif)CrN(TMS)2 (4-Cr). 

 

 Magnetism of (smif)CrN(TMS)2 (4-Cr). Temperature dependence studies of 

the molar susceptibility commenced after the observation of a paramagnetic 1H NMR 

spectrum for 4-Cr (Figure 1.8). SQUID magnetometry data revealed a µeff of 4.7 µB at 

293 K, consistent with the expected high spin Cr(II), S = 2 ground state. Similar to 2-

Fe, the magnetic moment values decrease below 50 K and may be attributed to ZFS. 

The ZFS is large due to the substantial deviation from spherical symmetry in square 

planar 4-Cr.  

 

 

 
 

 

 

 

Bond Distances (Å) Bond Angles (°)
Cr1 - N1 2.0887(14) N1 - Cr1 - N3 157.07(6)
Cr1 - N2 2.0416(14) N2 - Cr1 - N1 78.80(6)
Cr1 - N3 2.0864(15) N2 - Cr1 - N3 78.35(6)
Cr1 - N4 2.0260(12) N4 - Cr1 - N1 101.04(6)
N2 - C6 1.332(2) N4 - Cr1 - N3 101.74(6)
N2 - C7 1.320(2) N2 - Cr1 - N4 168.76(6)

Cr1 - N1 - C1 129.05(12)
Cr1 - N1 - C5 112.12(12)
Cr1 - N3 - C8 113.02(12)
Cr1 - N3 - C12 129.57(13)
Cr1 - N2 - C6 115.65(13)
Cr1 - N2 - C7 115.77(13)
Cr1 - N4 - Si1 110.97(7)
Cr1 - N4 - Si2 122.23(7)
C6 - N2 - C7 128.48(17)
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Figure 1.8. SQUID data for (smif)CrN(TMS)2 (4-Cr): Magnetic moment (µeff in µB) 
as a function of T (K). 

 

 UV-vis Spectrum of (smif)CrN(TMS)2 (4-Cr). A solution of 

(smif)CrN(TMS)2 (4-Cr) in benzene yields a very intense, deep emerald green 

solution. Strong absorptions in the red and blue regions are observed in the UV-vis 

spectrum, shown in Figure 1.9, thereby permitting transmission of the deep emerald 

green color. The UV-vis spectrum possesses four main features. The strongest 

absorption occurs in the high energy regime, 396 nm (ε ~ 27,000 M-1 cm-1). Three very 

intense absorptions are also observed at lower energy with extinction coefficients ~ 

17,000 M-1 cm-1 (581 nm, ε ~ 17,000 M-1 cm-1; 627 nm, ε ~ 19,000 M-1 cm-1; 675 nm, ε 

~ 15,000 M-1 cm-1). Calculations for related complexes, e.g. (smif)2M, where M = V, 

Cr, Mn, Fe, Co, Ni, suggest that these observed absorptions may be attributed to and 

dominated by intraligand (IL) transitions between the azaallyl CNazaC
nb orbitals to 

pyridine π* orbitals. Additionally, underlying metal-to-ligand charge transfer (MLCT) 
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bands may also play a role in the observed intensities as the calculations also show 

that the azaallyl CNazaC
nb orbital is energetically close to the metal 3d orbitals.  

 Related smif compounds also possess similar features in their UV-vis spectra, 

particularly the lower energy absorptions. These features observed for 4-Cr occur at 

581 nm (17,210 cm-1), 627 nm (15,950 cm-1), and 675 nm (14,820 cm-1), and they are 

separated by 1,130 cm-1 and 1,260 cm-1. These bands may be attributed to the 

progression of the vibronic coupling of a single electronic IL transition. In an ideal 

progression, the energy gap between transitions is identical. A sharp absorption at 

1140 cm-1, possibly resulting from a bending vibration of the backbone CNazaC that is 

capable of coupling to the electronic IL transition, was observed in the in IR spectrum 

of 4-Cr. 

Figure 1.9. UV-vis spectrum of (smif)CrN(TMS)2 (4-Cr) in benzene: 396 nm (ε ~ 
27,000 M-1 cm-1), 424 nm (sh, ε ~ 12,500 M-1 cm-1), 461 nm (ε ~ 9,500 M-1 cm-1), 581 
nm (ε ~ 17,000 M-1 cm-1), 627 nm (ε ~ 19,000 M-1 cm-1), 675 nm (ε ~ 15,000 M-1       

cm-1). 
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 Proposed Mechanism for the Formation of (smif)CrN(TMS)2 (4-Cr).  

Treating Cr{N(TMS)2}2(THF)2 with BrArpy2N surprisingly generated 

(smif)CrN(TMS)2 in 52 % isolated yield, thus suggesting that the mechanism should 

avoid steps which may be detrimental, i.e. changing chromium oxidation states, to the 

eventual formation of the Cr(II) species, 4-Cr. The mechanism must also account for 

the formation of HN(TMS)2 and 2-bromo-4-tert-butyltoluene,24 which were observed 

as byproducts by 1H NMR spectroscopy. The proposed mechanism, shown in Scheme 

1.5, begins by coordinating BrArpy2N to Cr{N(TMS)2}2(THF)2 upon the loss of 2 

equivalents of THF, thereby generating the 5-coordinate {κ-Npy,Npy,Nam-(2-

pyridylmethyl)2N(CH2(4-tBu-phenyl-2-Br))}Cr{N(TMS)2}2 complex. This adduct 

would undergo β-abstraction of the methylene group by the internal base, N(TMS)2, 

with concomitant loss of HN(TMS)2. Additionally, de-aromatization of a pyridine ring 

would produce an anionic chelate and form the proposed square planar Cr(II) 

compound. From this compound,  α-migration of the benzyl group occurs while the 

pyridine ring is re-aromatized to generate a neutral chelate, smifH. This produces the 

5-coordinate Cr(II) complex, (smifH)Cr(Bn){N(TMS)2}. β-abstraction of the other 

methylene hydrogen by the benzyl group makes 2-bromo-4-tert-butyltoluene and 4-

Cr. Note that the proposed mechanism utilizes Cr(II) throughout the entire process as 

changes to other oxidation states, i.e. Cr(III) or Cr(IV), may prevent the ultimate 

formation of 4-Cr. Even though this is a unique organic transformation mediated by a 

Cr(II) center, Westerhausen et al. also observed a similar degradation leading to the 

formation (smif)2Zn by treating ZnMe2 with di-(2-picolyl)amine, which presumably 

remained Zn(II) throughout the entire reaction.36  
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Scheme 1.5. Proposed mechanism for the synthesis of (smif)CrN(TMS)2 from 
Cr{N(TMS)2}2(THF)2 and BrArpy2N. 

 

Conclusions 

 The use of metal-aryl bonds to invoke strong fields within 1st-row transition 

metal complexes was unsuccessful with the tetradentate ligands used in this study. 

Heterolytic CH bond activation attempts failed, even with electrophilic M(II) sources. 

Oxidative addition afforded two orange, diamagnetic Ni(II) complexes as expected for 

square planar and trigonal bipyramidal Ni(II). Only very weak field ligands and 

different coordination geometries, such as tetrahedral or octahedral, would generate 

paramagnetic Ni(II) products. Iron(II) complexes, on the other hand, have the ability 

to exhibit a variety of spin states, i.e. low spin (S = 0), intermediate spin (S = 1), and 

high spin (S = 2), which may be controlled by the field strength of the ligand. 
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Unfortunately, the presence of one metal-aryl bond in 2-Fe was unable to even 

produce an intermediate spin complex, as SQUID magnetometry data revealed that 2-

Fe is a high spin system. A strong field carbon-based ligand may require the presence 

of two metal-aryl bonds, but precautions must be taken to avoid aryl-aryl coupling of 

the ligand as was observed for the Ni(II) complexes.  

 These investigations also led to the discovery of the anionic ligand, smif, 

which was generated through an unusual C-N bond cleavage of a tertiary amine by a 

Cr(II) complex. The smif ligand enables the stabilization of low symmetry complexes 

and affords intense optical properties worth pursuing for materials applications.  

 

Experimental 

General Considerations. All manipulations were performed using either 

glovebox or high vacuum line techniques. Hydrocarbon solvents containing 1-2 mL of 

added tetraglyme, and ethereal solvents were distilled under nitrogen from purple 

sodium benzophenone ketyl and vacuum transferred from same prior to use. Benzene-

d6 and toluene-d8 were dried over sodium, vacuum transferred and stored under N2. 

THF-d8 was dried over sodium benzophenone ketyl. Methylene chloride-d2 was dried 

over CaH2, vacuum transferred and stored over activated 4 Å molecular sieves. 

Ni(COD)2,
25 CrCl2(THF),33 Fe{N(TMS)2}2(THF),31 2-bromo-4-tert-butylbenzyl 

bromide,24 and  1,3-(2-pyridyl)-2-azapropene (smifH),35 were prepared according to 

literature procedures. All other chemicals were commercially available and used as 

received. All glassware was oven dried. 

 NMR spectra were obtained using INOVA 400 and INOVA 500 

spectrometers. Chemical shifts are reported relative to benzene-d6 (
1H δ 7.16; 13C{1H} 

δ  128.39), toluene-d8 (
1H δ  2.09; 13C{1H} δ  20.4), THF-d8 (

1H δ  3.58; 13C{1H} 

δ 67.57), and methylene chloride-d2 (
1H δ  5.32; 13C{1H} δ  54.00). Infrared spectra 
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were recorded on a Nicolet Avatar 370 DTGX spectrophotometer interfaced to an 

IBM PC (OMNIC software). UV-Vis spectra were obtained on a Shimadzu UV-2102 

interfaced to an IBM PC (UV Probe software). GC-MS spectra were obtained on a 

JEOL GCMate 2 mass spectrometer coupled to an Agilent 689 N GC with EI 

ionization under standard conditions. Solution magnetic measurements were 

conducted via Evans’ method in toluene-d8.
37 Solid state magnetic measurements were 

performed using a Johnson Matthey magnetic susceptibility balance calibrated with 

HgCo(SCN)4. Elemental analyses were performed by Robertson Microlit 

Laboratories, Madison, New Jersey and the services at the University of Erlangen-

Nuremberg, Germany.  

Synthesis. 1. N,N-bis(4-tert-butylbenzyl)-1-(pyridine-2-yl)methanamine 

(HAr2pyN). To a 0 ºC biphasic solution of 2-(aminomethyl)pyridine (1.500 g, 13.87 

mmol) in 10 mL H2O and 4-tert-butylbenzyl bromide (6.302 g, 27.74 mmol) in 70 mL 

CH2Cl2 was slowly added  a solution of NaOH (1.110g, 27.75 mmol) in 10 mL H2O. 

The biphasic reaction mixture was slowly warmed to 23 ºC, while stirring vigorously, 

and monitored by pH. When the reaction mixture was neutral, the product was 

extracted from the aqueous layer with CH2Cl2 (4 x 15mL). Organic layers were 

combined, dried over MgSO4, and filtered. Rotary evaporation of the filtrate yielded a 

red-orange oil. After the addition of hexanes, a brown impurity was filtered. The 

hexanes filtrate was concentrated, cooled, and yielded yellow crystals of HAr2pyN. 

(4.198g, 76 %). 1H NMR (C6D6, 400 MHz): δ 1.25 (s, C(CH3)3,18 H), 3.64 (s, CH2, 4 

H), 3.93 (s, CH2, 2 H), 6.63 (t, py-C4
H,1 H, J = 4.8 Hz), 7.14 (t, py-C5

H, 1 H, J = 4.8 

Hz), 7.31 (d, C2,6
H, 4 H, J = 8 Hz), 7.43 (d, C3,5

H, 4 H, J = 8 Hz), 7.55 (d, py-C3
H, 1 

H, J = 8 Hz), 8.48 (d, py-C6
H, 1 H, J = 5 Hz). 13C{1H} NMR (C6D6, 100 MHz): δ 

31.89 (C(CH3)3), 34.81 (C(CH3)3), 58.41 (CH2), 60.21 (CH2), 122.05 (py-C5H), 
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122.97 (py-C3H), 125.82 (C3H), 129.19 (C2H), 136.22 (py-C4H), 137.24 (C1), 149.62 

(py-C6H), 150.07 (C4), 161.29 (py-C2). 

2. N-(4-tert-butylbenzyl)-1-(pyridine-2-yl)-N-(pyridine-2-

ylmethyl)methanamine (HArpy2N). To a 0 ºC biphasic solution of di-(2-

picolyl)amine (5.000 g, 25.10 mmol) in 100 mL CH2Cl2 and 4-tert-butylbenzyl 

bromide (5.700 g, 25.10 mmol) in 40 mL H2O was slowly added a solution of NaOH 

(1.004 g, 25.10 mmol) in 10 mL H2O. The canary yellow biphasic reaction mixture 

was slowly warmed to 23 ºC, while stirring vigorously, and monitored by pH. When 

the reaction mixture was neutral, the product was extracted from the aqueous layer 

with CH2Cl2 (4 x 15mL). Organic layers were combined, dried over MgSO4, and 

filtered. Rotary evaporation of the filtrate yielded an orange-yellow oil. After the 

addition of hexanes, a brown impurity was filtered. The hexanes filtrate was 

concentrated, cooled, and yielded yellow crystals of HArpy2N (6.499 g, 75 %). 1H 

NMR (C6D6, 400 MHz): δ 1.23 (s, C(CHI)3, 9 H), 3.69 (s, CH2, 2 H), 3.97 (s, CH2, 4 

H), 6.63 (t, py-C4
H, 2 H, J = 5.6 Hz), 7.13 (t, py-C5

H, 2 H, J = 7.6 Hz), 7.29 (d, C2,6
H, 

2 H, J = 8 Hz), 7.42 (d, C3,5
H, 2 H, J = 8 Hz), 7.50 (d, py-C3

H, 2 H, J = 7.9 Hz), 8.48 

(d, py-C6
H, 2 H, J = 4.6 Hz). 13C{1H} NMR (C6D6, 100 MHz): δ 31.86 (C(CH3)3), 

34.80 (C(CH3)3), 58.56 (CH2), 60.48 (CH2), 122.10 (py-C5H), 123.11 (py-C3H), 

125.81 (C3H), 129.27 (C2H), 136.21 (py-C4H), 137.06 (C1), 149.75 (py-C6H), 150.09 

(C4), 160.91 (py-C2). 

3. N,N-bis(2-bromo-4-tert-butylbenzyl)-1-(pyridine-2-yl)methanamine 

(BrAr2pyN). To a 0 ºC biphasic solution of 2-(aminomethyl)pyridine (1.000 g, 9.25 

mmol) in 10 mL H2O and 2-bromo-4-tert-butylbenzyl bromide (5.660 g, 18.50 mmol) 

in 60 mL CH2Cl2 was slowly added a solution of NaOH (0.740 g, 18.50 mmol) in 10 

mL H2O. The biphasic reaction mixture was slowly warmed to 23 ºC, while stirring 

vigorously, and turned red within 2 h. The organic layer became orange upon 
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complete conversion to product. The product was extracted from the aqueous layer 

with CH2Cl2 (3 x 15mL). Organic layers were combined, dried over Na2SO4, and 

filtered. Rotary evaporation of the filtrate yielded an orange oil. After the addition of 

hexanes, a brown impurity was filtered. The hexanes filtrate was concentrated and 

cooled to form orange-yellow crystals of BrAr2pyN (16.16 g, 62 %). 1H NMR (C6D6, 

400 MHz): δ 1.06 (s, C(CH3)3, 18 H), 3.96 (s, CH2, 6 H), 6.59 (t, py-C4
H, 1 H, J = 5.8 

Hz), 7.06 (t, py-C5
H, 1 H, J = 7.6 Hz), 7.10 (d, C4

H, 2H, J = 8 Hz), 7.33 (d, py-C3
H, 1 

H, J = 8 Hz), 7.62 (s, C6
H, 2 H), 7.76 (d, C3

H, 2 H, J = 8 Hz), 8.48 (d, py-C6
H, 1 H, J 

= 5.6 Hz). 13C{1H} NMR (C6D6, 100 MHz): δ 31.46 (C(CH3)3), 34.73 (C(CH3)3), 

58.53 (CH2), 60.60 (CH2), 122.17 (py-C5H), 123.19 (py-C3H), 125.08 (C1), 125.15 

(C4H), 130.43 (C6H), 130.78 (C3H), 136.18 (py-C4H), 136.35 (C2), 149.86 (py-C6H), 

152.23 (C5), 160.26 (py-C2). MS: m/z (%) 464, 466, 468 (58), 331, 333 (36), 225, 227 

(50), 93 (100), M+ not observed. 

4. N-(2-bromo-4-tert-butylbenzyl)-1-(pyridine-2-yl)-N-(pyridine-2-

ylmethyl)methanamine (BrArpy2N). To a 0 ºC biphasic solution of di-(2-

picolyl)amine (10.000 g, 50.19 mmol) in 100 mL CH2Cl2 and 2-bromo-4-tert-

butylbenzylbromide (15.36 g, 50.19 mmol) in 50 mL H2O was slowly added a solution 

of NaOH (2.01 g, 50.25 mmol) in 20 mL H2O. The orange biphasic reaction mixture 

was slowly warmed to 23 ºC, while stirring vigorously, and monitored by pH. When 

the reaction mixture was neutral, the product was extracted from the aqueous layer 

with CH2Cl2. Organic layers were combined, dried over MgSO4, and filtered. Rotary 

evaporation of the filtrate yielded tan-yellow solid. After hot filtration of the solid in 

hexanes, tan-yellow crystals were isolated from the filtrate as pure BrArpy2N (15.713 

g, 74 %). 1H NMR (C6D6, 400 MHz): δ 1.06 (s, C(CH3)3, 9 H), 3.98 (s, CH2, 6 H), 

6.60 (t, py-C4
H, 2 H, J = 8 Hz), 7.10 (t, py-C5

H, C4
H, 3 H, J = 8 Hz), 7.45 (d, py-C3

H, 

2 H, J = 7.8 Hz), 7.63 (s, C6
H, 1 H), 7.78 (d, C3

H, 1 H, J = 8 Hz), 8.47 (d, py-C6
H, 2 
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H, J = 4.6 Hz). 13C{1H} NMR (C6D6, 100 MHz): δ 31.47 (C(CH3)3), 34.73 (C(CH3)3), 

58.62 (CH2), 60.52 (CH2), 122.16 (py-C5H), 123.37 (py-C3H), 125.07 (C1), 125.25 

(C4H), 130.43 (C6H), 131.18 (C3H), 136.20 (py-C4H), 136.50 (C2), 149.79 (py-C6H), 

152.21 (C5), 160.43 (py-C2). 

5. {κκκκ-C,N,N
py

-(2-pyridylmethyl)N(CH2(4-
t
Bu-phenyl-2-yl))(CH2(4-

t
Bu-

phenyl-2-Br))}NiBr (1-Ni). To a 100 mL round bottom flask charged with Ni(COD)2 

(1.000 g, 3.64 mmol) and BrAr2pyN (2.030 g, 3.64 mmol) was vacuum transferred 60 

mL THF at -78 ºC. After slowly warming to 23 ºC, the reaction mixture was stirred for 

1 h and filtered. The filtrate was concentrated, cooled to -78 ºC, and filtered to yield 

2.150 g 1-Ni as a crystalline orange solid (96 %). 1H NMR (C6D6, 400 MHz): δ 0.88 

(s, C(CH3)3, 9 H), 1.47 (s, C(CH3)3, 9 H), 3.38 (d, CH2, 1 H, J = 14.4 Hz), 3.43 (d, 

CH2, 1 H, J = 16 Hz), 3.49 (d, CH2, 1 H, J = 13.2 Hz), 4.15 (d, CH2, 2 H, J = 13.2 Hz), 

5.18 (d, CH2, 1 H, J = 14 Hz), 6.03 (t, py-C4
H, 1 H, J = 6 Hz), 6.23 (d, 1 H, J = 7.6 

Hz), 6.49 (t, py-C5
H, 1 H, J = 7.6 Hz), 6.69 (d, C4

H, 1 H, J = 7.6 Hz), 6.97 (s, C6
H, 1 

H), 7.04 (t, C3,4
H, 2 H, J = 7.6 Hz), 8.58 (s, C6

H, 1 H), 8.82 (d, py-C6
H, 1 H, J = 4.8 

Hz), 10.13 (d, C3
H, 1 H, J = 8 Hz). 13C{1H} NMR (C6D6, 100 MHz): δ 31.04 

(C(CH3)3), 32.40 (C(CH3)3), 34.72 (C(CH3)3), 35.40 (C(CH3)3), 63.67 (CH2), 64.93 

(CH2), 70.92 (CH2), 119.45 (C6H), 120.95 (C1), 121.90 (py-C5H), 122.33 (py-C3H), 

125.35 (C6H), 125.99 (C4H), 129.20 (C3H), 131.46 (C3H), 136.12 (C4H), 136.59 (C2), 

140.30 (py-C4H). 141.96 (C2), 147.91(C5), 148.71(C5), 150.42 (py-C6H), 153.84 (py-

C
2), 160.90 (C1). Anal. Calcd. H28C34N2Br2Ni: C, 54.50; H, 5.55; N, 4.54. Found: C, 

54.65, 54.71; H, 5.64, 5.64; N, 4.03, 4.07. 

6. 2,10-di-tert-butyl-6-(pyridine-2-ylmethyl)-6,7-dihydro-5H-

dibenzo[c,e]azepine (Coupled BrAr2pyN). To a 50 mL round bottom flask charged 

with 1-Ni (0.350 g, 0.57 mmol) and 0.95 % sodium amalgam (0.026 g Na, 1.13 mmol) 

was vacuum transferred 25 mL THF at -78 ºC. Upon warming to 23 ºC and stirring for 
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30 min, the orange reaction mixture turned orange-brown. After stirring at 23 ºC for 7 

h, volatiles were removed in vacuo leaving a brown solid (0.164 g, 73 %). 1H NMR 

(C6D6, 400 MHz): δ 1.30 (s, C(CH3)3, 18 H), 3.51 (s, CH2, 4 H), 3.98 (s, CH2, 2 H), 

6.71 (t, py-C4
H, 1 H, J = 5.5 Hz), 7.19 (t, py-C5

H, 1 H, J = 7.3 Hz), 7.30 (s, C5,6
H, 4 

H), 7.60 (d, py-C3
H, 1 H, J = 7.8 Hz), 7.71 (s, C3

H, 2 H), 8.57 (d, py-C6
H, 1 H, J = 4 

Hz). 13C{1H} NMR (C6D6, 125 MHz): δ 31.03 (C(CH3)3), 35.07 (C(CH3)3), 55.55 

(CH2), 61.85 (CH2), 122.22 (py-C5H), 123.65 (py-C3H), 125.16 (C5H), 125.28 (C3H), 

130.55 (C6H), 133.21 (C1), 136.41 (py-C4H), 142.32 (C2), 149.75 (py-C6H), 151.27 

(C4), 161.30 (py-C2). MS: m/z (%) 306 (100), 93 (30), 57 (15), M+ not observed. 

7. {κκκκ-C,N,N
py

2-(2-pyridylmethyl)2N(CH2(4-
t
Bu-phenyl-2-yl))}NiBr (2-Ni). 

To a 100 mL round bottom flask charged with Ni(COD)2 (0.324 g, 1.18 mmol) and 

BrArpy2N (0.500 g, 1.18 mmol) was vacuum transferred 50 mL benzene. The red-

orange reaction mixture was stirred at 23 ºC for 24 h while orange needles precipitated 

from solution. The reaction was filtered to yield microcrystalline orange needles of 2-

Ni (0.380 g, 67 %). 1H NMR (THF-d8, 400 MHz): δ 1.27 (s, C(CH3)3, 9 H), 4.39 (d, 

CH2, 2 H, J = 13.8 Hz), 4.45 (s, CH2, 2 H), 4.87 (d, CH2, 2 H, J = 13.9 Hz), 6.76 (d, 

C4
H, 1 H, J = 7.7 Hz), 6.82 (d, C3

H, 1 H, J = 7.3 Hz), 7.07 (t, py-C4
H, 2 H, J = 6.6 

Hz), 7.63 (t, py-C5
H, 2 H, J = 7.8 Hz), 7.86 (d, py-C3

H, 2 H, J = 7.5 Hz), 8.34 (s, C6
H, 

1 H), 8.57 (d, py-C6
H, 2 H, J = 4.7 Hz). 13C{1H} NMR (THF-d8, 100 MHz): δ 32.34 

(C(CH3)3), 64.17 (CH2), 69.75 (CH2), 121.34 (C3H), 122.16 (py-C5H), 124.02 (py-

C
3H), 125.26 (C5), 138.01 (py-C4H), 141.01(C4H), 150.40 (py-C6H), 158.63 (C1). 

Anal. Calcd. H26C23N3BrNi: C, 57.19; H, 5.42; N, 8.70. Found: C, 56.43, 56.26; H, 

5.26, 5.20; N, 8.45, 8.33. 

8. N,N’-(5,5’-di-tert-butylbiphenyl-2,2’-diyl)bis(methylene)bis(1-pyridin-2-

yl)-N-(pyridine-2-ylmethyl)methanamine) (Coupled BrArpy2N). Thermolysis of 2-

Ni in pentane at 85 ºC for 2 d led to the formation of coupled ligand and presumably 



 27 

NiBr2 and Ni0. 1H NMR (C6D6, 400 MHz): δ 1.22 (s, C(CH3)3, 9 H), 3.70 (s, CH2, 2 

H), 3.97 (s, CH2, 2 H), 6.62 (t, py-C4
H, 2 H, J = 5.8 Hz), 7.11 (t, py-C5

H, 2 H, J = 7.3 

Hz), 7.36 (s, C3
H, 1 H), 7.43 (d, C5,6

H, 2 H, J = 8.1 Hz), 7.51 (d, py-C3
H, 2 H, J = 7.7 

Hz), 8.52 (d, py-C6
H, 2 H, J = 4 Hz). 13C{1H} NMR (C6D6, 125 MHz): δ 31.87 

(C(CH3)3), 35.00 (C(CH3)3), 58.54 (CH2), 60.44 (CH2), 122.07 (py-C5H), 122.15 (py-

C
3H), 123.29 (C5H), 124.76 (C3H), 125.80 (C6H), 136.23 (py-C4H), 137.18 (C1), 

149.69 (C2), 149.76 (py-C6H), 149.90 (C4), 157.93 (py-C2).  

9. {κκκκ-C,N,N
py

2-(2-pyridylmethyl)2N(CH2(4-
t
Bu-phenyl-2-yl))}FeBr (2-Fe). 

A) To a 25 mL round bottom flask charged with Fe{N(SiMe3)2}2(THF) (0.250 g, 0.56 

mmol) and BrArpy2N (0.473 g, 1.11 mmol) was vacuum transferred 10 mL Et2O at -

78 °C. The dark green reaction mixture was slowly warmed to 23 °C. The reaction 

stirred for 14 h prior to removing all volatiles and triturating with pentane. The green 

solid was taken up in benzene and filtered through a Celite plug. Red, rod-shaped 

crystals of 2-Fe were obtained in 16 % yield (0.043 g). B) To a 100 mL round bottom 

flask containing 3-Fe (0.900 g, 1.41 mmol) and 0.95 % sodium amalgam (0.066 g Na, 

2.88 mmol) was vacuum transferred 50 mL THF at -78 °C. The reaction mixture 

became red after it was stirred at 23 °C for 2 h. Volatiles were removed in vacuo 

yielding an orange-red solid. The solid was dissolved in THF and filtered through 

Celite. The filtrates were concentrated to yield 2-Fe as an orange powder (0.617 g, 91 

%). 1H NMR (THF-d8, 400 MHz): δ -37.15 (υ1/2 ≈ 26 Hz, 1 H), -11.47 (υ1/2 ≈ 29 Hz, 1 

H), 0.45 (υ1/2 ≈ 15 Hz, 1 H), 5.75 (υ1/2 ≈ 49 Hz, 1 H), 6.35 (υ1/2 ≈ 40 Hz, 1 H), 10.96 

(υ1/2 ≈ 22 Hz, C(CH3)3, 9 H), 33.52 (υ1/2 ≈ 462 Hz, 1 H), 41.68 (υ1/2 ≈ 45 Hz, 1 H), 

51.45 (υ1/2 ≈ 71 Hz, 1 H), 51.61 (υ1/2 ≈ 44 Hz, 1 H), 57.56 (υ1/2 ≈ 67 Hz, 1 H), 63.61 

(υ1/2 ≈ 174 Hz, 1 H), 67.96 (υ1/2 ≈ 215 Hz, 1 H), 81.49 (υ1/2 ≈ 351 Hz, 1 H), 86.69 (υ1/2 

≈ 397 Hz, 1 H), 103.50 (υ1/2 ≈ 52 Hz, 1 H), 117.53 (υ1/2 ≈ 536 Hz, 1 H), 128.64 (υ1/2 ≈ 
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464 Hz, 1 H). Anal. Calcd. H26C23N3BrFe: C, 57.52; H, 5.46; N, 8.75. Found: C, 

58.17, 58.03; H, 5.61, 5.46; N, 8.42, 8.42. µeff (SQUID, 293K) = 5.28 µB. 

10. {κκκκ-N,N
py

2-(2-pyridylmethyl)2N(CH2(4-
t
Bu-phenyl-2-Br))}FeBr2 (3-Fe). 

To a 25 mL round bottom flask containing FeBr2 (0.127 g, 0.59 mmol) and BrArpy2N 

(0.250 g, 0.59 mmol) was vacuum transferred 10 mL THF at -78 °C. The yellow 

suspension was warmed to 23 °C and darkened to orange-yellow after 1 h. The 

reaction mixture was stirred for 6 h and the volatiles were removed. The yellow solid 

was taken up in Et2O, filtered and washed to yield 3-Fe (0.365 g, 97 %) . 1H NMR 

(CD2Cl2, 400 MHz): δ 0.84 (υ1/2 ≈ 9 Hz, C(CH3)3,9 H), 1.36 (υ1/2 ≈ 37 Hz, CH2,2 H), 

5.54 (υ1/2 ≈ 39 Hz, CH, 1 H), 6.21 (υ1/2 ≈ 24 Hz, CH, 1 H), 23.96 (υ1/2 ≈ 425 Hz, CH, 1 

H), 27.18 (υ1/2 ≈ 432 Hz, py-CH, 2 H), 50.48 (υ1/2 ≈ 51 Hz, CH2, 2 H), 55.80 (υ1/2 ≈ 44 

Hz, CH2, 2 H), 102.43 (υ1/2 ≈ 417 Hz, py-CH, 2 H), 105.92 (υ1/2 ≈ 231 Hz, py-CH, 2 

H), 116.06 (υ1/2 ≈ 461 Hz, py-CH, 2 H). Anal. Calcd. H26C23N3Br3Fe: C, 43.16; H, 

4.09; N, 6.57. Found: C, 43.18, 42.95 H, 4.23, 4.05; N, 6.43, 6.37. µeff (Gouy balance, 

295K) = 4.5 µB. 

11. Cr{N(TMS)2}2(THF)2. A modified literature synthesis was used.34  To a 

250 mL round bottom flask charged with CrCl2(THF) (5.325 g, 27.31 mmol) and 

sodium hexamethydisilazide (10.000 g, 54.53 mmol) was vacuum transferred 150 mL 

THF at -78 °C. The reaction mixture immediately became deep indigo and was slowly 

warmed to 23 °C. After stirring at 23 °C for 12 h, the reaction was filtered, yielding a 

lavender filtrate and a green filter cake that was washed with THF. The filtrates were 

concentrated, cooled to -78 °C, and filtered to yield 10.050 g of Cr{N(TMS)2}2(THF)2 

as a crystalline lavender solid (71 %). 

12. {κκκκ-N,N
py

2-(1,3-dipyridyl-2-azaallyl}CrN(TMS)2 ((smif)CrN(TMS)2, 4-

Cr). A) To a 25 mL round bottom flask containing Cr{N(SiMe3)2}2(THF)2 (0.250 g, 

0.48 mmol) and BrArpy2N (0.206 g, 0.48 mmol) was vacuum transferred 15 mL Et2O 
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at -78 °C. The reaction mixture immediately turned green and was slowly warmed to 

23 °C. After stirring at 23 °C for 1 d, the volatiles were removed in vacuo. The green 

solid was filtered in pentane to yield (smif)CrN(SiMe3)2 as a green solid (0.103 g, 52 

%). B) A solution of smifH (0.153 g, 0.78 mmol) in 10 mL Et2O was added dropwise 

to a stirred solution of Cr{N(SiMe3)2}2(THF)2 (0.400 g, 0.77 mmol) in Et2O (10 mL) 

at 23 °C. The solution became emerald green. The reaction was degassed and allowed 

to stir for 12 h at 23 °C while green crystals precipitated from solution. The 

suspension was concentrated, filtered, and washed with cold Et2O to isolate 0.237 g 4-

Cr as green crystals (74 %). 1H NMR (C6D6, 400 MHz): δ -78.71 (υ1/2 ≈ 2000 Hz, py-

CH,1 H), -74.23 (υ1/2 ≈ 300 Hz, CH, 1 H), -37.81 (υ1/2 ≈ 520 Hz, py-CH, 1 H), -18.60 

(υ1/2 ≈ 580Hz, py-CH,1 H), 23.28 (υ1/2 ≈ 500 Hz, py-CH, 1 H), 57.60 (υ1/2 ≈ 5800 Hz, 

Si(CH3)3, 9 H). UV-vis (benzene) = 396 nm (ε ~ 27,000 M-1 cm-1), 424 nm (sh, ε ~ 

12,500 M-1 cm-1), 461 nm (ε ~ 9,500 M-1 cm-1), 581 nm (ε ~ 17,000 M-1 cm-1), 627 nm 

(ε ~ 19,000 M-1 cm-1), 675 nm (ε ~ 15,000 M-1 cm-1). Anal. Calcd. H28C18N4Si2Cr: C, 

52.91; H, 6.91; N, 13.71. Found: C, 51.90; H, 6.78; N, 14.02. µeff (SQUID, 293K) = 

4.7 µB.  

Magnetic Susceptibility Measurements.   Magnetic susceptibility 

measurements of crystalline powdered samples (10-30 mg) were performed on a 

Quantum Design MPMS-5 SQUID magnetometer at 10 kOe between 5 and 300 K for 

all samples.  All sample preparations and manipulations were performed under an inert 

atmosphere to due to the air sensitivity of the samples.  The samples were either 

measured in a flame sealed NMR tube or a custom machine sealed Teflon capsule.  

The diamagnetic contribution from the sample container was subtracted from the 

experimental data.  Pascal's constants38 were used to subtract diamagnetic 

contributions, yielding paramagnetic susceptibilities. 



 30 

 Single Crystal X-Ray Diffraction Studies. Upon isolation, the 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-monochromated MoKα 

radiation, λ = 0.71073 Å). The structures were solved by direct methods (SHELXS). 

All non-hydrogen atoms were refined anisotropically unless stated, and hydrogen 

atoms were treated as idealized contributions (Riding model). 

 13. 2-Fe. A red rod (0.20 x 0.03 x 0.03 mm) was obtained from toluene. A 

total of 15,951 reflections were collected with 3,192 determined to be symmetry 

independent (Rint = 0.1178), and 1,896 were greater than 2σ(I). A semi-empirical 

absorption correction from equivalents was applied, and the refinement utilized w-1 = 

σ2(Fo
2) + (0.0499p)2 + 0.0000p, where p = ((Fo

2 + 2Fc
2)/3). 

 14. 4-Cr. A dark green hexagonal block (0.40 x 0.30 x 0.20 mm) was obtained 

from pentane. A total of 7,678 reflections were collected with 7,678 determined to be 

symmetry independent (Rint = 0.0000), and 5,121 were greater than 2σ(I). A semi-

empirical absorption correction from equivalents was applied, and the refinement 

utilized w-1 = σ2(Fo
2) + (0.0400p)2 + 0.0000p, where p = ((Fo

2 + 2Fc
2)/3). 
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CHAPTER 2  

Synthesis, Characterization, and Redox Reactivity of (smif)2M Complexes 

(M = V, Cr, Mn, Fe, Co, Ni, Zn)∗ 

Introduction 

A variety of nitrogen-based tridentate chelating ligands have been explored 

over the years. Ligation of two tridentate chelates may result in either a facial or 

meridional coordination geometry about the metal center (Figure 2.1). Typically, the 

ligand geometry dictates the mode of coordination.  

 

 

 

 

 

Figure 2.1. Coordination geometry for ligation of two tridentate N-based chelates. 

 

Facial ligand coordination arises from non-planar molecules. One of the most 

common tridentate chelates is the scorpionate ligand, i.e. tris(pyrazolyl)hydroborate. 

This ligand and its various derivatives have been coordinated to a variety of metal 

centers, i.e. Mn,1,2 Fe,1,2 Co,1,2,3 Ni,1,2 Cu,1,2 and Zn.1,2 These scorpionate complexes 

are restricted to facial coordination when binding in a tridentate fashion due to the 

tetrahedral geometry about boron (Figure 2.2). Coordination of di-(2-picolyl)amine 

(Hdpma), as a neutral ligand, also results in facial coordination (Figure 2.2). Several 

cationic complexes have been prepared with Mn,4 Fe,5,6,7,8 Co,7 Ni,5,9 Cu,10 and Zn.4  

 

                                                 
∗ Reproduced with permission from: Frazier, B. A.; Wolczanski, P. T.; Lobkovsky, E. B.; Cundari, T. 
R. J. Am. Chem. Soc. 2009, 131, 3428-3429. Copyright 2009 American Chemical Society. 
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Figure 2.2. Examples of fac coordination metal complexes. 

 

Planar organic molecules give rise to meridional coordination geometry and 

typically D2d symmetry. Early work with N-based chelates focused on 2,2';6',2"-

terpyridine, more commonly called terpy. Coordination of two molecules of terpy or 

its various derivatives around a metal center generally resulted in cationic species;11-17 

however, neutral examples exist for titanium18 and vanadium19 in which the metal 

center has a formal oxidation state of zero (Figure 2.3). Terpy metal complexes are of 

interest as they exhibit interesting optical and redox properties.12,15  

 

 

 

 

 

 

 

Figure 2.3. Terpy complexes. 

 

Variations on terpy ligands exist, which are shown in Figure 2.4. Metal 

coordination complexes for these dipyridylimines20-22 and pyridine diimines20,22,24 
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have also been well studied because these tridentate ligands are easier to prepare than 

terpy. These complexes are typically cationic; however, the (2-py)CH=NNH(2-py) 

ligand can be easily deprotonated, which results in the de-aromatization of the 

pyridine ring yielding an anionic chelate and a neutral metal complex as observed for 

iron and nickel.22 Interestingly, only a couple of anionic N-based chelates exist that 

give rise to D2d symmetry. 

 

Figure 2.4. Examples of other tridentate N-based ligands. 

 

Ligation of two bis(2-pyridylcarbonyl)aminate (bpca) ligands around a 

metal(II) center results in D2d symmetry and a neutral complex (Figure 2.5). (bpca)2M 

complexes exist for Mn,25 Fe,26 Ni,27 Cu,27 and Zn.27 Several M(III) species have been 

prepared, such that M = Cr,28 Fe,26,28 and Co.28 These complexes possess interesting 

physical properties and are used as molecular building blocks for multi-nuclear chains 

due to their tridentate and bidentate modes for chelation. As shown in Figure 2.6, 

additional derivatives of bpca have also been ligated to metal centers.29-32  
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Figure 2.5. Examples of (bpca)2M complexes and [(bpca)2M]+ complexes. 

 

 

 

 

 

 

Figure 2.6. Variants of the bpca ligand.  

 

The smif ligand, (2-py)CHNCH(2-py), which was described at the end of 

Chapter 1, was originally discovered in 2004 (Figure 2.7).33 This mono-anionic 

tridentate N-based chelate was the degradation product resulting from heating a 

mixture of ZnMe2 and di-(2-picolyl)amine.33 Since the formation of (smif)2Zn was not 

the desired result, neither the complex nor the anionic ligand were further studied.   

 

 

 

Figure 2.7. smif ligand ((2-py)CHNCH(2-py)). 
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As discussed in Chapter 1, the smif ligand exhibits unique optical properties and 

possesses the ability to stabilize complexes of low symmetry. Our research efforts 

focused on generating a homologous series of (smif)2M within the 1st-row in order to 

examine physical and optical properties while attempting to isolate complexes with 

formal electron counts ranging from 15 to 20.   

 

Results and Discussion 

 Synthesis of ligands. Condensation of 2-pyridinecarboxaldehyde with 2-

(aminomethyl)pyridine afforded 1,3-di-(2-pyridyl)-2-azapropene, smifH, in 

quantitative yield (eq 2.1).34 The pale yellow liquid was moderately temperature, air, 

and moisture sensitive. 1H NMR spectroscopy revealed the presence of only one 

isomer in solution.   

Deprotonation of the fairly acidic (pKa ~ 24) benzylic methylene group on 

smifH generated the delocalized, anionic 1,3-di-(2-pyridyl)-2-azaallyl ligand, smif. As 

shown in eq 2.2, treatment of lithium hexamethydisilazide (LiHMDS) with a solution 

of smifH in THF produced a deep magenta solution from which lithium 1,3-di-(2-

pyridyl)-2-azapropenide (Li(smif), (5-Li)) was isolated as a metallic gold foamy solid 

in excellent yield (90 %). An identical synthesis utilizing sodium 

hexamethyldisilazide35 (NaHMDS) afforded Na(smif) (5-Na) in 96 % yield, also as a 

foamy metallic gold solid. In solution, these compounds (5-Li and 5-Na) displayed 

rather intense colors that were noticeably solvent-dependent; benzene solutions 

generated a deep royal purple color whereas THF yielded a deep magenta solution. 
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Synthesis of (smif)2M Complexes [M = V, Cr, Mn, Fe, Co, Ni, Zn]. Efforts 

toward synthesizing (smif)2M complexes featured a variety of 1st-row M(II) sources. 

The syntheses were accomplished via two major routes: utilization of an internal base 

and salt metathesis.  

A. Deprotonation by an Internal Base. Initial efforts focused on 

deprotonating the acidic benzylic protons of smifH by using 1st-row transition metal 

complexes containing internal bases, e.g. amides. As shown in eq 2.3, exposing 

Fe{N(TMS)2}2(THF)36 in Et2O to two equivalents of smifH resulted in the formation 

of the 18 e- complex, (smif)2Fe (6-Fe), with concomitant loss of HN(TMS)2, therefore 

indicating that the hexamethyldisilazide groups acted as effective internal bases. 

Metallic purple-black crystals of 6-Fe were isolated from an intensely colored, deep 

forest green solution in excellent yield (80 %). The 1H NMR spectrum for 6-Fe was 

diamagnetic and is consistent with a low spin (S = 0) ground state (GS). This 

suggested the smif ligand possessed strong field character. Only one smif ligand 

environment was observed via NMR spectroscopy, indicating D2d symmetry that was 

confirmed by x-ray crystallographic studies.   

Analogously, the synthesis of (smif)2Cr (6-Cr) was achieved by treating 

Cr{N(TMS)2}2(THF)2
37,38 in Et2O with two equivalents of smifH (eq 2.3). The 

resulting dark forest green solution afforded dark forest green crystals of 6-Cr, a 16 e- 

complex, in 79 % yield. The 1H NMR spectrum was consistent with a paramagnetic 
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complex. D2d symmetry was revealed by the presence of one smif ligand environment, 

in its 1H NMR spectrum and an x-ray crystal structure.  

 

B. Salt Metathesis. Several 1st-row transition metal bis-amide complexes, i.e. 

[Mn{N(TMS)2}2]2,39 Cr{N(TMS)2}2(THF)2,37,38 Fe{N(TMS)2}2(THF),36 

[Co{N(TMS)2}2]2,40 and [Ni(NPh2)2]2,41 are ideal starting materials because they are 

quite soluble and require simple work-up procedures. The byproducts, HN(TMS)2  and 

HNPh2, are readily washed away from the desired metal complexes. Since the starting 

amides require extra synthetic steps for their preparation and purification, a simple 

one-pot synthesis for preparing (smif)2M complexes was desired.  

As depicted in Scheme 2.1, treatment of MnCl2, FeBr2(THF)2,42 CoCl2, and 

(DME)NiCl2
43 in THF with two equivalents of 5-Li, generated in situ, yielded the 

corresponding (smif)2M complexes [M = Mn (6-Mn); Fe (6-Fe); Co (6-Co); Ni (6-

Ni)], which were all crystallographically characterized. Intense purple solutions 

produced metallic gold crystals of 6-Mn in 72 % yield. This 17 e- complex showed 

two broad paramagnetically shifted peaks in its 1H NMR spectrum. 6-Fe was obtained 

as metallic purple-black crystals in 52 %. Metallic gold crystals of 6-Co, formally a 19 

e- compound, were isolated from a deep purple-magenta solution in an excellent yield, 

87 %. The 1H NMR spectrum for 6-Co was consistent with a paramagnetic compound 
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and revealed D2d symmetry with the observation of only one smif environment. The 

20 e- compound, 6-Ni, was collected as metallic gold crystals from a deep magenta 

solution in 67 % yield. 6-Ni also possessed D2d symmetry according to its 1H NMR 

spectrum, which was consistent with a paramagnetic complex.  

 
Scheme 2.1. Syntheses of (smif)2M complexes, where M = Mn, Fe, Co, and Ni, via 
salt metathesis. 

 

Additionally, the salt metathesis of ZnCl2 in THF with two equivalents of 5-Li, 

generated in situ, produced an intense cherry red solution from which metallic gold 

crystals of (smif)2Zn33 (6-Zn) were isolated in 47 % yield (Scheme 2.2). Westerhausen 
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et al. observed the formation of 6-Zn via a degradation associated with ZnMe2 and di-

(2-picolyl)amine.33 Unfortunately, efforts to prepare (smif)2Cu from CuBr2 led to an 

intractable mixture with physical properties that were vastly different than all other 

prepared (smif)2M complexes. 

Scheme 2.2. Synthesis of (smif)2Zn via salt metathesis. 

 

C. Salt Metathesis Under Reducing Conditions. Since vanadium(II) starting 

materials are not readily available, all attempts to synthesize (smif)2V required in situ 

reductions from higher valent vanadium sources. Initially, VCl{N(TMS)2}2(THF)44 

was a desirable starting material as the amides should deprotonate coordinated smifH 

ligands, thereby generating [(smif)2V]Cl, which placed under reducing conditions 

should generate the desired (smif)2V complex. However, treatment of 

VCl{N(TMS)2}2(THF) with either one or two equivalents of smifH in C6D6 generated 

an orange brown solution with a minute amount of red crystals, and revealed similar 
1H NMR spectra containing nine paramagnetic peaks. All scale-up attempts aimed 

toward isolating and characterizing the red crystals failed; therefore, an alternative 

route was sought. (smif)2V (6-V) was obtained in 81 % yield by treating VCl3(THF)3
45 

in THF with two equivalents of 5-Li, generated in situ, in the presence of one 

equivalent of sodium amalgam (Scheme 2.3). The deep cherry red solution afforded 

metallic gold crystals of 6-V, formally a 15 e- compound, which were NMR silent. 

The structure of 6-V was confirmed via x-ray crystallographic studies.   
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Scheme 2.3. Synthesis of (smif)2V via salt metathesis under reducing conditions.  

 

Redox Chemistry and Electrochemical Studies of (smif)2M complexes [M 

= V, Cr, Mn, Fe, Co, and Ni]. The redox chemistry of (smif)2M complexes was 

investigated both electrochemically and synthetically. Collaborative research efforts 

enabled electrochemical studies on several (smif)2M complexes and Li(smif), 5-Li, in 

hopes of understanding synthetic redox chemistry that was observed. All cyclic 

voltammograms (CV) were obtained using a 0.1 M tBu4NPF6, TBAP, solution in THF 

at a Pt electrode, and stated reduction or oxidation potentials were referenced relative 

to Ag. The results are summarized in Table 2.1. Initial studies began by examining the 

electrochemistry of 5-Li to help identify processes observed for (smif)2M complexes. 

Two reversible ligand reductions were observed for 5-Li with potentials at -1.59 V and 

-1.94 V, denoted L when observed in metal complexes. An irreversible ligand 

oxidation occurred at 0.48 V, which resulted in the presence of a new irreversible 

reduction at -0.79 V.  

The electrochemistry for (smif)2Mn complexes [n = 0, M = Cr, Mn, Fe, Co, Ni; 

n = +1, M = Co (7-Co)] was examined next. The CV for 6-Cr showed four reversible 

processes with potentials at 0.13 V (CrII/III), -0.48 V (CrII/I), -1.55 V (L), and -1.87 V 

(L), thereby indicating the possibility to form both the anionic and cationic complexes 

of 6-Cr. Two irreversible reductions, i.e. -1.03 V and -0.078 V, appeared as the result 

of other electrochemical processes at -1.87 V and 1.55 V, respectively. While two 
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reversible reductions were observed for 6-Mn at -1.40 V and -1.60 V, an irreversible 

oxidation potential at 0.59 V for 6-Mn led to the formation of three irreversible 

reductions with potentials at -0.034 V, -0.190 V, and -0.509 V. The CV for 6-Fe 

revealed two reversible processes at 0.28 V (FeII/III) and -1.68 V (L) implying that 6-

Fe could be oxidized under the right conditions. Similar to that observed for 6-Cr, the 

CV, shown in Figure 2.8, for 6-Co displayed four reversible processes with potentials 

at 0.048 V (CoII/III), -0.56 V, -1.00 V (CoII/I), and -1.53 V (L), suggesting the 

possibility of generating both the cation and anion. The reversible reduction at -0.56 V 

was a result of the reduction at -1.53 V. An irreversible process was observed at 0.61 

V. The CV corresponding to [(smif)2Co](OTf), 7-Co, displayed five reversible 

processes at 1.14 V, -0.38 V (CoIII/II), -1.00 V (CoII/I), -1.45 V (CoI/0 or L), and -1.97 V 

(L), which were shifted towards cathodic potentials. Ideally, 6-Co and 7-Co should 

portray identical CVs. The last compound examined was 6-Ni, which displayed only 

one reversible process with a potential at -1.54 V (L). These electrochemical studies 

suggested that every compound, except 6-Ni, had the potential to be oxidized, and all 

complexes would undergo either a metal- or ligand-based reduction. 

 
 
 

 

 

 

 

 

 

 

Figure 2.8. Cyclic voltammogram for 6-Co obtained in THF.
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Table 2.1. Redox potentials for Li(smif) and (smif)2Mn complexes [n = 0, M = Cr, Mn, Fe, Co, Ni; n = +1, M = Co] with respect to 
Ag wire. 
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Li(smif) (smif)2Cr (smif)2Mn (smif)2Fe (smif)2Co [(smif)2Co](OTf) (smif)2Ni

0.48* 1.55* 0.59* 1.00* 1.42* 1.14 0.61*
-0.79*a 0.13 CrII/III -0.34*d 0.28 FeII/III 0.61* 1.00* -0.22*h

-1.59 -0.078*b -0.190*d -0.95*e 0.048 CoII/III 0.94*g -0.29i

 E °' (V) -1.94 -0.48 CrII/I -0.509*d -1.68 L -0.56f 0.36*g -0.78*h

-1.03*c -1.40 L -1.00 CoII/I -0.38 CoIII/II -1.54 L
-1.55 L -1.60 L -1.53 L -1.00 CoII/I -1.90j

-1.87 L -1.45 L
-1.97 L

*Irreversible processes.
a Result of oxidation at 0.48 V. b Result of oxidation at 1.55 V. c Result of reduction at -1.87 V. d Result of oxidation at 0.59 V. e Result of
oxidation at 1.00 V. f Result of of reduction at -1.53 V. g Result of oxidation at 1.00 V. h Result of reduction at -1.90 V. i Coupled to oxidation
at 0.61 V. j Appears to be coupled to reduction at -1.54 V.
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Synthetic redox chemistry began with oxidation attempts for all compounds. 

Treatment of 6-Mn, 6-Cr, or 6-Co with silver triflate (AgOTf) in ethereal solvents 

afforded the corresponding oxidized compounds, [(smif)2M](OTf) [M = Mn (7-Mn); 

Cr (7-Cr); Co (7-Co)], with loss of Ag0. 7-Mn was isolated in 78 % yield from a very 

deep purple solution as metallic red-bronze crystals (eq 2.4) and was NMR silent.  

 

Metallic red crystals of 7-Cr were obtained from a dark green solution in 75 % yield 

(eq. 2.5). The 1H NMR spectrum possessed two broad paramagnetic peaks.    

 

A deep cobalt blue solution produced metallic red crystals of 7-Co in 81 % yield (eq. 

2.6). A D2d symmetric compound was revealed in its 1H NMR spectrum obtained in 

THF-d8, which was consistent with an S = 0 GS for 7-Co. 
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Metal oxidation was not observed for 6-Fe even though the FeII/III couple was 

observed electrochemically. The addition of AgOTf to 6-Fe in THF yielded a forest 

green solution from which a dark magenta-purple solid was isolated. Unfortunately, 

the solid was not the expected paramagnetic Fe(III) species, [(smif)2Fe](OTf), as 1H 

NMR spectroscopy revealed the presence of a mixture of diamagnetic complexes 

(Scheme 2.4). 1-D and 2-D NMR spectroscopic studies in CD3CN assisted in 

elucidating the presence of four (smifH)Fe(II) complexes marked by the downfield 

chemical shifts (δ 10.22, 10.25, 10.33, 10.40 ppm) corresponding to the imine CH. 

Two compounds were identified,  [(smifH)2Fe](OTf)2 (8-Fe(OTf)2, δ 10.22 ppm) and 

[(smifH)(smif)Fe](OTf) (9-Fe(OTf), δ 10.25 ppm), based upon their independent 

syntheses. Previous work by Lions and Martin20 showed that 8-Fe(X)2, a dark 

magenta-purple solid, was formed by exposing FeX2 sources with two equivalents of 

smifH (Scheme 2.5). Two variants of 8-Fe(X)2 were prepared such that X = Br (8-

Fe(Br)2) and OTf (8-Fe(OTf)2). Alternatively, treatment of 6-Fe in THF with two 

equivalents of HBF4·OEt2 afforded [(smifH)2Fe][BF4]2 (8-Fe(BF4)2) in 87 % yield. 

Identical 1H NMR spectra were obtained regardless of the counterion present. 

Treatment of 8-Fe(BF4)2 with 6-Fe in CD3CN led to the formation of 9-Fe(BF4) (eq 

2.7), presumably from a comproportionation via proton transfer, thus verifying the 

NMR assignments for the mixture. The presence of (smifH)Fe(II) complexes suggests 
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that oxidation occurred in the ligand, presumably generating a radical that abstracted a 

hydrogen atom, possibly from a solvent molecule, and produced the neutral smifH 

chelate.  

 

Scheme 2.4. Oxidation of (smif)2Fe led to a mixture of (smifH)Fe(II) complexes. 

 

Scheme 2.5. Synthetic routes to [(smifH)2Fe]X2. 
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Unfortunately, tractable oxidization products were not observed for 6-V or 6-

Ni as their treatment with an equivalent of silver triflate (AgOTf) in THF yielded 

insoluble brown-black solids.    

Efforts to synthesize anionic (smif)2M complexes via 1 e- reduction chemistry 

were explored as the electrochemistry showed promising possibilities to effect both 

metal- and ligand-based reductions. However, all reduction attempts failed even under 

varied reaction conditions with reducing agents, such as sodium amalgam, sodium 

naphthalenide, and cobaltocene.  

 

Characterization of (smif)2M
n Complexes: X-ray Crystal Structures of 6-

V, 6-Cr, 7-Cr, 6-Mn, 6-Fe, 6-Co, 7-Co, 6-Ni. Single crystal, x-ray diffraction quality, 

thin metallic gold plates of 6-V, 6-Mn, and 6-Co were isolated from toluene. Dark 

forest green plates of 6-Cr were also collected from toluene. Thin metallic red plates 

of the cationic complexes, 7-Cr and 7-Co, were obtained from THF. Benzene yielded 

thin metallic purple and metallic gold plates of 6-Fe and 6-Ni, respectively. Select 

crystallographic and refinement data for 6-V, 6-Cr, 7-Cr, 6-Mn, 6-Fe, 6-Co, 7-Co, 

and 6-Ni are listed in Table 2.2. Pertinent distances and angles are listed in Table 2.3. 

The solid state structure of 6-Fe, shown in Figure 2.9, displays two tridentate smif 

ligands occupying an octahedral coordination geometry giving rise to a D2d symmetric 

molecule, which has been observed with other tridentate N-donor ligands such as 

terpy,11-19 bpca,25-28 and bpca derivatives.29-32 All crystal structures possess 
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NazaMNaza’, specifically ∠N2-M-N5, angles within the range from a nearly perfect 

axis, 179.11(6) ° in 6-Fe, to a significantly distorted one, 166.49(7) ° observed in 6-

Mn. Every smif chelate displays NpyMNpy angles between 146.7(5) ° and 167.68(9) °, 

for 6-Mn and 7-Co, respectively. Smaller NpyMNpy angles result in narrow bite angles, 

i.e. ∠NazaMNpy, for the chelate. In general, the constraints of the ligand are indicative 

of its proximity to the metal center, such that chelates with smaller bite angles have 

longer M-Naza and M-Npy bond distances. Similar to (bpca)2M complexes,25-28 

distinctions between metal-nitrogen bond distances are observed. M-Naza bond 

distances are always shorter than M-Npy distances resulting from the geometry of the 

smif ligand. Additionally, the Naza-C bond lengths, ~1.33 Å, on the smif backbone are 

consistent with a delocalized anion as observed in (smif)CrN(TMS)2. They are longer 

than the 1.29 Å expected for an imine N=C (sp2-sp2) and shorter than expected for an 

amide N-C (sp2-sp3) bond, i.e. 1.36 Å.  

 

 

 

 

 

 

 

 

 
 
 
 
Figure 2.9. Molecular structure of (smif)2Fe (6-Fe). Thermal ellipsoids are at 50 % 
probability level. 
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The crystal structures for the homologous (smif)2M series exhibit a few key 

distortions, i.e. C2v, D2, Cs, C2, and C1, away from true D2d symmetry (Figure 2.10). A 

C2v distortion simply arises when one smif ligand is pulled away from the metal 

center, thus lengthening the M-Naza and M-Npy bond distances with respect to the other 

ligand. Canting one smif ligand off of the perpendicular axis, such that the NazaMNaza’ 

angle deviates from a perfect 180 °, results in a Cs distortion. Rotating one smif ligand 

about the NazaMNaza’ axis, i.e. twisting the propeller of a D2d symmetric compound, 

yields a D2 distortion. Recognizing this distortion involves either using a visualization 

program, such as Mercury, to carefully look for twisting or by closely inspecting the 

angles generated between pyridine rings on opposite ligands. One set of angles, i.e. 

∠N1-M-N4 and ∠N3-M-N6, may decrease with concomitant widening of the opposite 

pair, i.e. ∠N1-M-N6 and ∠N3-M-N4. In complexes that possess other distortions, 

discerning propeller twists via the aforementioned angles becomes complicated, as the 

observed angles may solely be a result of the other distortions and not a true D2 twist. 

A C2 distortion arises in molecules exhibiting a D2 twist while “sliding” one smif 

ligand toward the opposite ligand (Cs). This distortion becomes evident when 

comparing the angles generated between the azaallyl nitrogen of one smif ligand and 

the pyridine nitrogens for the other, i.e. ∠NazaMNpy’. For instance, a C2 distortion 

arises if ∠N2-M-N4 equals ∠N5-M-N1 and ∠N2-M-N6 equals ∠N5-M-N3, but the 

two sets do not equal each other. If the molecule displays one equivalent set, i.e. ∠N5-

M-N1 and ∠N5-M-N3, and one inequivalent set, i.e. ∠N2-M-N6 and ∠N2-M-N4, in 

addition to the sets being inequivalent, a Cs distortion is present. When all the 

NazaMNpy’ angles are different, the distortion is considered C1. (smif)2M complexes 

are categorized and described according to the closest distortion symmetry they 

exhibit (Table 2.3). 
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Figure 2.10. Distortions away from D2d symmetry observed in crystal structures of 
(smif)2M complexes. 
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Table 2.2. X-ray crystallographic data for (smif)2M complexes [M = V (6-V); Cr (6-Cr); Mn (6-Mn); Fe (6-Fe); Co (6-Co); Ni (6-
Ni)] and [(smif)2M](OTf) complexes[M = Cr (7-Cr); Co (7-Co)]. 
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6 - V 6 - Cr 7 - Cr 6 - Mn 6 - Fe 6 - Co 7 - Co 6 - Ni

Formula C24H20N6V
a,b C24H20N6Cra,c C29H28N6O4SF3Crd C24H20N6Mna,c C24H20N6Fe C24H20N6Coa C29H28N6O4SF3Coe C25.50H21.50N6Nif

Formula weight 443.40 444.46 665.63 447.4 448.31 451.39 672.56 470.7
Crystal system Triclinic Triclinic Triclinic Triclinic Monoclinic Triclinic Monoclinic Triclinic
Space group P �1 P �1 P �1 P �1 P21/n P �1 C 2/c P �1
Z 4 4 2 4 4 4 8 4
a  (Å) 8.940(6) 8.9763(6) 8.7769(4) 8.9189(11) 8.7442(4) 9.028(6) 30.8068(12) 9.0129(8)
b  (Å) 14.245(9) 14.4378(10) 12.5575(6) 14.4448(19) 27.4138(14) 14.398(9) 14.4243(5) 14.4774(12)
c  (Å) 17.526(9) 16.9883(11) 15.6932(7) 17.849(2) 9.2149(4) 16.882(9) 18.5224(7) 17.0517(14)
α (°) 94.41(5) 94.086(4) 86.978(3) 94.240(6) 90 93.92(5) 90 94.368(3)
β (°) 98.06(5) 97.642(4) 76.027(3) 98.287(6) 113.809(2) 98.35(5) 126.141(2) 97.829(3)
γ (°) 96.16(4) 97.152(4) 80.361(3) 93.988(5) 90 97.35(4) 90 97.521(3)
V  (Å3) 2188(2) 2156.5(3) 1654.63(13) 2261.8(5) 2020.93(16) 2145(2) 6646.9(4) 2175.2(3)
ρcalc g/cm3 1.346 1.369 1.336 1.314 1.473 1.398 1.344 1.437
μ (mm–1) 0.477 0.554 0.467 0.606 0.771 0.824 0.637 0.918
temp (K) 100(2) 173(2) 173(2) 296(2) 173(2) 100(2) 173(2) 213(2)
λ (Å) 0.97890 0.71073 0.71073 0.71073 0.71073 0.97890 0.71073 0.71073
final R indices [I > 2σ(I)]g,h R1 = 0.0482 R1 = 0.0484 R1 = 0.0482 R1 = 0.0433 R1 = 0.0424 R1 = 0.0474 R1 = 0.0551 R1 = 0.0436

w R2 = 0.1444 w R2 = 0.1008 w R2 = 0.1135 w R2 = 0.0910 w R2 = 0.0932 w R2 = 0.1325 w R2 = 0.1424 w R2 = 0.0795
R indices (all data)g,h R1 = 0.0500 R1 = 0.0816 R1 = 0.0677 R1 = 0.0754 R1 = 0.0586 R1 = 0.0488 R1 = 0.0782 R1 = 0.0882

w R2 = 0.1469 w R2 = 0.1109 w R2 = 0.1208 w R2 = 0.0997 w R2 = 0.1001 w R2 = 0.1349 w R2 = 0.1543 w R2 = 0.0934
GOFi 1.071 1.034 1.075 1.024 1.041 1.030 1.055 1.004
a The asymmetric unit contains two formula units. b 1/2 molecule toluene per asymmetric unit SQEEZEd. c Toluene molecule SQEEZEd. d The asymmetric unit contains one molecule of 7-Cr

and one molecule of THF. One molecule of THF was SQEEZEd. e The asymmetric unit contains one molecule of 7-Co and one molecule of THF. One molecule of THF was SQEEZEd.
f The asymmetric unit contains two molecules of 6-Ni and 1/2 molecule of C6H6.

 g R1 = Σ||F o | - |F c || /Σ|F o |. h w R2 = [Σw (|F o | - |F c |)2/ΣwF o
2]1/2.

i GOF (all data) = [Σw (|F o | - |F c |)2/(n  - p )]1/2, n  = number of independent reflections, p = number of parameters.
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Table 2.3. Selected interatomic distances and angles for (smif)2M complexes [M = V (6-V); Cr (6-Cr); Mn (6-Mn); Fe (6-Fe); Co 
(6-Co); Ni (6-Ni)] and [(smif)2M](OTf) complexes[M = Cr (7-Cr); Co (7-Co)]. 
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Overall Closest 
Compound d(M-Naza) d(M-Npy) d(Naza-C) ∠Naza-M-Naza' ∠Npy-M-Npy ∠Naza-M-Npy ∠Naza-M-Npy' ∠Npy-M-Npy' Symmetry Distortion

Symmetry

6 - V 2.058(18) Å* 2.118(7) Å* 1.347(11) Å* 172.08(36)°* 154.24(48)°* 77.25(22)°* 95.08(10)° -110.10(10)° 92.8(13)°* C 1 C 1
a , C 1

a

6 - Cr 1.9481(19), 1.992(2) Å 2.034(12) Å* 1.341(11) Å* 175.81(18)° 158.32(8)°* 79.19(3)°* 97.10(8)° - 104.79(8)° 89.36(8)° - 94.90(8)° C 1 C 1
a

2.026(2), 1.932(2) Å 176.45(8)° 158.17(8)°* C 2v
b

7 - Cr 1.994(3) Å* 2.035(2) Å 1.334(2) Å* 176.72(9)° 160.79(10)°* 80.42(8)°* 97.02(9)° - 102.13(9)° 89.81(9)° - 92.25(9)° C 1 C 2
c

6 - Mn 2.207(2), 2.186(3) Å 2.236(7) Å* 1.325(5) Å* 169.22(10)° 148.6(8)°* 74.0(4)°* 95.99(9)° - 115.16(9)° 92.97(9)° - 97.26(9)° C 1 C 1
a

2.215(2), 2.220(3) Å 166.51(9)° 146.7(5)°* C 2
c

6 - Fe 1.9012(14) Å* 1.9634(12) Å* 1.333(3) Å* 179.11(6)° 164.53(11)°* 82.30(24)°* 97.7(5)°* 91.0(12)°* D 2d D 2d

6 - Co 1.946(3) Å 2.193(3), 2.175(3) Å 1.341(2) Å* 177.30(11)° 158.43(11)° 79.24(34)°* 95.12(12)° - 101.22(12)° 91.5(14)°* C 1 C s
d

1.888(3) Å 1.980(3), 1.962(3) Å 164.32(12)° 82.20(13)°*

1.945(3) Å 2.094(3), 2.116(3) Å 1.333(9) Å* 177.76(12)° 159.78(12)° 80.3(6)°* 97.51(12)° - 102.12(13)° 91.7(24)°* C 1 C 2
c

1.939(3) Å 2.049(3), 2.056(3) Å 160.87(12)°

7 - Co 1.8768(11) Å* 1.9252(19) Å* 1.331(9) Å* 179.05(10)° 167.68(9)°* 83.9(2)°* 96.1(7)°* 90.7(19)°* D 2d D 2d

6 - Ni 2.019(5) Å* 2.093(9) Å* 1.325(4) Å* 176.07(12)°* 158.1(4)°* 79.1(3)°* 96.66(11)° - 104.63(11)° 92.1(16)°* C 1 C 1
a , C 2

c

* Values averaged.
a C1: ∠N2-M-N4  ≠ ∠N2-M-N6 ≠ ∠N5-M-N1 ≠ ∠N5-M-N3. b C 2v: d(M-N2) ≠ d(M-N5); [d(M-N1) = d(M-N3)] ≠ [d(M-N4) = d(M-N6)]. c C 2: [∠N2-M-N4 = ∠N5-M-N1] > [∠N2-M-N6 = ∠N5-M-N3].
d C s: ∠N2-M-N4 ≠ ∠N2-M-N6; ∠N5-M-N1 = ∠N5-M-N3.
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Two (smif)2M complexes are considered D2d symmetric, (smif)2Fe (6-Fe) and 

[(smif)2Co](OTf) (7-Co), and their crystal structures reveal only one molecule per 

asymmetric unit. 6-Fe and 7-Co clearly lack the presence of any distortion previously 

mentioned. Their NazaMNaza’ angles are very close to 180 °, i.e. 179.11(6) ° and 

179.05(10) °, for 6-Fe and 7-Co, respectively. Essentially identical NazaMNpy’ angles 

are observed, i.e. 97.50(6) ° and 97.87(6) ° for 6-Fe as well as 96.22(8) ° and 96.06(8) 

° for 7-Co, showing that the ligand is centered with respect to the other. The crystal 

structures reveal the largest NpyMNpy angles of 164.53(11) ° (ave) for 6-Fe and 

167.68(9) ° (ave) for 7-Co, thereby resulting in chelates with bite angles averaging 

82.30(24) ° (6-Fe) and 83.9(2) ° (7-Co), which are larger than those observed in the 

remaining compounds. Consequently, these compounds exhibit the shortest bond 

distances as a result of possessing the largest ligand field stabilization energy (-24 Dq 

+ 2P, for a low spin d6 configuration) when compared to the remainder of the series. 

The average Fe-Naza bond length of 1.9012(14) Å is shorter than the iron-amide 

distances of 1.918(7) Å and 1.928(7) Å in the (bpca)2Fe,26 suggesting the smif ligand 

possesses a stronger field than the bpca ligand. Interestingly, 6-Fe possesses Fe-Npy 

distances averaging 1.9634(12) Å, which are significantly longer than those observed 

in (bpca)2Fe ranging from 1.929(8) Å to 1.957(7) Å.26 In comparison, 7-Co possesses 

cobalt-nitrogen distances that are slightly contracted, which is expected for a cationic 

complex with the same dn count. The cobalt-azaallyl nitrogen distances average a 

value of 1.8768(11) Å, whereas the cobalt-pyridine nitrogen bond lengths are 

1.9252(19) Å on average. A twisted propeller was not observed in either complex; 6-

Fe possessed NpyMNpy’ angles averaging 91.0(12) °, and the corresponding angles 

viewed in 7-Co averaged 90.7(19) °. 

The remaining complexes in the series all display C1 symmetry overall. Each 

molecule possesses a Cs distortion, such that one ligand cants away from the 
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NazaMNaza’ axis. Therefore, the NazaMNaza’ angles are less than 180 °. Combinations of 

other distortions are exhibited by the complexes. These slightly more pronounced 

distortions dictate the assignment of the closest distortion symmetry, which primarily 

results from a comparison of the NazaMNpy’ angles (Table 2.3). 

  (smif)2Ni displays the mildest deviations away from D2d symmetry giving rise 

to its C1 symmetry. The crystal structure of 6-Ni has two molecules in the asymmetric 

unit, and both show a slight Cs distortion with NazaNiNaza’ angles of 176.00(12) ° (Ni1) 

and 176.11(12) ° (Ni2). Molecule 1 exhibits C1 symmetry; it possess four different 

NazaNiNpy’ angles, i.e. ∠N2-Ni1-N4 = 99.83(11) °, ∠N2-Ni1-N6 = 101.94(11) °, 

∠N5-Ni1-N1 = 96.63(12) °, and ∠N5-Ni1-N3 = 104.61(12) °. On the other hand, 

molecule 2 displays C2 symmetry. It has two sets of angles that are equal, but not to 

each other: ∠N8-Ni2-N10 = 98.07(12) °, ∠N8-Ni2-N12 = 104.03(12) °, ∠N11-Ni2-

N7 = 98.69(11) °, and ∠N11-Ni2-N9 = 103.48(12) °. In comparison to 6-Fe and 7-Co, 

6-Ni displays smaller chelate angles. The average NpyNiNpy angle is 158.1(4) °, and 

the NazaNiNpy bite angles average a value of 79.1(3) ° between the two molecules. 

Nickel-nitrogen bond distances, i.e. d(Ni-Naza)ave = 2.019(5) Å and d(Ni-Npy)ave = 

2.093(9) Å, are elongated with respect to 6-Fe and 7-Co. This result is not surprising 

because a smaller ligand field stabilization energy (-12 Dq) is associated with the d8 

Ni(II) center due to population of the σ* orbitals; therefore, the bond order decreases 

with concomitant lengthening of bonds.  

The asymmetric unit of [(smif)2Cr](OTf), 7-Cr, contains one molecule that 

nominally displays C1 symmetry. A mild Cs distortion is apparent in the NazaCrNaza’ 

angle of 176.72(9) °, as one smif ligand cants away from the axis. Based upon the 

observation of two equivalent sets of NazaCrNpy’ angles, 7-Cr is best described as a C2 

symmetric complex.  One set possesses ~ 97 ° angles (∠N2-Cr1-N4 = 97.69(9) ° and 

∠N5-Cr1-N1 = 97.02(9) °), whereas the second set spans ~ 102 ° (∠N2-Cr1-N6 = 
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101.50(9) ° and ∠N5-Cr1-N3 = 102.13(9) °). Angles associated with the chelate are 

similar to those observed in 6-Fe, 7-Co, and 6-Ni: ∠NpyCrNpy = 160.79(10) ° (ave) 

and ∠NazaCrNpy = 80.42(8) ° (ave). Chromium-nitrogen bond distances in 7-Cr are 

similar to those observed in 6-Ni, as would be anticipated for complexes possessing 

similar covalent radii. The charge on 7-Cr compensates for the small difference 

observed between the covalent radius of nickel and chromium. The average Cr-Naza 

distance is 1.994(3) Å, and the Cr-Npy bond lengths average 2.035(2) Å.  

The asymmetric unit for (smif)2Cr has two molecules that display slight ligand 

canting as their NazaCrNaza’ angles deviate from 180 °, i.e. ∠N2-Cr1-N5 = 175.81(8) ° 

and ∠N8-Cr2-N10 = 176.45(8) °. A slight C2v distortion appears in the Cr-Naza bond 

lengths (d(Cr1-N2) = 1.9481(19) Å and d(Cr1-N5) = 1.992(2) Å) in molecule 1 and 

produces four different NazaCr1Npy’ angles, such that ∠N2-Cr1-N4 = 97.10(8) °, ∠N2-

Cr1-N6 = 104.79(8) °, ∠N5-Cr1-N1 = 99.01(8) °, and ∠N5-Cr1-N3 = 102.36(8) °; 

therefore, molecule 1 is best described as a C1 symmetric species. Molecule 2 displays 

a more pronounced C2v distortion in its Cr-Naza bond distances, i.e. d(Cr2-N8) = 

2.026(2) Å, and d(Cr2-N11) = 1.932(2) Å, and is subsequently described as a C2v 

symmetric complex. In contrast to molecule 1, the NazaCr2Npy’ angles still exhibit C2 

symmetry with two equivalent sets: ∠N8-Cr2-N10 = 103.37(8) °, ∠N8-Cr2-N12 = 

97.55(8) °, ∠N11-Cr2-N7 = 103.29(8) °, and ∠N11-Cr2-N9 = 99.34(8) °. Chromium-

pyridine bond lengths average 2.034(12) Å. The bond distances are slightly shorter 

than those observed in 6-Ni, as would be expected for a system with approximately the 

same stabilization energy without populating the σ* orbitals. The smif chelates display 

bite angles of 79.19(3) ° (ave), consistent with larger NpyCrNpy angles, i.e. 158.17(8) ° 

(Cr1, ave) and 158.32(8) ° (Cr2, ave).  

(smif)2V has two molecules in its asymmetric unit, which are best described by 

C1 symmetry. The azaallyl nitrogens span an angle of 172.08(36) ° (ave) around 
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vanadium, indicative of a significant Cs distortion. Molecule 1 displays a slight C2v 

distortion in the V-Naza bond lengths [d(V1-N2) = 2.032(3) Å and d(V1-N5) = 

2.062(3) Å], which generates four very different NazaV1Npy’ angles, such that ∠N2-

V1-N4 = 100.42(10) °, ∠N2-V1-N6 = 105.31(10) °, ∠N5-V1-N1 = 95.08(10) °, and 

∠N5-V1-N3 = 110.10(10) °; therefore, molecule 1 is considered C1 symmetric. 

Similarly, molecule 2 exhibits C1 symmetry because of the four strikingly different 

NazaCr1Npy’ angles: ∠N8-V2-N10 = 110.04(10) °, ∠N8-V2-N12 = 95.63(10) °, 

∠N11-V2-N7 = 99.00(10) °, and ∠N11-V2-N9 = 107.24(10) °. Vanadium-azaallyl 

nitrogen distances are 2.058(18) Å (ave) with concomitantly long V-Npy lengths 

2.118(7) Å (ave). In comparison to the metal-nitrogen distances observed in 6-Cr and 

7-Cr, the elongation seen in 6-V may be attributed to a slightly larger covalent radius 

for vanadium, as the field stabilizations are approximately equal. 6-V exhibits the 

second smallest NpyVNpy bond angle averaging a value of 154.24(48) ° and 

subsequently small bite angles averaging 77.25(22) °. 

Two distinct molecules appear in the asymmetric unit representing (smif)2Co. 

A Cs distortion arises in each molecule as one smif ligand cants away from the other; 

therefore, the NazaCoNaza’ angles are smaller than 180 °, i.e. 177.30(11) ° (Co1) and 

177.76(12) ° (Co2). With respect to the other complexes in the series, 6-Co has the 

only asymmetric unit with a molecule (Co1) exhibiting mostly Cs symmetry. This 

molecule has one equivalent and one inequivalent set of angles, i.e. ∠N2-Co1-N4 = 

100.51(12) °, ∠N2-Co1-N6 = 95.12(12) °, ∠N5-Co1-N1 = 100.34(11) °, and ∠N5-

Co1-N3 = 101.22(12) °. Surprisingly, the C2v distortion present does not distort the 

NazaCo1Npy’ angles as observed in 6-Cr and 6-V. Instead, all remaining parameters 

display the deviations. Two different NpyCoNpy angles (158.43(11) ° and 160.87(12) °) 

exist and give rise to the corresponding bite angles of 79.24(34) ° (ave) and 82.20(13)° 

(ave), which are markedly different. Both smif ligands exhibit shorter Co-Naza 
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distances (d(Co1-N2) = 1.946(3) Å, d(Co1-N5) = 1.888(3) Å) than Co-Npy bond 

lengths (d(Co1-N1) = 2.193(3) Å, d(Co1-N3) = 2.175(3) Å, d(Co1-N4) = 1.980(3) Å, 

and d(Co1-N6) = 1.962(3) Å). However, the smif ligand, comprised of N4, N5, and 

N6, is significantly (~ 0.06 Å) closer to cobalt, indicative of a C2v distortion. The 

second molecule in the asymmetric unit possesses C2 symmetry with its two 

equivalent sets of NazaCo2Npy’ angles: ∠N8-Co2-N10 = 97.51(12) °, ∠N8-Co2-N12 = 

101.40(12) °, ∠N11-Co2-N7 = 98.06(12) °, and ∠N11-Co2-N9 = 102.12(13) °. One 

smif is marginally closer than the other, i.e d(Co2-N2) = 1.945(3) Å, d(Co2-N5) = 

1.939(3) Å, which is projected in the Co-Npy distances: d(Co2-N7) = 2.094(3) Å, 

d(Co2-N9) = 2.116(3) Å, d(Co2-N10) = 2.049(3) Å, and d(Co2-N12) = 2.056(3) Å. 

Even with deviations from D2d symmetry, the bond distances lie between those 

observed for 6-Fe, 7-Co, and 6-Ni. These results were anticipated as the ligand field 

stabilization energy for a low spin Co(II) center lies between the two aforementioned 

sets (-18 Dq + P, for a low spin d7 complex) due to population of a σ* orbital. The 

observation of two statistically different molecules within the asymmetric can be 

rationalized either on the basis of a Jahn-Teller distortion or a mixture of two different 

electronic structures. An elongation in the distances for one smif ligand in molecule 1 

may result from the population of the dz2 orbital, whereas the remaining unpaired 

electron in molecule 2 may reside in the dx2-y2 orbital. Alternatively, the two molecules 

may display an equilibrium between a Co(II) species and a Co(III) species with the 

unpaired electron residing in a smif-π* orbital. The observed differences between 

molecules in the asymmetric unit were separately confirmed by single crystal x-ray 

data collected on a different crystal and may assist in explaining the observed 

magnetism of 6-Co.  

The last complex in the series, (smif)2Mn, displays the greatest distortions 

away from D2d symmetry. Significant canting exists in the two molecules of the 
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asymmetric unit: ∠Naza-Mn1-Naza’ = 169.20(8) ° and ∠Naza-Mn2-Naza’ = 166.49(7) °. 

Similar to 6-Ni and 6-Cr, molecule 1 is ascribed as having C1 symmetry, as none of 

the four NazaMn1Npy’ angles are equivalent: ∠N2-Mn1-N4 = 114.90(7) °, ∠N2-Mn1-

N6 = 96.00(7) °, ∠N5-Mn1-N1 = 101.27(8) °, and ∠N5-Mn1-N3 = 110.72(8) °. This 

molecule possesses a small NpyMn1Npy angle averaging 148.6(8) ° with concomitantly 

narrow bite angles that average 74.0(4) °. On the other hand, molecule 2 exhibits two 

equivalent sets of NazaMn1Npy’ angles, which are ∠N8-Mn2-N10 = 98.40(7) °, ∠N8-

Mn2-N12 = 115.15(7) °, ∠N11-Mn2-N7 = 116.93(7) °, and ∠N11-Mn2-N9 = 

95.96(7) °. Molecule 2 is best described as a C2 symmetric species. The pyridine 

nitrogens span an angle of 146.7(5) ° on average. Metal-nitrogen bond lengths in 6-

Mn are the longest in the series. The crystal structure of 6-Mn reveals average Mn-Npy 

lengths of 2.236(7) Å with slightly C2v distorted Mn-Naza distances: d(Mn1-N2) = 

2.2084(18) Å, d(Mn1-N5) = 2.186(2) Å, d(Mn2-N8) = 2.215(2) Å, and d(Mn2-N11) = 

2.220(2) Å. These distances are similar to those observed in (bpca)2Mn25 and are 

consistent with a high spin, Mn(II) center due to population of the σ* orbitals.   

In general, D2d symmetry was observed for the diamagnetic complexes, 6-Fe 

and 7-Co. Deviations from D2d symmetry arose in all paramagnetic complexes, 

ranging from mild Cs, and C2 distortions in 6-Ni to combinations of more pronounced 

Cs, C2, and C2v distortions in the remaining complexes, i.e. 6-V, 6-Cr, 6-Mn, 7-Cr, 

and 6-Co. Ligand field stabilization energies, orbital populations, and covalent radii 

may assist in understanding the distortions and varying bond lengths within the series. 

 

 Magnetism of (smif)2M
n Complexes [n = 0, M = V, Cr, Mn, Co, Ni; n = +1, 

M = Cr, Mn]. The synthesis of a homologous series of complexes and presence of 

paramagnetic 1H NMR spectra prompted studies into the magnetochemistry. The 

effective magnetic moments, μeff, were determined in toluene-d8 solutions via Evans’ 
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method46 and/or in the solid state via Gouy balance measurements. Temperature 

dependence studies of the molar susceptibility were also performed (Figure 2.11), and 

ground states (GS) and effective magnetic moments are listed in Table 2.5.  

(smif)2Fe is a low spin Fe(II) complex, and low spin electronic configurations 

were initially anticipated for all compounds within the series. Movement to the left of 

6-Fe should result in an S = 1/2 GS for 6-Mn if the complex is low spin. SQUID 

magnetometry data revealed a μeff of 5.7 μB at 293 K. The effective magnetic moment 

is consistent with a high spin Mn(II), S = 5/2 GS. A minimal amount of zero field 

splitting (ZFS) was observed below 20 K, and solution magnetic studies yielded a 

slightly higher μeff of 6.0 μB at 293 K. The oxidation of 6-Mn to 7-Mn resulted in the  

formation of a high spin Mn(III) complex, and SQUID magnetometry data revealed a 

μeff of 5.4 μB at 293 K. The value is higher than the expected spin-only value of 

4.90 μB for an S = 2 GS. Gouy balance measurements for 7-Mn yielded a μeff of 5.0 

μB at 295 K, which is more consistent with an S = 2 GS.  

Both solution studies and SQUID magnetometry data for 6-Cr showed a μeff of 

2.7 μB at 293 K, consistent with the expected S = 1 GS for Cr(II). The slight increase 

in magnetic moment values observed around 0 K in Figure 2.4, is field-dependent. 

Oxidation of 6-Cr to produce 7-Cr resulted in an S = 3/2 GS, as was established by 

the μeff of 3.5 μB at 293 K obtained from SQUID magnetometry data for 7-Cr. The 

decrease in magnetic moment values below 30 K may be attributed to a small amount 

of ZFS. Gouy balance measurements revealed a slightly lower μeff of 3.6 μB at 295 K 

for 7-Cr.  

Magnetic studies on 6-V also showed an S = 3/2 GS for V(II) as SQUID 

magnetometry data revealed a μeff of 3.4 μB at 293 K. The magnetic moment values 

decrease below 50 K, presumably resulting from ZFS. A slightly lower magnetic 
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moment of 3.2 μB was observed for 6-V in solution and in the solid state at 293 K and 

295 K, respectively.  

Assuming the field strength of the smif ligand is constant throughout the 

series, moving one column to the right of 6-Fe may result in an S = 1/2 GS for a low 

spin, Co(II) center in 6-Co. A high spin Co(II) complex would possess an S = 3/2 GS 

if the field strength changes. Magnetic studies for 6-Co utilized all three methods 

mentioned. Initial solution studies revealed a μeff of 2.8 μB at 293 K, averaged over six 

trials. This value is consistent with an “S = 1” GS, and Gouy balance measurements 

confirmed the magnetic moment with a value of 2.8 μB at 294 K. SQUID 

magnetometry data exhibited a spin-crossover for 6-Co, which has been observed for 

other Co(II) systems.47-50 The magnetic moment at 10 K is 1.7 μB, consistent with an S 

= 1/2 GS, and μeff rises to 3.2 μB at 300 K. At 293 K, the effective magnetic moment 

has a value of 2.8 μB, suggesting a 1:1 mixture of an S =1/2 GS and S = 3/2 GS. This 

may be evident in the crystal structure of 6-Co, whose unit cell contains two distinctly 

different molecules.  As expected, 6-Ni exhibits an S = 1 GS. SQUID magnetometry 

data revealed a μeff of 2.8 μB at 293 K confirming the solution μeff of 2.7 μB at 293 K.  

 
Table 2.4. Data from fitting SQUID magnetometry data using julX. Fit parameters 
were gav, D, E/D, and χTIP. 

Compound gav D (cm-1) E/D χTIP (emu)

6-V 1.758 -35.00 0.000 0
6-Cr 1.892 0.007 0.000 -300 x 10-6

7-Cr 1.795 3.112 0.002 -400 x 10-6

6-Mn 1.930 1.50 0.000 -600 x 10-6

7-Mn 2.214 -17.14 0.000 100 x 10-6

6-Ni 1.984 3.81 0.005 -340 x 10-6
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Figure 2.11. SQUID data for (smif)2M complexes [M = V (6-V); Cr (6-Cr); Mn (6-Mn); Co (6-Co); Ni (6-Ni)] and 
[(smif)2M](OTf) complexes [M = Cr (7-Cr); Mn (7-Mn)]: Magnetic moment (μeff in μB) as a function of T (K). 
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 UV-vis Spectra of of Li(smif) and (smif)2M
n Complexes [n = 0, M = V, Cr, 

Mn, Fe, Co, Ni, Zn; n = +1, M = Cr, Mn, Co]. All smif containing complexes 

generate colors of unusual intensity in solution separating them from terpy,51,52 

bpca,25-27 and other N-based tridentate chelates.53 Distinguishing features with 

corresponding extinction coefficients are listed in Table 2.5. Li(smif), 5-Li, yields a 

deep royal purple solution in benzene. The UV-vis spectrum, shown in Figure 2.12, 

shows two major features, i.e. 420 nm (ε ~ 7,000 M-1 cm-1) and 583 nm (ε ~ 18,000   

M-1 cm-1), which may be attributed to intraligand (IL) transitions between azaallyl 

CNazaCnb orbitals to pyridine π* orbitals based upon calculations for related smif 

containing complexes.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.12. UV-vis spectrum of Li(smif) (5-Li) in benzene. 
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UV-vis spectrum (Figure 2.13). The strongest absorption occurs in the high energy 

regime, 441 nm (ε ~ 42,000 M-1 cm-1). Intense absorptions are also observed at lower 

energy with extinction coefficients ~ 17,000 M-1 cm-1 (510 nm, ε ~ 19,000 M-1 cm-1; 

597 nm, ε ~ 16,000 M-1 cm-1). In contrast, the UV-vis spectrum of 

[(smifH)2Fe](ClO4)2 reveals absorptions at 586 nm (ε ~ 11,000 M-1 cm-1) and 483 nm 

(ε ~ 6,250 M-1 cm-1).52 A time-dependent density functional theory (TDDFT) 

calculated UV-vis spectrum for 6-Fe is blue shifted by ~ 0.25 eV from the UV-vis 

spectrum obtained in pentane (Figure 2.14). The features observed in 6-Fe and other 

related smif complexes all possess at least two major features that are primarily 

attributed to the IL transitions between the azaallyl CNazaCnb orbitals and the pyridine 

π* orbitals. Additionally, minor contributions from underlying metal-to-ligand charge 

transfers (MLCT) are also attributed to these bands as the calculations show that the 

azaallyl CNazaCnb orbital is energetically close to the metal 3d orbitals.  

 

 

 

 

 

 

 

 

 

 

 
 
 

Figure 2.13. UV-vis spectra of (smif)2M complexes [M = V (6-V); Cr (6-Cr); Fe (6-
Fe)] in benzene. 
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Figure 2.14. A. UV-vis spectrum of (smif)2Fe in pentane. B. TDDFT calculated UV-
vis spectrum for 6-Fe. 
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Deep forest green solutions of (smif)2Cr (6-Cr) are obtained in benzene. The 

UV-vis spectrum for 6-Cr, shown in Figure 2.13, displays three major features 

corresponding to the strong absorptions observed in the blue and red regions.  High 

energy absorptions at 401 nm and 490 nm possess extinction coefficients of 25,000  

M-1 cm-1 and 15,000 M-1 cm-1, respectively. An intense, low energy feature appears at 

637 nm (ε ~ 14,000 M-1 cm-1).  The dark cherry red benzene solution of (smif)2V (6-

V) absorbs everywhere except in the red region of its UV-vis spectrum (Figure 2.13). 

Strong features exist at 401 nm (ε ~ 10,000 M-1 cm-1), 471 nm (ε ~ 12,000 M-1 cm-1), 

and 514 nm (ε ~ 11,000 M-1 cm-1).  

Strong absorptions in the green region of the UV-vis spectrum permit the 

transmission of the various shades of intense red-purple solutions observed for 

(smif)2Mn, (smif)2Co, (smif)2Ni, and (smif)2Zn (Figure 2.15). All compounds possess 

two major features which may be attributed to IL bands and underlying MLCT bands. 

The largest extinction coefficient, ε ~ 60,000 M-1 cm-1, in the homologous series is 

observed in the UV-vis spectrum of 6-Mn at 590 nm in addition to a high energy 

absorption at 403 nm possessing an ε of ~ 23,000 M-1 cm-1. Intense features in the 

UV-vis spectrum of 6-Co exist at 563 nm (ε ~ 29,000 M-1 cm-1) and 401 nm (ε ~ 

20,000 M-1 cm-1). 6-Ni exhibits strong absorption bands at 574 nm and 399 nm with 

extinction coefficients of ~ 50,000 M-1 cm-1 and ~ 18,000 M-1 cm-1, respectively. The 

strongest absorption for 6-Zn occurs in the low energy regime at 569 nm with an 

extinction coefficient of ~ 24,000 M-1 cm-1, whereas a high energy band possessing an 

ε ~ 8,900 M-1 cm-1 appears at 398 nm.  
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Figure 2.15. UV-vis spectra of (smif)2M complexes, where M = Mn (6-Mn), Co (6-
Co), Ni (6-Ni), and Zn (6-Zn), in benzene. 
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M-1 cm-1) exist for [(smif)2Co](OTf), which generates a deep cobalt blue color in THF 

solution. 7-Co also possesses a strong low energy absorption at 586 nm with an 

extinction coefficient of ~ 23,000 M-1 cm-1.  
 

 
Figure 2.16. UV-vis spectra obtained in THF of [(smif)2M](OTf) complexes, where 
M = Cr (7-Cr), Mn (7-Mn), and Co (7-Co). 
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separations between the features appearing at 17,570 cm-1 (569 nm), 16,530 cm-1 (605 

nm), and 15,700 cm-1 (637 nm), whereas an energy difference of 970 cm-1 exists for 

the two features observed in 6-Mn at 558 nm (17,920 cm-1) and 590 nm (16,950 cm-1). 

The aforementioned pronounced features exhibited by 6-Fe appear at 17,860 cm-1 

(560 nm), 16,580 cm-1 (603 nm), and 15,580 cm-1 (642 nm) yielding separations of 

1,280 cm-1 and 1,000 cm-1. Separations of 1,470 cm-1 and 1,180 cm-1 resulting from 

the features at 520 nm (19,230 cm-1), 563 nm (17,760 cm-1), and 603 nm (16,580 cm-1) 

occur in the UV-vis spectrum of 6-Co. Only two features appear for 6-Ni and 6-Zn 

yielding separations of 1,030 cm-1 and 1,020 cm-1, respectively. 6-Ni exhibits 

absorptions at 18,450 cm-1 (542 nm) and 17, 420 cm-1 (574 nm), whereas features for 

6-Zn appear at 538 nm (18,590 cm-1) and 569 nm (17,570 cm-1). All of these bands 

observed in the low energy regime may be attributed to a progression associated with 

vibronic coupling to a single electronic IL transition. The observed sharp absorptions 

between 1,130 cm-1 and 1,140 cm-1 in the IR spectra of all the aforementioned 

compounds may potentially serve as indication of the type of vibration likely to couple 

in the excited state. In the IR spectrum, this previously mentioned absorption may be 

attributed to a bending vibration of the smif backbone CNazaC that is capable of 

coupling to the electronic IL transition. Unfortunately, distinguishing these features 

was rather difficult for the cationic species due to the broadness of the overlapping 

absorptions.  
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Table 2.5. Magnetism and UV-vis spectral data for Li(smif) (5-Li), (smif)2M 
complexes [M = V (6-V); Cr (6-Cr); Mn (6-Mn); Fe (6-Fe); Co (6-Co); Ni (6-Ni); Zn 
(6-Zn)] and  [(smif)2M](OTf) complexes [M = Cr (7-Cr); Mn (7-Mn); Co (7-Co)]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Compound GS μ eff (SQUID) λmax (nm) ε (M-1 cm-1)
401 10,000

6-V 3/2 3.4 471 12,000

514 11,000
573 9,000
401 25,000
490 15,000

6-Cr 1 2.7 569 12,000
605 14,000
637 14,000
385 13,000

7-Cr 3/2 3.5 492 13,000
627 22,000

6-Mn 5/2 5.7 403 23,000
590 60,000
259 16,000

7-Mn 2 5.4 398 10,000
571 26,000

399(sh) 29,000
6-Fe 0 0 441 42,000

510 19,000
597 16,000

6-Co 1/2 1.7 (10 K) 401 20,000
3.2 (300 K) 563 29,000

321 11,000
7-Co 0 0 383 13,000

586 23,000
6-Ni 1 2.8 399 18,000

574 50,000
6-Zn 0 0 398 8,900

569 24,000
5-Li 0 0 420 7,000

583 18,000
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EPR Studies on (smif)2M
n Complexes [n = 0, M = V, Cr, Mn, Co, Ni; n = 

+1, M = Cr]. Several (smif)2M complexes have unpaired electrons warranting the use 

of electron paramagnetic resonance (EPR) spectroscopy for further characterization. 

At 5.5 K, a toluene glass of 6-V yields a broad EPR spectrum, consistent with an S = 

3/2 GS (Figure 2.17). Three g values are observed: 1.92, 2.5, and 5.7. The vanadium 

hyperfine observed at g = 2.0 is consistent with a VO2+ impurity, and an unidentified 

8-line peak occurs at a g value of 5.7, which also appears to possess vanadium 

hyperfine. That 8-line peak, however, was not modeled in the simulation. 

 

 

 

 

 

 

 

 

 

 
Figure 2.17. EPR spectrum of (smif)2V in toluene at 5.5 K containing the 
experimental spectrum (black) with an overlay of the simulated spectrum (red). 

 

Unexpectedly, 6-Cr, an S = 1 complex, yielded a rhombic EPR spectrum in 

toluene. As shown in Figure 2.18, the spectrum, which is consistent with an S = 1 

species, possesses three g values of 1.980, 1.980, 2.000, and the line widths are 20, 30, 

and 40 Gauss. The best fit of the data yielded a D value of 0.004 and an E/D ~ 1/3. 

The spectrum does not arise from an impurity in an otherwise EPR silent sample, as 
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may be expected for an S = 1 compound, as spin quantification with CuSO4 permitted 

the counting of 65% spins implying the spectrum was in fact 6-Cr.  

 

 

 

 

 

 

 

 

 

Figure 2.18. EPR spectrum of (smif)2Cr in toluene at 30 K. 

 

Similar to 6-V, 7-Cr yields a very broad EPR spectrum in CH3CN at 6 K with 

a g value of 2.05, consistent with an S = 3/2 species (Figure 2.19). A broad  EPR 

spectrum of 6-Mn was obtained, consistent with an S = 5/2 species.  

 

 

 

 

 

 

 

 

Figure 2.19. EPR spectrum of [(smif)2Cr](OTf) in CH3CN at 6 K. 
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A rhombic EPR spectrum exists for 6-Co at 30 K in toluene, consistent with an 

S = 1/2 species (Figure 2.20). The g values of 2.01, 2.135, and 2.21 possess hyperfine 

coupling of 44 Gauss, 66 Gauss, and 64 Gauss, respectively. An EPR spectrum 

consistent with the S = 3/2 species was not observed at any temperature, presumably 

due to relaxation at temperatures where observable amounts of S = 3/2 species would 

be present. 6-Ni was EPR silent, as expected for an S = 1 species.  

 

 

 

 

 

 

 

 

 

 
Figure 2.20. EPR spectrum of (smif)2Co in toluene at 30 K containing the 
experimental spectrum (black) with an overlay of the simulated spectrum (red). 

 

XAS Spectroscopy. Identifying the oxidation state for a compound is typically 

simple. For example, (smif)2Fe is a diamagnetic species comprised of two anionic 

ligands, consistent with the assignment of a low spin, S = 0, Fe(II) metal center. 

Complications may arise in pinpointing the oxidation state of species, e.g. (smif)2Co, 

and warrant the use of x-ray absorption spectroscopy (XAS) to gain a better grasp on 

the effective nuclear charge of the metal center. A comparison study between the 

neutral and oxidized complexes for chromium and cobalt lends itself toward assigning 

oxidation states for all species involved. If a metal-based oxidation occurs, the 
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effective nuclear charge observed for the neutral and cationic species will be different. 

On the contrary, a ligand-based oxidation will not alter the effective nuclear charge 

between the neutral and cationic species, thus the charges will remain the same. As 

shown in Figure 2.21, the XAS data for 6-Cr and 7-Cr display the same effective 

nuclear charge for both species in the Cr K-edge spectra, thereby suggesting a 

primarily ligand-based oxidation. Close inspection of the Cr K pre-edge implies a very 

similar ligand field splitting for both species. A comparison of Cr K-edge spectra for 

6-Cr and 7-Cr with trans-[CrCl2(H2O)4]Cl, a Cr(III) reference, suggests an 

assignment of Cr(III) is correct.  

 

 
Figure 2.21. Normalized Cr K-edge XAS spectra obtained for (smif)2Cr (green) and 
[(smif)2Cr](OTf) (red). Comparison of 6-Cr and 7-Cr with trans-[CrCl2(H2O)4]Cl, a 
Cr(III) reference (A) and expanded Cr K pre-edge (B). 

 

Alternatively, a primarily metal-based oxidation occurs for the transformation 

from 6-Co to 7-Co as indicated by the XAS data, which shows a significant change, 

i.e. ~ 2 eV, in the effective nuclear charge upon oxidation (Figure 2.22). The Co K 

pre-edge suggests an increase in the ligand field upon oxidation. An assignment of 

A B
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Co(II) for 6-Co and Co(III) for 7-Co seems appropriate based upon a comparison of 

their Co K-edge spectra with a Co(III) reference, i.e. [Co(en)3]3+. 

 

 
Figure 2.22. Normalized Co K-edge XAS spectra obtained for (smif)2Co (green) and 
[(smif)2Co](OTf) (red). Comparison of 6-Co and 7-Co with [Co(en)3]3+, a Co(III) 
reference (A) and expanded Cr K pre-edge (B). 

 

 Mössbauer Spectroscopy of (smif)2Fe (6-Fe). A better grasp on the oxidation 

state, covalency, and overall charge distribution of an iron complex may be obtained 

via Mössbauer spectroscopy. The Mössbauer spectrum previously reported for 

[(smifH)2Fe](ClO4)2 possesses an isomer shift (δ) of 0.188 mm/s with quadrupole 

splitting (ΔEQ) of -0.925 mm/s.54 Similarly, the Mössbauer spectrum of (smif)2Fe, 

shown in Figure 2.23, reveals an δ of 0.30(1) mm/s with a ΔEQ value of 0.62(1) mm/s 

and line widths (ΓFWHM) of 0.25(1) mm/s at 80 K. Small ΔEQ values suggest the 

presence of a moderately symmetric electric field about the iron center, and δ values 

closer to zero are consistent with low spin Fe(II) centers,55-58 thereby suggesting 6-Fe 

possesses a covalent, low spin Fe(II) center. 

 

A B
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Figure 2.23. Mössbauer spectrum of (smif)2Fe at 80 K. 

 

 DFT Calculations on (smif)2M Complexes [M = V, Cr, Mn, Fe, Co, Ni]. 

Density functional theory59-63 (DFT) calculations permit a better understanding of the 

electronic structures, magnetism, geometries, and optical features observed for a given 

complex. Initial DFT investigations on (smif)2Fe show a low spin Fe(II) center 

containing predominantly metal-based fully occupied “t2g” orbitals [dxy (b1) plus dxz 

and dyz (e set) in D2d symmetry] and empty “eg” orbitals [dx2-y2 (b2) and dz2 (a1)], as 

shown in Figure 2.24. All remaining orbitals are primarily ligand-based. The “t2g” set 

is energetically higher than an occupied smif π orbital set, yet the “t2g” set does not 

contain the highest occupied molecular orbitals (HOMO). Fully occupied nonbonding 

carbon-based (Cnb) azaallyl backbone orbitals of a2 and b1 symmetry rise above these 

“t2g” orbitals, and are of appropriate symmetry to permit intraligand (IL) transitions to 

the smif π* lowest unoccupied molecular orbitals (LUMO). Optical features observed 

in the UV-vis spectra are attributed to these IL transitions between Cnb and smif-π* 

orbitals. Time-dependent DFT (TDDFT) calculations on 6-Fe permits the proposed 

identification of d-d transitions at ~ 18,000 cm-1 and 25,000 cm-1 in the UV-vis 

spectrum, and the calculated splittings between the “eg” and “t2g” orbitals (described 
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above) in Oh symmetry are less than 1,600 cm-1. A Tanabe-Sugano fit shows Δo ~ 

18,000 cm-1 and B ≈ 470 cm-1. These parameters corroborate the covalency observed 

in the Mössbauer parameters. 

 

Figure 2.24. DFT calculations on (smif)2Fe. 
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Figure 2.25. Truncated molecular orbital diagrams for (smif)2M, where M = V, Cr, Mn, Fe, Co, and Ni, were generated from DFT 
calculations. Orbital energies of open-shell systems were derived from averaging the α and β spins. 
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DFT calculations on the remaining smif complexes, i.e. 6-V, 6-Cr, 6-Mn, 6-

Co, and 6-Ni, show that the azaallyl backbone Cnb orbitals possess essentially the 

same energy, - 4.0 eV, for all compounds within the series (Figure 2.25). They retain 

the appropriate symmetry to allow for the IL transitions (Cnb to smif-π*) observed in 

the UV-vis spectra, and smif-π and smif-π* orbitals also remain around the same 

energy throughout. As expected, energies for “t2g” and “eg” orbitals decrease as Zeff 

increases for the metal center.  

 In the case of 6-Ni, DFT calculations agree with experimental data, and an 

appropriate electronic description may be Ni(II), (t2g)6(Cnb)4(eg)2. A triplet GS is 

predicted, consistent with the S = 1 species exhibiting both a μeff of 2.8 μB and EPR 

silence. Placement of the unpaired electrons in the “eg” orbitals, which have dropped 

below the smif-π* orbitals, seems reasonable as the crystal structure reveals only 

slightly distorted molecules within the asymmetric unit. A ligand-localized unpaired 

electron may result in greater distortions from D2d symmetry.  

 Discrepancies between experimental data and DFT calculations arise in the 

study of 6-Co. Calculations favor a doublet GS, consistent with the S = 1/2 species 

observed in the EPR spectrum and SQUID magnetometry data at 10 K yielding a μeff 

of 1.7 μB. Nevertheless, a quartet state must be energetically close based on the 

observation of μeff of 3.2 μB at 300 K, indicative of an intermediate spin system 

between an S = 1/2 GS and S = 3/2 GS.  DFT calculations predict the unpaired 

electron resides in a smif-π* orbital implying that 6-Co is best described as Co(III). 

However, Co K-edge XAS data suggests that a singly occupied “eg” orbital should be 

energetically lower than the smif-π* orbitals, as the data reveals a change in effective 

nuclear charge upon the oxidation of 6-Co resulting in 7-Co, indicative of a 

predominantly metal based oxidation. A more appropriate description for 6-Co is 

Co(II), (t2g)6(Cnb)4(eg)1, whereas 7-Co would best be described as Co(III), (t2g)6(Cnb)4. 
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 DFT calculations favor a sextet GS for 6-Mn corroborating with the magnetic 

moment of 5.8 μB observed at 293 K. Various levels of sophisticated theory have a 

difficult time finding an appropriate model for 6-Mn. Based solely upon DFT 

calculations, it seems appropriate to described 6-Mn as Mn(III), 

(t2g)3(Cnb)4(eg)1(Lπ*)1. However, multireference calculations report a standard Mn(II) 

S = 5/2 GS, where all unpaired electrons lie in metal based orbitals. 

 Experimental data and DFT calculations agree on an S = 1 GS for 6-Cr, 

matching the μeff of 2.8 μB observed at 293 K. Cr K-edge XAS data indicate the 

effective nuclear charge for 6-Cr and 7-Cr is best described as Cr(III), which is also 

depicted in the DFT calculations. The unpaired electron highest in energy resides in a 

smif-π* orbital and is antiferromagnetically coupled to an electron in the “t2g” set 

resulting in the observed S = 1 GS. The distortions away from D2d symmetry observed 

in the crystal structure may result from the presence of an electron in ligand π* 

system. Therefore, 6-Cr may be appropriately described as Cr(III), (Cnb)4(t2g)3(Lπ*)1 

and 7-Cr would best be depicted as (Cnb)4(t2g)3 with a Cr(III) metal center.  

 Calculations corroborate with experimental data for 6-V. DFT calculations 

predict an S = 3/2 GS. Both the EPR spectrum and magnetism data, i.e. μeff of 3.6 μB 

at 293 K, for 6-V suggest an S = 3/2 GS. The highest occupied orbital, assigned as dyz, 

is an orbital comprised of 50 % metal character and 50% ligand character.  

 

Conclusions 

 A new homologous series of 1st-row (smif)2M complexes, where M = V, Cr, 

Mn, Fe, Co, and Ni, was synthesized. Explorations in redox chemistry led to the 

synthesis of three [(smif)2M](OTf) complexes for M = Cr, Mn, and Co. To gain a 

better understanding of the smif ligand, complete physical inorganic characterization 

techniques were employed: single crystal x-ray crystallography, UV-vis spectroscopy, 
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SQUID magnetometry, electrochemistry, EPR, XAS, Mossbauer, and DFT 

calculations. These investigations suggest that smif, a monoanionic tridentate N-based 

ligand, is an intermediate field strength ligand possessing the ability to stabilize 

complexes formally ranging from 15 e- (6-V) to 20 e- (6-Ni). Intense optical properties 

suggest that smif complexes may lead to applications in photovoltaics.  

 

Experimental 

 General Considerations. All manipulations were performed using either 

glovebox or high vacuum line techniques. Hydrocarbon solvents containing 1-2 mL of 

added tetraglyme, and ethereal solvents were distilled under nitrogen from purple 

sodium benzophenone ketyl and vacuum transferred from same prior to use. Benzene-

d6 and toluene-d8 were dried over sodium, vacuum transferred and stored under N2. 

THF-d8 was dried over sodium benzophenone ketyl. VCl3(THF)3,45 CrCl2(THF),37 

Cr{N(TMS)2}(THF)2,38
 FeBr2(THF)2,42 Fe{N(TMS)2}2(THF),36 NiCl2(DME) ,43 

sodium bis(trimethylsilyl)amide,35 and  1,3-(2-pyridyl)-2-azapropene (smifH)34 were 

prepared according to literature procedures. Lithium bis(trimethylsilyl)amide was 

purchased from Aldrich and recrystallized from hexanes prior to use. All other 

chemicals were commercially available and used as received. All glassware was oven 

dried. 

 NMR spectra were obtained using an INOVA 400 spectrometer. Chemical 

shifts are reported relative to benzene-d6 (1H δ 7.16; 13C{1H} δ  128.39), toluene-d8 

(1H δ  2.09; 13C{1H} δ  20.4), 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 Shimadzu UV-

2102 interfaced to an IBM PC (UV Probe software). Solution magnetic measurements 

were conducted via Evans’ method in toluene-d8.46 Solid state magnetic measurements 
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were performed using a Johnson Matthey magnetic susceptibility balance calibrated 

with HgCo(SCN)4. Elemental analyses were performed by the services at the 

University of Erlangen-Nuremberg, Germany.  

Synthesis. 1. Li(smif) (5-Li). To a solution of lithium bis(trimethylsilyl)amide 

(1.273 g, 7.60 mmol) in 50 mL THF was slowly added a solution of smifH (1.500 g, 

7.60 mmol) in 50 mL THF at -78 °C under argon. The solution immediately turned 

magenta and was stirred at -78 °C for 2 h prior to warming to 23 °C. After stirring at 

23 °C for 2 h, the volatiles were removed in vacuo. The solid was triturated with Et2O 

and filtered. 5-Li was isolated as a metallic gold solid (1.389 g, 90 %). 1H NMR 

(C6D6, 400 MHz): δ 5.98 (t, py-C5H, 1 H, J = 8 Hz), 6.50 (d, py-C3H, 1 H, J = 8 Hz), 

6.84 (t, py-C4H, 1 H, J = 8 Hz), 7.16 (s, CH, 1 H), 7.66 (d, py-C6H, 1 H, J = 4 Hz). 
13C{1H} NMR (C6D6, 100 MHz): δ 113.20 (CH), 117.95 (py-C3H), 118.65 (py-C5H), 

136.18 (py-C4H), 148.90 (py-C6H), 159.44 (py-C2). UV-vis (benzene) = 420 nm (ε ~ 

7,000 M-1 cm-1), 583 nm (ε ~ 18,000 M-1 cm-1). 

2. Na(smif) (5-Na). To a solution of sodium bis(trimethylsilyl)amide (1.395 g, 

7.60 mmol) in 50 mL THF was slowly added a solution of smifH (1.500 g, 7.60 

mmol) in 50 mL THF at -78 °C under argon. The solution immediately turned 

magenta and was stirred at -78 °C for 2 h before warming to 23 °C. After stirring at   

23 °C for 2 h, the volatiles were removed in vacuo. The solid was triturated with Et2O 

(3 x 15 mL) prior to filtering. 5-Na was isolated as a metallic gold solid (1.602 g, 96 

%). 1H NMR (C6D6, 400 MHz): δ 6.19 (t, py-C5H, 1 H, J = 5.6 Hz), 6.55 (d, py-C3H, 1 

H, J = 8 Hz), 6.97 (t, py-C4H, 1 H, J = 7.2 Hz), 7.04 (s, CH, 1 H), 7.72 (d, py-C6H, 1 

H, J = 4 Hz). 13C{1H} NMR (C6D6, 100 MHz): δ 112.19 (CH), 115.70 (py-C3H), 

119.05 (py-C5H), 135.62 (py-C4H), 149.81 (py-C6H), 160.23 (py-C2). 

3. (smif)2V (6-V). To a 50 mL 3-neck flask charged with lithium 

bis(trimethylsilyl)amide (0.170 g, 1.02 mmol) and 0.95 % sodium amalgam (0.012 g 
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Na, 0.53 mmol) was vacuum transferred 10 mL THF at -78 °C. A solution of smifH 

(0.200 g, 1.01 mmol) in THF (8 mL) was slowly added to the 3-neck flask via a 

dropping funnel under argon. The solution immediately turned magenta and stirred at  

-78 °C for 3 h prior to the addition of VCl3(THF)3 (0.189 g, 0.51 mmol). The reaction 

mixture, which turned cherry red after slowly warming to 23°C and stirring for 12 h, 

was degassed and filtered. The volatiles were removed in vacuo, and the 

microcrystalline gold solid was triturated and filtered in Et2O to yield 0.185 g of 6-V 

(81 %). UV-vis (benzene) = 401 nm (ε ~ 10,000 M-1 cm-1), 471 nm (ε ~ 12,000 M-1 

cm-1), 514 nm (ε ~ 11,000 M-1 cm-1), 573 nm (ε ~ 10,000 M-1 cm-1). Anal. Calcd. 

H20C24N6V: C, 65.01; H, 4.55; N, 18.95. Found: C, 65.01; H, 4.55; N, 18.95. μeff 

(SQUID, 293 K) = 3.4 μB. 

4. (smif)2Cr (6-Cr). To a solution of Cr{N(SiMe3)2}2(THF)2 (0.425 g, 0.82 

mmol) in 8 mL Et2O was slowly added a solution of smifH (0.325 g, 1.65 mmol) in 10 

mL Et2O at 23 °C. The solution immediately became dark emerald green. The reaction 

was degassed, warmed to 23 °C, and stirred for 12 h while dark green crystals 

precipitated from solution. The reaction was concentrated, and the green suspension 

was filtered to yield 0.288 g of crystalline 6-Cr (79 %). 1H NMR (C6D6, 400 MHz):   

δ  -103.60 (υ1/2 ≈ 1700 Hz, py-CH, 1 H), -22.67 (υ1/2 ≈ 1900 Hz, py-CH, 1 H), -19.83 

(υ1/2 ≈ 200 Hz, py-CH, 1 H), 19.35 (υ1/2 ≈ 130 Hz, CH, 1 H), 22.08 (υ1/2 ≈ 100 Hz, py-

CH, 1 H). UV-vis (benzene) = 401 nm (ε ~ 29,000 M-1 cm-1), 490 nm (ε ~ 19,000 M-1 

cm-1), 569 nm (ε ~ 14,000 M-1 cm-1), 605 nm (ε ~ 16,000 M-1 cm-1), 637 nm (ε ~ 

18,000 M-1 cm-1). Anal. Calcd. H20C24N6Cr: C, 64.86; H, 4.54; N, 18.91. Found: C, 

64.86; H, 4.54; N, 18.91. μeff (SQUID, 293 K) = 2.7 μB. 

5. (smif)2Mn (6-Mn). To a solution of lithium bis(trimethylsilyl)amide (0.425 

g, 2.54 mmol) in  15mL THF at -78 °C was added dropwise a solution of smifH 

(0.500 g, 2.53 mmol) in 10 mL THF under argon. The solution immediately turned 
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magenta and stirred at -78 °C for 2 h prior to the addition of MnCl2 (0.160 g, 1.27 

mmol). The reaction mixture became deep purple after stirring at 23 °C for 36 h. The 

volatiles were removed in vacuo, and the solid was dissolved and filtered in toluene. 

Toluene was removed, and the solid was triturated and filtered in Et2O to isolate 

metallic gold crystals of 6-Mn (0.410 g, 72 %). 1H NMR (C6D6, 400 MHz): δ -13.52 

(υ1/2 ≈ 1200 Hz, py-CH, 1 H), 48.08 (υ1/2 ≈ 4100 Hz, py-CH, 1 H). UV-vis (benzene) = 

403 nm (ε ~ 23,000 M-1 cm-1), 590 nm (ε ~ 60,000 M-1 cm-1). Anal. Calcd. 

H20C24N6Mn: C, 64.43; H, 4.51; N, 18.78. Found: C, 64.21; H, 4.40; N, 18.52. μeff 

(SQUID, 293 K) = 5.7 μB. 

6. (smif)2Fe (6-Fe). A) To a solution of Fe{N(SiMe3)2}2(THF) (0.284 g, 0.63 

mmol) in 15 mL Et2O was slowly added a solution of smifH (0.250 g, 1.27 mmol) in 

Et2O (15 mL) at 23 °C. The solution immediately changed from pale green to deep 

forest green. The reaction was degassed and warmed to 23 °C. Black-metallic purple 

crystals began to precipitate from solution after stirring for 30 min. The reaction 

mixture was stirred for an addition 9.5 h. The volatiles were removed, and the solid 

was triturated and filtered in Et2O to yield black-metallic purple crystals of 6-Fe 

(0.229 g, 80 %). B) A solution of smifH (5.00 g, 25.35 mmol) in 100 mL THF was 

added dropwise to a solution of lithium bis(trimethylsilyl)amide (4.242 g, 25.35 

mmol) in 50 mL THF at -78 °C under argon. The solution turned magenta and was 

stirred at -78 °C for 3 h prior to the addition of FeBr2(THF)2 (4.561 g, 12.67 mmol). 

After stirring at 23 °C for 16 h, a purple crystalline solid precipitated from the forest 

green solution. The volatiles were removed in vacuo, and the residue was dissolved in 

toluene and filtered. Toluene was removed, and the solid was triturated with Et2O and 

filtered to yield black-metallic purple crystals of 6-Fe (2.980 g, 52 %). 1H NMR 

(C6D6, 400 MHz): δ 5.73 (t, py-C5H, 1 H, J = 5.9 Hz), 6.11 (d, py-C3H, 1 H, J = 7.9 

Hz), 6.38 (t, py-C4H, 1 H, J = 7.8 Hz), 7.59 (s, CH, 1 H), 7.66 (d, py-C6H, 1 H, J = 5.2 
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Hz). 13C{1H} NMR (C6D6, 100 MHz): δ 112.19 (CH), 115.64 (py-C3H), 118.34 (py-

C5H), 134.68 (py-C4H), 151.81 (py-C6H), 165.65 (py-C2). UV-vis (benzene) = 399 nm 

(sh, ε ~ 29,000 M-1 cm-1), 441 nm (ε ~ 42,000 M-1 cm-1), 510 nm (ε ~ 19,000 M-1 cm-1), 

597 nm (ε ~ 16,000 M-1 cm-1). Mössbauer parameters (80 K): δ = 0.30(1) mms-1, ΔEQ 

= 0.62(1) mms-1, ΓFWHM = 0.25(1) mms-1. Anal. Calcd. H20C24N6Fe: C, 64.30; H, 4.50; 

N, 18.75. Found: C, 63.76; H, 4.64; N, 17.69.  

7. (smif)2Co (6-Co). To a solution of lithium bis(trimethylsilyl)amide (0.425 g, 

2.54 mmol) in  15 mL THF at -78 °C was added dropwise a solution of smifH (0.500 

g, 2.53 mmol) in 10 mL THF under argon. The reaction solution immediately turned 

magenta and was stirred at -78 °C for an additional 2 h prior to the addition of CoCl2 

(0.165 g, 1.27 mmol). After stirring at 23 °C for 36 h, the solution had darkened to a 

deep purple-magenta. The volatiles were removed, and the residue was dissolved and 

filtered in toluene. Toluene was removed in vacuo, and the solid was triturated with 

Et2O and filtered to yield metallic gold crystals of 6-Co (0.501 g, 87 %). 1H NMR 

(C6D6, 400 MHz): δ 10.06 (υ1/2 ≈ 50 Hz, CH, 1 H), 37.63 (υ1/2 ≈ 70 Hz, py-CH, 1 H), 

39.90 (υ1/2 ≈ 80 Hz, py-CH, 1 H), 85.19 (υ1/2 ≈ 140 Hz, py-CH, 1 H), 108.94 (υ1/2 ≈ 

480 Hz, py-CH, 1 H). UV-vis (benzene) = 401 nm (ε ~ 20,000 M-1 cm-1), 563 nm (ε ~ 

29,000 M-1 cm-1). Anal. Calcd. (for (smif)2Co·(C7H8)0.5) H24C27.5N6Co: C, 66.40; H, 

4.86; N, 16.89. Found: C, 65.92, 64.99; H, 4.68, 4.47; N, 17.23, 16.92. μeff (SQUID, 

10 K) = 1.7 μB and μeff (SQUID, 293 K) = 2.8 μB.  

8. (smif)2Ni (6-Ni). A solution of lithium bis(trimethylsilyl)amide (0.425 g, 

2.54 mmol) in 15 mL THF under argon at -78 °C was slowly treated with a solution of 

smifH (0.500 g, 2.53 mmol) in THF (10 mL). The solution instantly turned magenta 

and was stirred at -78 °C for 2 h prior to the addition of NiCl2(dme) (0.278 g, 1.27 

mmol). After stirring at 23 °C for 36 h, the volatiles were removed in vacuo from the 

magenta reaction mixture. The solid was dissolved and filtered in toluene. Toluene 
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was removed, and the solid was triturated and filtered in Et2O to yield metallic gold 

crystals of 6-Ni (0.385 g, 67 %). 1H NMR (C6D6, 400 MHz): δ 9.40 (υ1/2 ≈ 170 Hz, 

CH, 1 H), 51.75 (υ1/2 ≈ 400 Hz, py-CH, 1 H), 57.01 (υ1/2 ≈ 470 Hz, py-CH, 1 H), 

140.85 (υ1/2 ≈ 3300 Hz, py-CH, 1 H), 248.32 (υ1/2 ≈ 6200 Hz, py-CH, 1 H). UV-vis 

(benzene) = 399 nm (ε ~ 18,000 M-1 cm-1), 574 nm (ε ~ 50,000 M-1 cm-1). Anal. Calcd. 

(for (smif)2Ni·(C6H6)0.5) H23C27N6Ni: C, 66.15; H, 4.73; N, 17.14. Found: C, 65.52; H, 

4.61; N, 17.13. μeff (SQUID, 293K) = 2.8 μB. 

9. (smif)2Zn (6-Zn). To a solution of lithium bis(trimethylsilyl)amide (0.425 g, 

2.54 mmol) in 10 mL THF was slowly added a solution of smifH (0.500 g, 2.53 

mmol) in 10 mL THF at -78 °C under argon. The solution immediately turned 

magenta and was stirred at -78 °C for 2 h prior to the addition of ZnCl2 (0.173 g, 1.27 

mmol). After the reaction stirred at 23 °C for 16 h, the volatiles were removed in 

vacuo. The solid was filtered in toluene, triturated with Et2O and filtered in cold Et2O 

to isolate 6-Zn as a metallic gold solid (0.275 g, 47 %). Spectral parameters 

correspond to the previously published compound.33 UV-vis (benzene) = 398 nm (ε ~ 

8,900 M-1 cm-1), 569 nm (ε ~ 24,000 M-1 cm-1). 

10. [(smif)2Cr](OTf) (7-Cr). To a 25 mL round bottom flask charged with 6-

Cr (0.300 g, 0.67 mmol) and AgOTf (0.173 g, 0.67 mmol) was vacuum transferred 8 

mL Et2O at -78 °C. The reaction mixture became jester green within 5 min. The flask 

warmed slowly to 23 °C and was stirred for 2 d while a dark green solid precipitated 

from the pale blue solution. The volatiles were removed in vacuo. Recrystallization of 

the dark green solid in THF at 80 °C under a blanket of argon for 16 h led to the 

formation of metallic red crystals of 7-Cr (0.309 g, 75 %). 1H NMR (C6D6, 400 MHz): 

δ -12.19 (υ1/2 ≈ 600 Hz, py-CH, 1 H), -3.95 (υ1/2 ≈ 600 Hz, py-CH, 1 H). UV-vis 

(THF) = 385 nm (ε ~ 13,000 M-1 cm-1), 492 nm (ε ~ 13,000 M-1 cm-1), 627 nm (ε ~ 

22,000 M-1 cm-1). μeff (Gouy balance, 295 K) = 3.56 μB. μeff (SQUID, 293 K) = 3.5 μB. 
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11. [(smif)2Mn](OTf) (7-Mn). To a 100 mL round bottom flask charged with 

6-Mn (0.700 g, 1.56 mmol) and AgOTf (0.402 g, 1.56 mmol) was vacuum transferred 

50 mL THF at -78 °C. The dark magenta-purple solution slowly warmed to 23 °C and 

darkened to a deeper purple. After stirring at 23 °C for 1.5 d, the volatiles were 

removed in vacuo resulting in a red-bronze metallic solid which was filtered in toluene 

and THF. Filtrates were concentrated, cooled to -78 °C, and filtered to yield metallic 

red-bronze microcrystals of 7-Mn(0.728 g, 78 %). UV-vis (THF) = 217 nm (ε ~ 

15,000 M-1 cm-1), 259 nm (ε ~ 16,000 M-1 cm-1), 398 nm (ε ~ 10,000 M-1 cm-1), 571 

nm (ε ~ 26,000 M-1 cm-1). Anal. Calcd. H20C25N6O3F3SMn: C, 50.34; H, 3.38; N, 

16.66; S, 5.38. Found: C, 50.18; H, 5.50; N, 12.75; S, 5.56. μeff (Gouy balance, 295K) 

= 5.0 μB. μeff (SQUID, 295 K) = 5.4 μB. 

12. [(smif)2Co](OTf) (7-Co). To a 10 mL round bottom flask charged with 

0.200 g (0.44 mmol) 6-Co and 0.114 g (0.44 mmol) AgOTf was vacuum transferred 8 

mL THF at -78 °C. The reaction mixture changed from deep purple to cobalt blue 

within 5 min and slowly warmed to 23 °C. After stirring at 23 °C for 12 h, a magenta 

solid precipitated from solution. The volatiles were removed in vacuo. 

Recrystallization of the magenta solid in THF at 80 °C under a blanket of argon for 16 

h led to the formation of metallic red crystals of 7-Co (0.215 g, 81 %). 1H NMR 

(THF-d8, 400 MHz): δ 6.55 (t, py-C5H, 1 H, J = 6.4 Hz), 6.85 (d, py-C3H, 1 H, J = 8 

Hz), 7.24 (s, CH, 1 H), 7.28 (t, py-C4H, 1 H, J = 7.2 Hz), 7.59 (d, py-C6H, 1 H, J = 6.0 

Hz). 13C{1H} NMR (THF-d8, 100 MHz): δ  117.47 (CH), 118.23 (py-C3H), 119.54 

(py-C5H), 120.36 (py-C4H), 139.24 (py-C6H), 148.56 (py-C2). UV-vis (THF) = 321 

nm (ε ~ 11,000 M-1 cm-1), 383 nm (ε ~ 13,000 M-1 cm-1), 586 nm (ε ~ 23,000 M-1cm-1). 

13. [(smifH)2Fe][BF4]2 (8-Fe(BF4)2). Tetrafluoroboronic acid diethyl ether 

complex (0.18 mL, 1.32 mmol) was slowly added via syringe under argon to a stirring 

solution of 6-Fe (0.300 g, 0.67 mmol) in 15 mL THF at -78°C. Upon warming to 
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23°C, the color changed from forest green to magenta-purple. The reaction mixture 

stirred for 16 h, was degassed, and filtered. The volatiles were removed, and the solid 

was washed with Et2O and dried in vacuo. 8-Fe(BF4)2 was obtained as a magenta-

purple solid (0.364 g, 87 %). 1H NMR (D2O, 400 MHz): δ 6.64 (q, CH2, 2 H, J = 22 

Hz), 6.97 (t, py-C5H, 1 H, J = 6.8 Hz), 7.13 (t, pyim-C4H, 1 H, J = 6.8 Hz), 7.50 (d, py-

C3H, 1 H, J = 7.2 Hz), 7.59 (t, py-C4H, 1 H, J = 7.6 Hz), 7.64 (d, pyim-C3H, 1 H, J = 

5.2 Hz), 7.79 (t, pyim-C5H, 1 H, J = 7.6 Hz), 7.84 (d, py-C6H, 1 H, J = 5.2 Hz), 8.14 (d, 

pyim-C6H, 1 H, J = 8.0 Hz), 10.27 (s, im-CH, 1 H).  

14. [(smifH)(smif)Fe][BF4] (9-Fe(BF4)). To a J-Young tube charged with     

8-Fe(BF4)2 (0.010 g, 0.016 mmol) and 6-Fe (0.007 g, 0.016 mmol) was vacuum 

transferred 0.5 mL of CD3CN resulting in a dark black solution with solid consistent 

with 9-Fe(BF4). 1H NMR (CD3CN, 600 MHz): δ 6.01 (t, pysmif-C5H, 2 H, J = 6.5 Hz), 

6.36 (s, 2 H, py-CH2), 6.52 (d, 2 H, pysmif-C3H, J = 8.6 Hz), 6.71 (d, 2 H, pysmif-C6H, J 

= 5.6 Hz), 6.91 (t, 2 H, pysmif-C4H, J = 7.1 Hz), 7.15 (t, 1 H, pyim-C5H, J = 6.7 Hz), 

7.28 (t, 1 H, py-C5H, J = 6.7 Hz), 7.48 (d, 1 H, pyim-C3H, J = 7.9 Hz), 7.64 (t, 1 H, 

pyim-C4H, J = 7.4 Hz), 7.71 (s, 2 H, smif-CH), 7.74 (t, 1 H, py-C4H, J = 8.0 Hz), 8.06 

(d, 1 H, py-C3H, J = 8.0 Hz), 8.15 (d, 1 H, py-C6H, J = 5.6 Hz), 8.45 (d, 1 H, pyim-

C6H, J = 5.6 Hz), 10.25 (s, im-CH, 1 H). 

Magnetic Susceptibility Measurements.   Magnetic susceptibility 

measurements of crystalline powdered samples (10-30 mg) were performed on a 

Quantum Design MPMS-5 SQUID magnetometer at 10 kOe between 5 and 300 K for 

all samples.  All sample preparations and manipulations were performed under an inert 

atmosphere to due to the air sensitivity of the samples.  The samples were either 

measured in a flame sealed NMR tube or a custom machine sealed Teflon capsule.  

The diamagnetic contribution from the sample container was subtracted from the 
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experimental data.  Pascal's constants64 were used to subtract diamagnetic 

contributions, yielding paramagnetic susceptibilities. 

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 

α-iron at 298 K.  

 XAS Spectroscopy. XAS data were measured at the Stanford Synchrotron 

Radiation Lightsource using focused beam line 9-3, under ring conditions of 3 GeV 

and 60-100 mA.  A Si(220) double-crystal monochromator was used for energy 

selection and a Rh-coated mirror (set to an energy cutoff of 9 keV) was utilized in 

combination with 30% detuning for rejection of higher harmonics.  All samples were 

prepared as dilutions in BN and measured as transmission spectra. Sample were 

maintained at 10K using an Oxford continuous flow. To check for reproducibility, 2-3 

scans were measured for all samples. The energy was calibrated from Cr and Co foil 

spectra, with the first inflection set to 5989.0 eV and 7709.5 eV, respectively. A step 

size of 0.11 eV was used over the edge region. Data were averaged, and a smooth 

background was removed from all spectra by fitting a polynomial to the pre-edge 

region and subtracting this polynomial from the entire spectrum. Normalization of the 

data was accomplished by fitting a flattened polynomial or straight line to the post-

edge region and normalizing the edge jump to 1.0. 

 Computational Methods. B3LYP59-63 geometry optimization utilized the 

Gaussian03i suite of programs; the 6-31G(d) basis set was employed. Tests with the 
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larger 6-311+G(d) basis set did not reveal significant differences in the optimized 

geometries. No symmetry constraints were employed in geometry optimization. 

Where applicable, geometry optimizations were started from both a pseudo-D2d 

structure (akin to crystal structure of (smif)2Fe (6-Fe)) and/or a highly Jahn-Teller 

distorted starting geometry (e.g., (smif)2Co (6-Co)). Calculation of the energy 

Hessian was performed to confirm species as minima on their respective potential 

energy surfaces at this level of theory. All plausible spin multiplicities were 

investigated for the different M(smif)2 complexes. Modeling of open-shell species 

with density functional theory employed unrestricted Kohn-Sham methods.  

Single Crystal X-Ray Diffraction Studies. Upon isolation, the 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-monochromated MoKα 

radiation, λ = 0.71073 Å). The structures were solved by direct methods (SHELXS). 

All non-hydrogen atoms were refined anisotropically unless stated, and hydrogen 

atoms were treated as idealized contributions (Riding model). 

15. 6-V. A metallic gold needle (0.30 x 0.02 x 0.01 mm) was obtained from 

toluene at 23 °C. A total of 4,195 reflections were collected with 4,195 determined to 

be symmetry independent (Rint = 0.0000), and 3,918 were greater than 2σ(I). A semi-

empirical absorption correction from equivalents was applied, and the refinement 

utilized w-1 = σ2(Fo
2) + (0.1134p)2 + 1.3469p, where p = ((Fo

2 + 2Fc
2)/3). 

16. 6-Cr. A dark green plate (0.40 x 0.15 x 0.02 mm) was obtained from the 

slow evaporation of toluene at 23 °C. A total of 36,536 reflections were collected with 

7,312 determined to be symmetry independent (Rint = 0.0760), and 5,019 were greater 

than 2σ(I). A semi-empirical absorption correction from equivalents was applied, and 

the refinement utilized w-1 = σ2(Fo
2) + (0.0489p)2 + 0.0000p, where p = ((Fo

2 + 

2Fc
2)/3). 
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17. 7-Cr. A metallic red plate (0.30 x 0.10 x 0.03 mm) was obtained from a 

solution of tetrahydrofuran at -40 °C. A total of 23,529 reflections were collected with 

5,637 determined to be symmetry independent (Rint = 0.0540), and 4,220 were greater 

than 2σ(I). A semi-empirical absorption correction from equivalents was applied, and 

the refinement utilized w-1 = σ2(Fo
2) + (0.0583p)2 + 0.0687p, where p = ((Fo

2 + 

2Fc
2)/3). 

18. 6-Mn. A metallic gold plate (0.60 x 0.20 x 0.03 mm) was obtained from 

the slow evaporation of toluene at 23 °C. A total of 30,750 reflections were collected 

with 6,863 determined to be symmetry independent (Rint = 0.0622), and 4,492 were 

greater than 2σ(I). A semi-empirical absorption correction from equivalents was 

applied, and the refinement utilized w-1 = σ2(Fo
2) + (0.0447p)2 + 0.0000p, where p = 

((Fo
2 + 2Fc

2)/3).  

19. 6-Fe. A black-metallic purple block (0.45 x 0.30 x 0.20 mm) was obtained 

from the slow evaporation of benzene at 23 °C. A total of 25,212 reflections were 

collected with 5,007 determined to be symmetry independent (Rint = 0.0497), and 

3,994 were greater than 2σ(I). A semi-empirical absorption correction from 

equivalents was applied, and the refinement utilized w-1 = σ2(Fo
2) + (0.0422p)2 + 

0.9777p, where p = ((Fo
2 + 2Fc

2)/3).  

20. 6-Co. A metallic gold thin plate (0.25 x 0.20 x 0.01 mm) was obtained 

after heating a solution of toluene at 80 °C for 8 h in a sealed tube under a blanket of 

argon and slowing cooling to room temperature. A total of 3,587 reflections were 

collected with 3,587 determined to be symmetry independent (Rint = 0.0000), and 

3,406 were greater than 2σ(I). A semi-empirical absorption correction from 

equivalents was applied, and the refinement utilized w-1 = σ2(Fo
2) + (0.1045p)2 + 

1.8144p, where p = ((Fo
2 + 2Fc

2)/3). 
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21. 7-Co. A metallic red-orange rod (0.40 x 0.15 x 0.10 mm) was obtained 

after heating a solution of tetrahydrofuran at 80 °C for 16 h in a sealed tube under a 

blanket of argon and slowing cooling to room temperature. A total of 28,729 

reflections were collected with 6,783 determined to be symmetry independent (Rint = 

0.0622), and 4,835 were greater than 2σ(I). A semi-empirical absorption correction 

from equivalents was applied, and the refinement utilized w-1 = σ2(Fo
2) + (0.0846p)2 + 

0.0000p, where p = ((Fo
2 + 2Fc

2)/3). 

 22. 6-Ni. A metallic gold plate (0.60 x 0.20 x 0.03 mm) was obtained from the 

slow evaporation of benzene at 23 °C. A total of 25,347 reflections were collected 

with 5,631 determined to be symmetry independent (Rint = 0.0809), and 3,712 were 

greater than 2σ(I). A semi-empirical absorption correction from equivalents was 

applied, and the refinement utilized w-1 = σ2(Fo
2) + (0.0331p)2 + 0.8315p, where p = 

((Fo
2 + 2Fc

2)/3).  
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CHAPTER 3 

Synthesis and Characterization of Titanium(II) smif Complexes 

Introduction 

 Inorganic and organometallic titanium(II) complexes are a rare class of 

compounds. They are frequently invoked as intermediates in organic transformations, 

yet their isolation and characterization have proven challenging.1,2,3,4 Divalent titanium 

complexes typically contain strong field ligands, such as cyclopentadienyl (Cp) or 

alkyl groups. These compounds often require additional sigma donor and/or π-

acceptor ligands, e.g. CO, phosphines, or alkynes, capable of not only increasing π-

back-bonding, but also stabilizing the metal center. Titanium(II) complexes can be 

divided into a few categories: Cp and Cp derivatives, other non-Cp sandwich 

compounds, coordination complexes, and compounds with nitrogen-based ligands.  

 Divalent titanium complexes containing the Cp ligand comprise the largest 

class. The diamagnetic mono-Cp titanium(II) complexes, such as CpTiR(dmpe)2
5,6

 

where dmpe is 1,2-bis(dimethylphosphino)ethane and (C5Me4SiMe2NR)Ti(diene),7 are 

of interest since they show catalytic activity for oligomerization of alkenes (Figure 

3.1).  

 

 

 

 

 

 

 

 

Figure 3.1. Examples of mono-Cp titanium(II) complexes. 
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All attempts to isolate titanocene, the ferrocene analog and simplest bis-Cp 

complex, are unsuccessful as the coordinatively unsaturated complex is too reactive. 

Only derivatives (Figure 3.2) generated by the coordination of additional π-acceptor 

ligands are structurally known for the parent compound.8,9 Electronic and steric 

modification for Cp may be a plausible route to stabilize a titanocene sandwich. 

Currently, the only isolable bis-Cp titanium(II) sandwich complexes contain bulky 

substituents. They are prepared via the loss of a neutral ligand, such as an alkyne, as is 

the case for {η5-C5Me4(SiMe3)}2Ti,  or through the reduction of the titanium(III) 

precursor.10 Reduction of ansa-titanocene dichlorides in the presence of coordinating 

π-acceptor ligands yields the corresponding ansa-titanocene complex.11  

Figure 3.2. A few examples of bis-Cp titanium(II) complexes. 

  

A variety of other metallocenes exist for titanium(II) (Figure 3.3). These 

include carbon-based sandwiches in which the coordinating ligand is cyclic, e.g. (η5-

6,6-Me2C6H5)2Ti,12 as well as acyclic, e.g. [η5-1,5-(Me3Si)2C5H5]2Ti.13  Another 

example of an organometallic titanium(II) species is a mixed metallocene containing 

both a Cp and a cyclic pentadienyl ligand,14 and metallocenes may even contain 

heteroatoms and form complexes similar to the dark red, diamagnetic hexaphospha-
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titanocene derivative.15 In addition to the diverse examples of organometallic 

titanium(II) complexes, only a few inorganic species exist and are well characterized.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3. Examples of titanium(II) metallocene complexes. 

 

Coordination complexes of titanium(II) halides comprise the earliest examples 

of stable divalent titanium compounds. The first titanium(II) examples reported are 

paramagnetic, are not structurally characterized, and contain the general formula of 

TiX2L2, where X is a halide and L is a coordinating solvent (e.g. pyridine, acetonitrile, 

or tetrahydrofuran), based on elemental analysis.16,17 Even though the structures 

remain unknown, these complexes are postulated to exist as either dimers or polymers. 
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Titanium(II) halides also utilize simple bidentate chelates, such as 

tetramethylethylenediamine (TMEDA)18 or dmpe,19,20 and adopt an octahedral 

coordination geometry around the paramagnetic metal center (Figure 3.4). Treatment 

of trans-Ti(η2-BH4)2(dmpe)2,
21 a red-orange and paramagnetic complex, with two 

equivalents of MeLi affords the dark red, diamagnetic trans-TiMe2(dpme)2,
22 which 

readily undergoes ligand substitution with various butadienes yielding green, 

diamagnetic compounds possessing cis methyl groups (Figure 3.4).23  

 

 

 

 

 

 

Figure 3.4. Inorganic coordination complexes of titanium(II). 

  

The smallest number of titanium(II) complexes contains nitrogen-based 

ligands (Figure 3.5). One example is the paramagnetic homoleptic 

bis(trispyrazolylborate) titanium(II).24 In addition to this complex, only a few 

titanium(II) porphyrin complexes exist, and all are stabilized with a variety of 

alkynes.25,26 The rarity of divalent titanium stabilized with nitrogen-based ligands 

prompted our investigation to test the ability of the smif ligand to stabilize a 

titanium(II) metal center (See Figure 3.6).  
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Figure 3.5. Examples of titanium(II) complexes with nitrogen-based ligands. 

 

 

 

 

Figure 3.6. smif ligand ((2-py)CHNCH(2-py)). 

 

Results and Discussion 

Synthesis of titanium(II) smif compounds. Analogous to vanadium, 

titanium(II) halides are not readily available as starting materials. Thus, all attempts to 

synthesize (smif)2Ti utilized metathetical routes and in situ reductions from higher 

valent titanium halides. Treatment of TiCl3(THF)3
27

 with two equivalents of Li(smif) 

(5-Li), generated in situ, yielded a deep purple solution containing a mixture of four 

diamagnetic titanium(II) complexes (Scheme 3.1): lithium[(k-C,Nam,Nim,Npy
3-1,2-

bis(pyridin-2-yl)-2-(pyridin-2-ylmethyleneamino)ethyl)(pyridin-2-

ylmethideyl)amido)Ti(smif)] (10-Ti), “(smif)2Ti” (11-Ti), (smif)(((2-py)CH)2N)Ti 
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(12-Ti), and (κ-Nam,Npy
2-2,3,5,6-tetrakis(pyridin-2-yl)piperazin-1-yl)(smif)Ti (13-Ti). 

These compounds were identified through x-ray crystallography (10-Ti) and NMR 

spectroscopy.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 3.1. Synthesis and structures of four (smif)Ti(II) complexes.  

 

Li



 103 

Several other attempts were made to isolate a pure sample of (smif)2Ti. 

Reduction of TiCl4(THF)2
28 using a 0.95 % sodium amalgam preceding the addition of 

5-Li (two equivalents) generated a mixture of 11-Ti and 13-Ti. Unfortunately, the 

reduction of either TiCl3(THF)3 or TiCl4(THF)2 with Mg to generate TiCl2(THF)2
29 in 

situ prior to the addition of two equivalents of 5-Li led to the formation of (smif)2Mg 

(6-Mg) along with 11-Ti and 12-Ti. 6-Mg was independently prepared from the 

metathesis of MgBr2 with two equivalents of 5-Li in THF and isolated in 68 % yield 

as metallic gold crystals from a deep purple-magenta solution (eq. 3.1).  

The use of trans-TiCl2(TMEDA)2
18 (A) was also explored as an alternative 

metathesis starting material. Regrettably, treatment of A with two equivalents of 

Na(smif) still yielded a mixture of 11-Ti and 12-Ti as well as new unidentified 

titanium complexes. In hopes of utilizing divalent transfer agents for transmetallation, 

A was treated with either 6-Mg or 6-Zn. Unfortunately at 23 °C, no reaction occurred 

with 6-Mg and minimal transfer from 6-Zn was observed. Elevation of reaction 

temperatures was prevented due to the instability of A.  
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Table 3.1. Product ratios for 10-Ti, 11-Ti, 12-Ti, 13-Ti obtained from synthetic attempts toward producing (smif)2Ti (11-Ti). 

 Trial Titanium Source smif source Solvent Reducing Agent Temperature Time 10-Ti 11-Ti 12-Ti 13-Ti

1 TiCl3(THF)3 5-Li DME 1 Na/Hg 0°C - 23°C 16 h 3 1 0.75 0
2 5-Li 1 Na/Hg 0°C - 23°C 16 h 1 1 0 0
3 5-Li 1 Na/Hg 0°C - 23°C 16 h 1 0.5 0.5 0

4a
5-Li 1 Na/Hg 0°C - 23°C 16 h 2 1 1 0

5b
5-Li 1 Na/Hg 0°C - 23°C 2 d 0 1 0 1

6c
5-Li THF 1 Na/Hg -78°C - 23°C 14 h 0 0.5 2 0.25

7c
5-Li 1 Na/Hg -78°C - 23°C 16 h 0 1 0 0.7

8 5-Li 1 Na/Hg -78°C - 23°C 16 h 0 1 0.75 0.25
9 5-Li 1 Na/Hg -78°C - 23°C 16 h 0 1 0 0

10 5-Li 1 Na/Hg -78°C - 23°C 16 h 2 1 0 0
11 5-Li 1 Na/Hg -78°C - 23°C 16 h 0 1 0 0

12d
5-Li 1 Na/Hg -78°C - 23°C 16 h 0 1 0 0

13e
5-Li 1 Na/Hg -78°C - 23°C 2.5 d 0 1 1 0

14 5-Li 2 Na/Hg -78°C - 23°C 12 h 0 1 0.5 0
15 5-Li 5-Li -78°C - 23°C 36 h 4 0 0 1
16f

5-Li 0.5 Mg -78°C - 23°C 12 h 0 0.5 0.5 0
17 TiCl3 5-Li DME 1 Na/Hg 0°C - 23°C 18 h 0 1 0.5 0
18 5-Li 1 Na/Hg 0°C - 23°C 18 h 0 1 1 0
19 5-Li 2 Na/Hg 0°C - 23°C 18 h 0 1 0.25 0
20 ClTi{N(TMS)2}2(THF) smifH THF 1 Na/Hg -78°C - 23°C 16 h 0 0 0 0

21g
TiCl4(THF)2 5-Li THF 2 Mg -78°C - 23°C 16 h 0 0 0 0

22 5-Li 2 Na/Hg -78°C - 23°C 8 h 0 1 0 0
23 5-Li 2 Na/Hg -78°C - 23°C 16 h 0 1 0 1
24d

5-Li 2 Na/Hg -78°C - 23°C 16 h 0 3 0 1
25 TiCl2(TMEDA)2 5-Na C6D6 23°C 17.5 h 0 1 3 0
26 5-Na 23°C 21.5 h 0 0.18 1 0

27c
5-Na 23°C 2.5 d 0 0 1 0

28 6-Mg 23°C 15 h 0 0 0 0
29 6-Zn 23°C 17.5 h 0 1 1 0
30 5-Na d 8 -THF 23°C 21.5 h 0 0.25 1 0
31 5-Na 23°C 3.75 d 0 2.5 0 6.5
32 5-Na THF -78°C - 23°C 18 h 0 1 0 0
33 6-Mg -78°C - 23°C 2 d 0 0 0 0
34 6-Zn -78°C - 23°C 2 d 0 0 0 0

a Also 27 eq 5-Li. b Also 11 eq 5-Li. c Other unidentified peaks. d Silylated glassware. e Also 32 eq 5-Li. f Also, 1 eq 6-Mg and 9 eq (smif)MgCl.
g Only (smif)MgCl present.
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 Characterization of D: X-ray crystal structure. Single crystal x-ray 

diffraction quality metallic gold-green blocks of 10-Ti were isolated from a 

concentrated benzene solution at 23 °C. Selected crystallographic and refinement data 

are listed in Table 3.2. The solid state structure, shown in Figure 3.7, has a pseudo-

octahedral arrangement of the two coordinating ligands around the metal center. In 

contrast to the homoleptic (smif)2M
n (n = 0, M = V, Cr, Fe, Co, and Ni; n = +1, M = 

Cr, Co) series possessing smif chelation bite angles between ~ 77 - 84 °, the smif 

ligand in 10-Ti exhibits more acute bite angles, 73.41(4) ° and 72.63(4) ° (∠N1-Ti1-

N2 and ∠N3-Ti1-N2, respectively) with concomitant lengthening of the titanium-aza 

nitrogen distance, 2.1956(12) Å, and titanium-pyridine nitrogen distances, i.e. d(Ti1-

N1) = 2.1693(11) Å and d(Ti1-N3) = 2.1678(13) Å. The smif ligand ‘backbone’ 

shows distances consistent with a delocalized anion, i.e. d(N2-C6) = 1.3437(18) Å and 

d(N2-C7) = 1.3234(19) Å, as observed for the (smif)2M
n series. The second ligand is 

chelated through a reduced pyridine imine via the pyridine and imine nitrogens (d(Ti1-

N4) = 2.1120(12) Å, d(Ti1-N5) = 2.0231(12) Å) as well as in an η2 fashion, through 

N8 and C31, of a second reduced pyridine imine (d(Ti1-N8) = 1.9722(12) Å, d(Ti1-

C31) = 2.3260(14) Å). This ligand displays distances more consistent with two 

reduced pyridine imine moieties: d(N5-C18) = 1.3789(18) Å, d(C18-C17) = 1.367(2) 

Å, d(N5-C19) = 1.4656(18) Å, d(N8-C31) = 1.3903(17) Å, d(C31-C32) = 1.424(2) Å, 

d(N8-C25) = 1.4528(18) Å. Additionally, the structure reveals the formation of a 

carbon-carbon bond (d(C19-C25) = 1.5472(19) Å) consistent with an sp3-sp3 

assignment. The three additional pyridine rings associated with this coupled ligand are 

ligated in a monocapped trigonal prismatic coordination geometry to lithium: ∠N8-

Li1-N6 = 93.07(11) °, ∠N8-Li1-N7 = 84.76(10) °, ∠N8-Li1-N9 = 85.79(10) °, ∠N6-

Li1-N7 = 89.64(11) °, ∠N6-Li1-N9 = 153.60(14) °, ∠N7-Li1-N9 = 116.45(12) °.  
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Table 3.2. X-ray crystallographic data for 10-Ti. 

 

 

 

 

 

 

Formula C45H39N9LiTia

Formula weight 760.69
Crystal system Triclinic
Space group P̅1
Z 2
a  (Å) 10.5641(5)
b  (Å) 10.7536(5)
c  (Å) 17.1299(9)
α (°) 88.685(2)
β (°) 78.420(2)
γ (°) 82.808(2)

V  (Å3) 1891.38(16)

ρcalc g/cm3 1.336

µ (mm–1) 0.273
temp, K 173(2)
λ, (Å) 0.71073
final R indices [I > 2σ(I)]b,c

R1 = 0.0416

w R2 = 0.0987

R indices (all data)b,c
R1 = 0.0625

w R2 = 0.1084

GOFd
1.089

a The asymmetric unit contains one molecule of 10-Ti and 1.5 molecules of C6H6.
b R1 = Σ||F o | - |F c ||/Σ|F o |. cw R2 = [Σw (|F o | - |F c |)2/ΣwF o

2]1/2.
d GOF (all data) = [Σw (|F o | - |F c |)2/(n  - p )]1/2, n  = number of independent
reflections, p  = number of parameters.



 107 

 
Figure 3.7. Molecular structure of 10-Ti. Thermal ellipsoids are at 50 % probability 
level, and all hydrogens have been removed for clarity. 

  

NMR spectroscopy. Correlating the diamagnetic 1H NMR spectrum (Figure 

3.8) with the crystal structure of C1 symmetric 10-Ti, which was comprised of 30 

inequivalent protons, was more challenging than anticipated. Allowing crystals of 10-

Ti to re-dissolve in C6D6 for 30 min yielded a 1H NMR spectrum consistent with 2:1 

ratio of 10-Ti and at least one other species, 11-Ti. Heating the solution at 80 °C for 

44 h generated a 1H NMR spectrum containing 76 inequivalent protons. Three 

pyridine ortho-CH peaks appeared, shifted significantly downfield from the rest of the 

rings, and were indicative of three different titanium compounds (δ 13.61 12-Ti, 13.88 

11-Ti, and 13.99 13-Ti ppm). Monitoring the mixture during thermolysis (80 °C for 
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over 16 d) enabled the identification of 1H chemical shifts corresponding to 12-Ti, as 

it was the last species to grow in. In order to elucidate the identity of the four 

compounds in solution, a series of two-dimensional (2-D) NMR spectroscopic 

experiments were employed.  

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 

 
Figure 3.8. 1H NMR spectrum of 10-Ti (magenta), 11-Ti (red), 12-Ti (green), and 13-

Ti (blue) in C6D6.  

  

Initial efforts to identify the species in solution focused on utilizing 2-D 

correlation spectroscopy (COSY), which facilitated the identification of protons that 

were spin coupled to one another, specifically adjacent protons on the pyridine rings. 

From these correlations, the gCOSY spectrum elucidated the possibility of 15 different 

0123456789101112131415
1H (ppm)

10-Ti

11-Ti

12-Ti

13-Ti
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pyridine rings, and the proton with the most downfield chemical shift corresponded to 

the pyridine ortho-CH in most cases (Figure 3.9).  

 
 
Figure 3.9. a. Pyridine ring and ligand nomenclature. b. 1H NMR splitting pattern (left 
ring) and COSY correlations typically observed denoted with arrows (right ring).  

 

Four pyridine rings (ortho-CH δ 13.99, 13.88, 7.65, 7.17 ppm) were completely 

assembled as a result of distinct proton chemical shifts and strong COSY correlations 

exhibited within the typical aromatic region. Strong cross peaks existed for at least 

five other pyridine rings (ortho-CH δ 8.42, 8.38, 8.15, 7.65, 7.51 ppm); however, 

overlapping signals observed around 6.30, 6.40, and 6.73 ppm hindered the precise 

assignment of 1H chemical shifts. In contrast to the strong correlations observed for 

the aforementioned rings, all pyridine rings shifted upfield from the aromatic region 

displayed weaker COSY correlations. One of these pyridines, which was shifted 

significantly upfield (ortho-CH δ 4.12 ppm), was established through the weak COSY 

correlations observed between all four protons within the ring system. A unique set of 

cross peaks indicated that two triplets (δ 4.63, 3.52 ppm) were coupled to the same 

“doublet" (δ 5.03 ppm), whose chemical shift was consistent with a pyridine ortho-CH 

relative to the triplets, thus ambiguity complicated the ring assignment. Correlations 

between all proton sets within a ring were not observed for at least five other possible 
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rings. In addition to identifying pyridine rings, the COSY spectrum displayed a cross 

peak consistent with the interior CHs (δ 4.82, 5.30 ppm) on the coupled ligand in 10-

Ti. Unfortunately, due to overlapping cross peaks and weak correlations, all 15 rings 

were not solely assembled through gCOSY.  

Adiabatic heteronuclear single quantum coherence (HSQCAD) 2-D 

spectroscopy displayed correlations between 75 protons and their adjacent carbons. 

Each correlation portrayed the multiplicity of the proton (Figure 3.10). Consequently, 

backbone CHs and pyridine ring protons were easily recognized. The diverse 13C 

chemical shifts aided in differentiating between 1H chemical shifts (δ 6.74, 6.73, 6.41, 

6.40, 6.31, 6.30, 5.04, 5.02 ppm) in areas containing a cluster of overlapping 1H NMR 

signals and COSY correlations, thus helping to elucidate six pyridine rings.  
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Figure 3.10. Examples of multiplicities observed in HSQCAD of 10-Ti, 11-Ti, 12-Ti, 
and 13-Ti in C6D6.  
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Additionally, HSQCAD revealed new 1H-13C correlations, which went undetected in 

the COSY presumably due to weak correlations. This accounted for eight pyridine ring 

signals as well as fifteen backbone CH signals, thereby indicating a total of fifteen 

pyridine rings. Ultimately, the presence of an NH peak, observed in 13-Ti, was 

established through a lacking HSQCAD cross peak for the remaining proton (δ 3.01 

ppm).    

  The quaternary carbons of all 15 pyridine rings were identified through the 

strong correlation observed with the pyridine ring’s ortho-CH via the 2-D NMR 

experiment gHMBCAD (adiabatic heteronuclear multiple bond correlation). This 

spectroscopy also gave rise to a variety of other cross peaks useful for arranging 

protons around the pyridine rings as each ring portrayed the same correlation patterns 

and 13C chemical shifts within a ring also portrayed a distinct pattern (Figure 3.11). 

Ligand fragments were established by correlations observed between pyridine rings 

and their adjacent backbone CH/CH2 groups.  

 

 

 

 

 
Figure 3.11. a. Typical correlations observed in gHMBCAD. b. Ordering of 13C 
chemical shifts within a pyridine ring (highest shift 1, lowest shift 5). 

 

These fragments were assembled to form eight different ligand environments via the 

cross peaks observed between a backbone proton and a carbon from the other 

fragment. Four symmetric and four asymmetric smif ligand environments were 

established. The spectroscopy verified 11-Ti contained one symmetric ligand via the 
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self-correlation (δ 2.19 (1H) with 74.93 (13C) ppm). In the case of 12-Ti, the 

gHMBCAD correlations (δ 3.43 (1H) with 108.43 (13C), 3.29 (1H) with 61.83 (13C) 

ppm) were indicative of two symmetric ligand environments. 13-Ti also contained a 

symmetric ligand (δ 4.38 (1H) with 73.85 (13C) ppm). The gHMBCAD experiment 

aided in verifying pyridine ring assignments established through gCOSY. 

 In order to finish assigning the 15 pyridine rings, total correlation spectroscopy 

(TOCSY) was utilized since all protons within a specific spin system produced a series 

of cross peaks. The overall TOCSY spectrum appeared quite overwhelming initially 

(Figure 3.12).  
 

 

Figure 3.12. Complete TOCSY obtained for 10-Ti (magenta), 11-Ti (red), 12-Ti 
(green), and 13-Ti (blue) in C6D6. 
 

Each pyridine ring contained its own spin system, and all protons corresponding to 

one ring appeared in a line, subsequently verifying assignments made based upon 

other 2-D spectra (see Figures 3.13, 3.14, 3.15, and 3.16).  
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Figure 3.13. TOCSY depicting correlations for 10-Ti. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.14. TOCSY highlighting correlations for 11-Ti. 
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Figure 3.15. TOCSY showing correlations for 12-Ti. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.16. TOCSY emphasizing correlations for 13-Ti.  
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Additionally, this experiment was particularly useful in differentiating pyridine rings 

that were hard to discern from the gCOSY and gHMBCAD due to overlapping cross 

peaks. The TOCSY spectrum for 13-Ti, shown in Figure 3.16, corroborated the 

presence of five ring systems. Four rings were previously confirmed as pyridine rings, 

and the remaining ring corresponded to the substituted piperazine generated via ligand 

coupling. Interestingly, the TOCSY spectrum consistently displayed peaks connecting 

the backbone CH to the pyridine rings containing upfield chemical shifts.  

 Rotating-frame overhauser effect spectroscopy (ROESY) determined which 

ligand environments were associated with a specific titanium center. Furthermore, 

ROESY revealed the spatial orientation of the ligands surrounding titanium. In the 

case of 10-Ti, ROESY cross peaks were seen for the four protons of coupled ligand’s 

backbone (δ 4.15, 4.82, 5.30, 6.70 ppm) indicating they were all on the same side of 

the molecule. Strong correlations were observed between two of the aforementioned 

backbone CHs (δ 4.82, 5.30 ppm) and the pyridine ortho-CH (δ 8.15 ppm) on the smif 

ligand indicating the direction in which the smif ligand should lie. Weak correlations 

existed between the remaining backbone CHs (δ 4.15, 6.70 ppm) and the smif ligand’s 

pyridine ortho-CH (δ 8.15 ppm). The other pyridine ortho-CH on the smif ligand (δ 

7.17 ppm) only showed a correlation with the adjacent pyridine ring proton (δ 5.78 

ppm). The smif ligand backbone CHs (δ 6.34, 6.42 ppm) exhibited cross peaks with 

the pyridine ortho-CH at δ 8.42 ppm. For 11-Ti, the symmetric smif ligand backbone 

(δ 2.19 ppm) and the pyridine ortho-CHs (δ 3.49, 4.71 ppm) on the asymmetric smif 

ligand gave rise to cross peaks. No correlation was seen between the symmetric 

ligand’s pyridine ortho-CH (δ 13.88 ppm) and the backbone CHs (δ 3.05, 3.35 ppm) 

for the asymmetric smif. The ROESY for 12-Ti revealed that the two ligand 

environments were situated perpendicular to one another. The smif backbone CH (δ 

3.43 ppm) and the di(2-pyridylmethyl)amine (dpma) pyridine ortho-CH (δ 13.61 ppm) 
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displayed a weak correlation while the backbone CH2 groups (δ 3.29 ppm) on dpma 

and the pyridine ortho-CH (δ 4.08 ppm) on smif exhibited a strong correlation. For 13-

Ti, the orientation of the asymmetric smif ligand with respect to the coupled ligand 

was based on the ROESYs observed between the pyridine ortho-CH and the coupled 

ligand’s backbone CHs. One pyridine ortho-CH (δ 5.02 ppm) correlated solely to a 

single backbone CH (δ 2.80 ppm), while the other ortho-CH (δ 4.12 ppm) gave rise to 

a cross peak with both the backbone CH (δ 4.38 ppm) and NH (δ 3.01 ppm). The 

asymmetric smif backbone CHs (δ 3.20, 3.41 ppm) both displayed correlations with 

the pyridine ortho-CH (δ 13.99 ppm) on the coupled ligand, indicative of a mirror 

plane within the ligand framework. Complete NMR spectroscopic assignments for 

compounds 10-Ti, 11-Ti, 12-Ti, and 13-Ti can be found in Figures 3.17, 3.18, 3.19, 

and 3.20, respectively. 

Figure 3.17. 1H and 13C{1H} NMR Assignments for 10-Ti. 
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Figure 3.18. 
1H and 13C{1H} NMR Assignments for 11-Ti. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.19. 
1H and 13C{1H} NMR Assignments for 12-Ti. 
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Figure 3.20. 
1H and 13C{1H} NMR Assignments for 13-Ti. 

  

Proposed Mechanism. The identification of the four titanium complexes, i.e. 

10-Ti, 11-Ti, 12-Ti, and 13-Ti, from crystals of 10-Ti by 1H NMR spectroscopy 

suggests reversibility of C-C bond formations. Scheme 3.2 shows a plausible 

mechanism for the transformations between complexes. In the presence of 5-Li, 11-Ti 

may undergo two reversible C-C bond formations; one generates 10-Ti, and the other 

produces 13-TiLi via a reversible [3+3] cycloaddition. Protonation of 13-TiLi yields 

13-Ti. Alternatively, 11-Ti may dimerize via a reversible [3+3] cycloaddition to yield 

[11-Ti]2. Subsequently, protonation of [11-Ti]2 may generate 13-Ti and a 

“(smif)TiOH” complex, which may undergo further hydrolysis to yield Hdpma and 

TiO2. In the presence of Hdpma, [11-Ti]2 may yield 12-Ti and 13-Ti.   
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Scheme 3.2. Proposed mechanism for the formation of 10-Ti, 11-Ti, 12-Ti, and 13-Ti.  
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XAS Spectroscopy. X-ray absorption spectroscopy (XAS) was performed in 

order to gain a better grasp on the effective nuclear charge of the titanium center. The 

four titanium complexes are formally titanium(II) species, and XAS Ti K-edge data 

revealed the presence of a reduced titanium center (Figure 3.21). An assignment of 

Ti(III) seems appropriate for both 10-Ti and 11-Ti based upon a comparison of their 

Ti K pre-edge spectra with a Ti(III) reference, i.e. TiCl3(THF)3. 

 
Figure 3.21. Normalized Ti K-edge XAS spectra obtained for 10-Ti (denoted 
Ti(lsmif)(smif), green) and 11-Ti (denoted Ti(smif)2, red). Comparison of 10-Ti and 
11-Ti with TiCl3(THF)3 and TiO2, as references (A) and expanded Ti K pre-edge (B). 

 

Conclusions 

 The smif ligand provided the necessary stabilization required for the formation 

of four new inorganic titanium(II) coordination complexes, albeit in various mixtures. 

Even though 10-Ti was the only crystallographically characterized compound, NMR 

spectroscopy elucidated the identity of the three remaining species. XAS spectroscopy 

suggests this complex is best described as titanium(III). This would require at least a 

monoanionic smif ligand and the remaining three electrons may be distributed 

between smif and the rest of the ligand framework. The extensive 2-D spectroscopy in 

A B 
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conjunction with the 1H NMR spectrum permitted the assignments and identification 

of four titanium(II) compounds. Unexpected for the assignment of 11-Ti was the 

identification of three inequivalent pyridine rings. This seems consistent with a 

dimeric complex with a coupled smif ligand bridging between two (smif)Ti centers 

based upon the chemical shifts for the carbons in the smif backbone. XAS 

spectroscopy suggests a titanium(III) metal center. 11-Ti may be described as 

[(smif1.5-)2Ti3+]2, but this is a tentative assignment at best. The titanium(II) center in 

12-Ti has surprisingly been stabilized by a dipyridylamide and a smif ligand. The 

ability of smif to dimerize and undergo C–C coupling was observed in both complexes 

10-Ti and 13-Ti. The fact that crystals of 10-Ti in solution gave rise to the three other 

compounds suggests reversibility of the C–C bond formation. 

 

Experimental 

 General Considerations. All manipulations were performed using either 

glovebox or high vacuum line techniques. Hydrocarbon solvents containing 1-2 mL of 

added tetraglyme, and ethereal solvents were distilled under nitrogen from purple 

sodium benzophenone ketyl and vacuum transferred from same prior to use. Benzene-

d6 was dried over sodium, vacuum transferred and stored under N2. Li(smif) (5-Li) 

was prepared according to the procedures in the preceding chapter. TiCl3(THF)3
27 and  

1,3-(2-pyridyl)-2-azapropene (smifH)29 were prepared according to literature 

procedures. Lithium bis(trimethylsilyl)amide was purchased from Aldrich and 

recrystallized from hexanes prior to use. All other chemicals were commercially 

available and used as received. All glassware was oven dried. 

 NMR spectra were obtained using INOVA 400 and INOVA 600 

spectrometers. Chemical shifts are reported relative to benzene-d6 (
1H δ 7.16; 13C{1H} 

δ  128.39).  
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Synthesis. 1. (smif)2Mg (6-Mg). To a 25 mL round bottom flask charged with 

MgBr2 (0.091g, 0.49 mmol) and 5-Li (0.200 g, 0.98 mmol) was vacuum transferred 10 

mL THF at -78 °C resulting in a deep magenta solution which was slowly warmed to 

23 °C. After the solution stirred for 12 h, the volatiles were removed in vacuo. The 

solid was triturated with Et2O (3 x 5 mL) and filtered to yield (smif)2Mg as a 

microcrystalline gold solid (0.140 g, 68%). 1H NMR (C6D6, 400 MHz): δ 5.82 (dd, py-

C5
H, 1 H, J = 6.3, 1.0 Hz), 6.46 (d, py-C3

H, 1 H, J = 8.3 Hz), 6.72 (dd, py-C4
H, 1 H, J 

= 7.7, 1.8 Hz), 7.07 (s, CH, 1 H), 7.76 (d, py-C6
H, 1 H, J = 5.1 Hz). 13C{1H} NMR 

(C6D6, 100 MHz): δ 112.20 (CH), 114.14 (py-C3H), 117.61 (py-C5H), 137.04 (py-

C
4H), 147.90 (py-C6H), 158.46 (py-C2).  

 Titanium smif compounds: To a 50 mL 3-neck flask charged with lithium 

bis(trimethylsilyl)amide (0.340 g, 2.04 mmol) and 0.95 % sodium amalgam (0.024 g 

Na, 1.06 mmol) was vacuum transferred 15 mL THF at -78 °C. A solution of smifH 

(0.400 g, 2.02 mmol) in THF (20 mL) was slowly added to the 3-neck flask via a 

dropping funnel under argon. The solution immediately turned magenta and stirred at -

78 °C for 2 h prior to the addition of TiCl3(THF)3 (0.376 g, 2.25 mmol). The reaction 

mixture turned dark purple after slowly warming to 23 °C and was stirred for 16 h. 

The volatiles were removed in vacuo, and the resulting dark black-purple solid was 

filtered in toluene yielding a mixture of 4 titanium compounds (0.290 g).  

2. Lithium[(k-C,N
am

,N
im

,N
py

3-1,2-bis(pyridin-2-yl)-2-(pyridin-2-

ylmethyleneamino)ethyl)(pyridin-2-ylmethideyl)amido)Ti(smif)] (10-Ti). 
1H NMR 

(C6D6, 600 MHz): δ 4.15 (s, backboneC-CH, 1 H), 4.82 (d, backbone-CH, 1 H, J = 5.9 

Hz), 5.07 (t, pyim-C5
H, 1 H, J = 6.3, 1.2 Hz), 5.30 (d, backbone-CH, 1 H, J = 6.0 Hz), 

5.78 (t, pyasym’-C5
H, 1 H, J = 6.3 Hz), 5.95 (d, pyasym’-C3

H, 1 H, J = 8.5 Hz), 5.97 (t, 

pyim-C4
H, 1 H, J = 5.9, 1.2 Hz), 6.02 (t, pyasym-C5

H, 1 H, J = 6.3, 1.0 Hz), 6.11 (t, py’’’-

C5
H, 1 H, J = 6.3, 1.1 Hz), 6.16 (t, py’’-C5

H, 1 H, J = 6.3, 1.1 Hz), 6.31 (t, py’-C5
H, 1 
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H, J = 6.0 Hz), 6.34 (s, azaasym’-CH, 1 H), 6.40 (d, pyasym-C3
H, 1 H, J = 7.7 Hz), 6.41 

(d, py’’’-C3
H, 1 H, J = 9.0 Hz), 6.42 (s, azasym-CH, 1 H), 6.58 (d, py’’-C3

H, 1 H, J = 7.2 

Hz), 6.59 (t, pyasym’-C4
H, 1 H, J = 8.0 Hz), 6.62 (dd, pyasym-C4

H, 1 H, J = 8.1, 1.4 Hz), 

6.70 (t, py’’-C4
H, 1 H, J = 6.3, 1.8 Hz), 6.70 (s, im-CH, 1 H), 6.73 (d, py’-C3

H, 1 H, J 

= 7.7 Hz), 6.74 (d, pyim-C3
H, 1 H, J = 9.0 Hz), 6.82 (t, py’-C4

H, 1 H, J = 7.7, 1.8 Hz), 

6.97 (t, py’’’-C4
H, 1 H, J = 7.7 Hz), 7.17 (d, pyasym’-C6

H, 1 H, J = 4.4 Hz), 7.51 (d, 

py’’’-C6
H, 1 H, J = 4.7 Hz), 7.65 (d, py’-C6

H, 1 H, J = 4.7 Hz), 7.69 (d, py’’-C6
H, 1 H, 

J = 4.8 Hz), 8.15 (d, pyasym-C6
H, 1 H, J = 5.5 Hz), 8.42 (d, pyim-C6

H, 1 H, J = 6.6 Hz). 

13C{1H} (C6D6, 150 MHz): δ 76.50 (backbone-CH), 78.88 (backbone-CH), 87.72 

(backboneC-CH), 99.68 (pyim-C5H), 109.18 (py’’’-C5H), 110.72 (azasym-CH), 111.58 

(pyasym-C5H), 111.75 (pyasym’-C5H), 112.87 (azaasym’-CH), 115.38 (im-CH), 114.95 

(py’’’-C3H), 117.60 (pyasym-C3H), 117.62 (pyasym’-C3H), 121.43 (py’’-C5H), 121.59 

(py’-C5H), 121.68 (pyim-C4H), 122.93 (py’’-C3H), 123.34 (pyim-C3H), 124.88 (py’-

C
3H), 133.60 (pyasym’-C4H), 133.82 (py’’’-C4H), 134.39 (pyasym-C4H), 135.78 (py’’-

C
4H), 136.90 (py’-C4H), 142.74 (pyim-C2), 146.83 (py’’’-C6H), 147.40 (pyasym’-C6H), 

147.45 (pyim-C6H), 147.67 (py’-C6H), 147.87 (py’’-C6H), 149.74 (pyasym-C6H), 156.80 

(pyasym’-C2), 156.93 (pyasym-C2), 164.33 (py’-C2), 164.52 (py’’-C2), 164.82 (py’’’-C2). 

3. (smif)2Ti (11-Ti). 
1H NMR (C6D6, 600 MHz): δ 2.19 (s, azasym-CH, 2 H), 

2.60 (td, pyasym’-C5
H, 1 H, J = 6.6, 1.1 Hz), 3.05 (s, azaasym’-CH, 1 H), 3.18 (t, pyasym-

C4
H, 1 H, J = 8.6 Hz), 3.35 (s, azaasym-CH, 1 H), 3.49 (d, pyasym’-C6

H, 1 H, J = 7.3 

Hz), 4.09 (t, pyasym’-C4
H, 1 H, J = 7.8 Hz), 4.40 (dd, pyasym-C5

H, 1 H, J = 9.3, 6.0 Hz), 

4.53 (d, pyasym’-C3
H, 1 H, J = 9.3 Hz), 4.71 (d, pyasym-C6

H, 1 H, J = 7.0 Hz), 4.98 (d, 

pyasym-C3
H, 1 H, J = 9.7 Hz), 6.44 (d, pysym-C3

H, 2 H, J = 8.1 Hz), 7.36 (t, pysym-C4
H, 

2 H, J = 8.6 Hz), 8.08 (t, pysym-C5
H, 2 H, J = 6.6 Hz), 13.88 (d, pysym-C6

H, 2 H, J = 

4.6 Hz). 13C{1H} (C6D6, 150 MHz): δ 74.93 (azasym-CH), 100.00 (pyasym-C4H), 100.59 

(pyasym’-C5H), 108.46 (azaasym’-CH), 108.76 (azaasym-CH), 122.37 (pyasym’-C3H), 
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123.00 (pyasym-C3H), 124.63 (pysym-C5H), 125.54 (pyasym-C5H), 125.65 (pysym-C3H), 

126.19 (pyasym’-C4H), 136.92 (pysym-C4H), 146.22 (pyasym’-C6H), 147.17 (pyasym-C6H), 

150.78 (pysym-C2), 154.25 (pysym-C6H), 156.67 (pyasym-C2), 156.74 (pyasym’-C2). 

4. (smif)(dpma)Ti (12-Ti). 
1H NMR (C6D6, 600 MHz): δ 3.19 (t, pysmif-C5

H, 1 

H, J = 8.6 Hz), 3.29 (s, dpma-CH2, 2 H), 3.43 (s, aza-CH, 1 H), 4.08 (d, pysmif-C6
H, 1 

H, J = 7.1 Hz), 4.51 (t, pysmif-C4
H, 1 H, J = 9.3, 6.0, 1.2 Hz), 4.91 (d, pysmif-C3

H, 1 H, 

J = 9.3 Hz), 6.86 (d, pydpma-C3
H, 1 H, J = 9.4 Hz), 7.36 (t, pydpma-C4

H, 1 H, J = 6.0 

Hz), 7.84 (t, pydpma-C5
H, 1 H, J = 6.6 Hz), 13.61 (d, pydpma-C6

H, 1 H, J = 5.0 Hz). 

13C{1H} (C6D6, 150 MHz): δ 61.83 (dpma-CH2),100.11 (pysmif-C5H), 108.43 (aza-

CH), 121.68 (pydpma-C3H), 122.76 (pysmif-C3H), 124.13 (pydpma-C5H), 125.54 (pysmif-

C
4H), 138.17 (pydpma-C4H), 146.08 (pysmif-C6H), 153.12 (pydpma-C6H), 153.88 (pydpma-

C
2), 155.72 (pysmif-C2).   

5. (κκκκ-N
am

,N
py

2-2,3,5,6-tetrakis(pyridin-2-yl)piperazin-1-yl)(smif)Ti (13-Ti). 

1H NMR (C6D6, 600 MHz): δ 2.80 (t, backbonesymUC-CH, 2 H, J = 9.8 Hz), 3.01 (t, 

NH, 1 H, J = 9.8 Hz), 3.02 (t, pyasym-C5
H, 1 H, J = 7.6 Hz), 3.20 (s, azaasym-CH, 1 H), 

3.41 (s, azaasym’-CH, 1 H), 3.52 (t, pyasym’-C4
H, 1 H, J = 6.5 Hz), 4.12 (d, pyasym-C6

H, 1 

H, J = 6.8 Hz), 4.33 (dd, pyasym-C4
H, 1 H, J = 9.3, 6.0 Hz), 4.38 (d, backbonesymC-CH, 

2 H, J = 8.7 Hz), 4.63 (dd, pyasym’-C5
H, 1 H, J = 9.0, 5.8 Hz), 4.68 (d, pyasym’-C3

H, 1 

H, J = 9.1 Hz), 5.02 (d, pyasym’-C6
H, 1 H, J = 6.9 Hz), 5.04 (d, pyasym’-C3

H, 1 H, J = 

9.0 Hz), 5.99 (d, pysymC-C3
H, 2 H, J = 5.8 Hz), 6.30 (d, pysymUC-C3

H, 2 H, J = 7.7 Hz), 

6.56 (t, pysymUC-C5
H, 2 H, J = 6.8 Hz), 6.87 (t, pysymUC-C4

H, 2 H, J = 7.7 Hz), 7.09 (t, 

pysymC-C4
H, 2 H, J = 7.7, 1.4 Hz), 7.92 (t, pysymC-C5

H, 2 H, J = 6.3 Hz), 8.38 (d, 

pysymUC-C6
H, 2 H, J = 4.4 Hz), 13.99 (d, pysymC-C6

H, 2 H, J = 4.8 Hz). 13C{1H} (C6D6, 

150 MHz): δ 66.39 (backbonesymUC-CH), 73.85 (backbonesymC-CH), 100.20 (pyasym’-

C
4H), 100.79 (pyasym-C5H), 108.28 (azaasym’-CH), 108.66 (azaasym-CH), 122.47 

(pysymUC-C5H), 122.80 (pyasym’-C3H), 123.12 (pyasym’-C3H), 123.38 (pysymC-C3H), 
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124.55 (pysymC-C5H), 124.69 (pysymUC-C3H), 125.30 (pyasym’-C5H), 125.71 (pyasym-

C
4H), 135.87 (pysymUC-C4H), 137.11 (pysymC-C4H), 146.81 (pyasym-C6H), 147.65 

(pyasym’-C6H), 149.92 (pysymUC-C6H), 152.74 (pysymC-C2), 154.23 (pysymC-C6H), 156.11 

(pyasym-C2), 156.21 (pyasym’-C2),159.96 (pysymUC-C2). 

XAS Spectroscopy. XAS data were measured at the Stanford Synchrotron 

Radiation Lightsource using focused beam line 9-3, under ring conditions of 3 GeV 

and 60-100 mA.  A Si(220) double-crystal monochromator was used for energy 

selection and a Rh-coated mirror (set to an energy cutoff of 9 keV) was utilized in 

combination with 30% detuning for rejection of higher harmonics.  All samples were 

prepared as dilutions in BN and measured as transmission spectra. Samples were 

maintained at 10K using an Oxford continuous flow. To check for reproducibility, 2-3 

scans were measured for all samples. The energy was calibrated from Ti foil spectra, 

with the first inflection set to 4966.0 eV. A step size of 0.11 eV was used over the 

edge region. Data were averaged, and a smooth background was removed from all 

spectra by fitting a polynomial to the pre-edge region and subtracting this polynomial 

from the entire spectrum. Normalization of the data was accomplished by fitting a 

flattened polynomial or straight line to the post-edge region and normalizing the edge 

jump to 1.0 at 5000 eV. 

Single Crystal X-Ray Diffraction Studies. Upon isolation, the 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-monochromated MoKα 

radiation, λ = 0.71073 Å). The structures were solved by direct methods (SHELXS). 

All non-hydrogen atoms were refined anisotropically unless stated, and hydrogen 

atoms were treated as idealized contributions (Riding model). 

6. 10-Ti. A metallic gold-green block (0.35 x 0.25 x 0.15 mm) was obtained 

from benzene at 23 °C. A total of 29,322 reflections were collected with 8,504 



 126 

determined to be symmetry independent (Rint = 0.0356), and 6,256 were greater than 

2σ(I). A semi-empirical absorption correction from equivalents was applied, and the 

refinement utilized w-1 = σ2(Fo
2) + (0.0461p)2 + 0.3555p, where p = ((Fo

2 + 2Fc
2)/3). 
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CHAPTER 4  

Reactivity of the Coordinated Dipyridylazaallyl Ligand on Iron∗  

Introduction 

As previously mentioned in Chapter 1, the serendipitous formation of 

(smif)CrN(TMS)2 (4-Cr) was an interesting discovery. The smif ligand not only 

exhibits unique optical properties, but it is also has the ability to stabilize complexes 

with low symmetry. In seeking to achieve the ultimate goal of the project by 

generating 1st-row transition metal catalysts, this ligand framework seemed promising. 

While the low symmetry of a mono-smif metal complex may lend itself toward 

catalysis, the azaallyl backbone has potential applications in the synthesis of new 

heterocycles, which may be beneficial in drug syntheses. 

Hopes for catalysis stem from the Buchwald-Hartwig chemistry for 

synthesizing new C-N bonds from aryl halides and anilines.1-3 Efforts in our laboratory 

would focus on generating the iron analog of 4-Cr because this complex would be less 

toxic and less expensive. With respect to a potential catalytic cycle, one may envision 

treating a (smif)FeN(TMS)2 complex with an aryl halide to generate the oxidative 

addition product, an iron(IV) species, which has the potential to be stabilized by the 

smif ligand. Reductive elimination of an arylated amine would generate a (smif)FeX 

species. This complex may be converted to a variety of different smif-iron-amide 

complexes depending upon which free amine was desired for coupling. One can 

envision the generation of secondary amines in addition to tertiary amines.  

Heterocycles are an integral part of natural products and drug syntheses.4 It is 

important to find new ways to generate these pieces as syntheses for natural products 

are often sensitive to reaction conditions. A common method used to synthesize 

                                                 
∗ Reproduced with permission from: Frazier, B. A.; Wolczanski, P. T.; Lobkovsky, E. B.; Cundari, T. 
R. J. Am. Chem. Soc. 2009, 131, 3428-3429. 
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heterocyclic five-membered rings has employed the use of azaallyl fragments. As 

shown in Figure 4.1, a few general types of azaallyl fragments have been prepared 

since the early 1900’s and subsequent reactivity for the fragments has been probed.  

 

 

 

 

Figure 4.1. Anionic azaallyl fragments. 

 

Treatment of the anionic 2-azaallyl complex with unsaturated organic substrates has 

led to the formation of new five-membered heterocyclic rings via [3+2] 

cycloadditions. These azaallyls have been subjected to alkenes,5-14 imines,5,6,15,16 

nitriles, 5,6,17-20 carbonyl containing molecules, 5,6,15,16,20 and diazo compounds. 5,6,15,16 

In a few cases, exposing an azaallyl complex to a diene has generated a ring size larger 

than five.21-23 The smif ligand is a variant of the anionic 2-azaallyl fragment; therefore, 

similar reactivity from the smif backbone is anticipated.   

 

Results and Discussion 

 Synthesis of ligands. As described in Chapter 2, condensation of 2-

pyridinecarboxaldehyde with 2-(aminomethyl)pyridine yielded 1,3-di-(2-pyridyl)-2-

azapropene, smifH, in quantitative yield (eq 4.1).24  
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Ligand modifications for smifH proved synthetically challenging as altering pyridine 

rings is not a trivial task, and commercially available substituted 2-picolylamines, 2-

pyridinecarboxaldehydes, or even 2-cyanopyridines are expensive. Condensation of 6-

methyl-2-pyridinecarboxaldehyde with substituted 2-(aminomethyl)pyridines afforded 

new dipyridylimines (eq 4.2).25 oMesmifH was isolated as a pale yellow liquid in 97 

% yield, and the pale yellow solid, oMe2smifH, was isolated in 92 % yield. 1H NMR 

spectroscopy revealed the presence of only one isomer in solution. Substitution ortho 

to the pyridine nitrogen was intended to prevent the formation of (smif)2M complexes, 

whereas backbone substitution was designed to prevent ligand reactivity. 

Deprotonation of the acidic benzylic protons on the appropriate smifH ligand in THF 

followed by the addition of two equivalents of CH3I yielded ligands possessing 

methylated backbones (Scheme 4.1).  

Scheme 4.1. Synthesis of backbone methylated smifH derivatives. 
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Di-(2-picolyl)amine, Hdpma, was another desired ligand as it would generate 

a monoanionic amide upon deprotonation, differing from an azaallyl ligand by 2 H+ 

and 2 e-. This organic molecule is commercially available, yet slightly expensive. 

Efforts to incorporate deuteration into the benzylic positions generating D-d4dpma led 

to the discovery of an alternative and cheaper synthetic route. Previous work by 

Incarvito et al. showed that the reduction of smifH with sodium borohydride followed 

by an acidic work-up yielded Hdpma (eq 4.3).24  

Interestingly, synthetic attempts to isolate deuterated (2-aminomethyl)pyridine, D-

d2pma, a smifH precursor, via a literature procedure26 yielded a mixture of two 

compounds, i.e. D-d2pma and D-d4dpma, which were easily separated via distillation 

(eq 4.4). Optimization of reaction conditions showed that refluxing a suspension of 2-

cyanopyridine and sodium borodeuteride in CH3OD for 16 h yielded D-d4dpma and 

D-d2pma in 44% and 28 % yields, respectively.  

 

Synthesis of (smif)FeN(TMS)2 and analogs. Efforts to generate potential 

Buchwald-Hartwig catalysts focused on synthesizing mono-smif iron analogues of 

(smif)CrN(TMS)2 (4-Cr). Treatment of Fe{N(TMS)2}2(THF)27 in Et2O with one 

equivalent of smifH generated a deep emerald green solution, i.e. (smif)FeN(TMS)2 

(14-Fe), from which [{(Me3Si)2N}Fe]2(μ-Nam
2,Npy

4-2,3,5,6-tetrakis(pyridin-2-

N
N

N

1. CH3CN/HOAc
2. NaBH4/EtOH, 18 h

3. H+ N
N
H N

HHH H

(4.3)

smifH Hdpma
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yl)piperazyl) ([14-Fe]2) was isolated as orange crystals in 74 % yield (Scheme 4.2). 1H 

NMR spectroscopy revealed a paramagnetic complex containing one smif 

environment and a N(TMS)2 group. It is noteworthy to mention that optimization of 

reaction conditions, e.g. rate and order of addition for reagents, was important to avoid 

the formation of 6-Fe. Single crystal, x-ray crystallographic studies revealed that 14-

Fe dimerizes in the solid state to form a bridging tetra-substituted piperazine bis-

amide ligand, [14-Fe]2. A Keq value of ~ 4 x 10-4 M-1 (ΔG° ≈ 5 kcal/mol) for the 

dimerization from 14-Fe ≡ [14-Fe]2 was established via 1H NMR spectral analysis.28  

Scheme 4.2. Synthesis of (smif)FeN(TMS)2 (14-Fe) and dimerization to [14-Fe]2. 

 

 The dimerization of the smif backbone may be better understood by examining 

the electronic features associated with the CNazaCnb orbital. As shown in Figure 4.2, 

the CNazaCnb orbital can be utilized to write a simplified wave function, Ψ. Expansion 

of the orbital component of Ψ yields ionic and covalent portions, which may be 

indicative of heterolytic and diradical reactivity, respectively. Therefore, the 

dimerization event to yield [14-Fe]2 may be considered either an electrophile-

nucleophile process or a diradical coupling event (Scheme 4.3). 
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Figure 4.2. Electronic features of CNazaCnb orbital providing rationale for potential 
reactivity. 
 

 
Scheme 4.3. Dimerization event to form [14-Fe]2 from 14-Fe via an electrophile-
nucleophile process (left) or diradical coupling event (right). 

 

To better understand why orange crystals of [14-Fe]2 yielded a deep emerald 

green color in solution, a bis-amide analog incapable of C-C bond formation was 

prepared. Exposing Fe{N(TMS)2}2(THF) in Et2O with one equivalent of Hdpma 

afforded red needles of (dpma)FeN(SiMe3)2 (15-Fe) in 64 % yield (Scheme 4.4). 
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Cherry-red solutions of 15-Fe did not exhibit unusual optical intensities (λmax = 549 

nm, ε ~ 1,500 M-1 cm-1), thereby implying that solutions containing [14-Fe]2 as the 

piperazine amide would be relatively weakly colored. However, crystals of [14-Fe]2 

dissolved in benzene produced solutions of great intensities (λmax = 633 nm, e ~ 

52,000 M-1 cm-1) suggesting reversion to the monomeric form, 14-Fe, in solution. The 
1H NMR spectrum of the paramagnetic complex, 15-Fe, showed one N(TMS)2 group 

and one dpma environment, and the compound is depicted as a monomeric square 

planar complex. However, 15-Fe may exist as a dimeric complex as shown in Scheme 

4.4.  

Scheme 4.4. Synthesis of (dpma)FeN(TMS)2 (17-Fe). 

 

Similar to the synthesis of 14-Fe, reaction conditions were carefully controlled 

to produce 15-Fe because a fast addition of Hdpma led to the formation of a new 

paramagnetic complex, (dpma)2Fe (16-Fe), whose synthesis was optimized via the 

treatment of Fe{N(TMS)2}2(THF) in Et2O with two equivalents of Hdpma (eq 4.5). 

16-Fe was isolated as dark blue-metallic purple crystals in 75 % yield from a dark blue 

solution and was crystallographically characterized. 1H NMR spectroscopy revealed 

one set of dpma peaks with chemical shifts ranging from 8 to 165 ppm. It is important 
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to note that this complex differs from 6-Fe by 4 H+ and 4 e-; therefore, 16-Fe may be 

construed as a potential source of dihydrogen. 

 

Characterization of (smif)FeN(TMS)2 (14-Fe): X-ray Structure of [14-Fe]2. 

X-ray quality, orange parallelpiped single crystals of [14-Fe]2 were isolated from 

pentane after recrystallization at 80 °C. Select crystallographic and refinement data for 

[14-Fe]2 are listed in Table 4.1. Pertinent bond distances and angles are listed in Table 

4.2. The solid state structure of [14-Fe]2, shown in Figure 4.3, depicts a square planar 

Fe(II) compound with an amide, N(TMS)2, perpendicular to the plane produced by the 

dimerized smif ligand, or bridging tetra-substituted piperazine. Amide nitrogens in 

[14-Fe]2 span an angle of 178.53(4) ° (N2-Fe1-N4) around iron in contrast to the 

NazaCrNam angle of 168.76(8) ° observed in the structure of (smif)CrN(TMS)2 (4-Cr). 

Similar to all crystallographically characterized smif complexes, the pyridines of this 

tetra-substituted piperazine ligand span an angle of 154.48(4) ° around iron. The 

piperazine chelate has acute bite angles, i.e. ∠N2-Fe1-N1 = 77.20(4) ° and ∠N2-Fe1-

N3 = 77.38(4) °. Consequently, the corresponding angles between the pyridine 

nitrogens and the amide nitrogen from N(TMS)2 are obtuse: ∠N4-Fe1-N1 = 101.94(4) 

° and ∠N4-Fe1-N3 = 103.43(4) °. Similar core angles are seen in the structure of 4-

Cr. The piperazine chelate possesses amide nitrogen-carbon distances of 1.4334(17) Å 

and 1.4356(16) Å, consistent with an sp2(N)-sp3(C) assignment, whereas smif 

complexes have Naza-C distances ~ 1.33 Å, which are more indicative of a delocalized 
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anion. Additionally, the dimerization of 14-Fe to [14-Fe]2 results in the reversible 

formation of an sp3(C) -sp3(C) bond with a distance of 1.5781(18) Å, slightly 

elongated from the expected value of 1.54 Å and perhaps indicative of its reversibility. 

Iron-nitrogen bond distances are normal and distinguish between the types of 

nitrogens. Pyridine nitrogen-iron bond lengths are 2.1950(11) Å and 2.1910(11) Å 

consistent with σ-donation from the pyridine, whereas the amide-iron distances are 

shorter, i.e. d(Fe1-N2) = 1.9432(10) Å and d(Fe1-N4) = 1.9538(10) Å. 

 

Figure 4.3. Molecular structure of [(smif)FeN(TMS)2]2 [14-Fe]2. Thermal ellipsoids 
are at 50 % probability level. 
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Table 4.1. X-ray crystallographic data for [(smif)FeN(TMS)2]2 [14-Fe]2, (dpma)2Fe (16-Fe), [(Me4smif)FeN(TMS)2]2 (28-Fe), 
[(2,5-di(pyridin-2-yl)-3,4-di-(p-tolyl-2,5-di hydropyrrol-1-ide))FeN(TMS)2]2 (29-Fe), and (2,6-iPr2PhNCOsmif)2Fe (30-Fe).  
 

[14-Fe]2 16-Fe 28-Fe 29-Fe 30-Fe-DIPP

Formula C18H28N4Si2Fea C24H24N6Fe C44H72N8Si4Fe2
b C68H84N8Si4Fe2

c C54H62N8O3Fed

Formula weight 412.47 452.34 937.16 1237.49 926.97
Crystal system Triclinic Orthorhombic Triclinic Monoclinic Orthorhombic
Space group P �1 P 212121 P �1 P 21/c P cca
Z 2 8 1 4 8
a  (Å) 8.0558(5) 8.5577(4) 8.5974(6) 13.8897(7) 34.168(5)
b  (Å) 10.8367(7) 16.6991(6) 12.1386(9) 35.0779(17) 17.174(3)
c  (Å) 14.3114(9) 30.5536(12) 12.5960(9) 15.5291(8) 18.038(3)
α (°) 72.491(3) 90 87.456(5) 90 90
β (°) 85.244(4) 90 81.005(5) 90.361(2) 90
γ (°) 81.614(4) 90 69.286(4) 90 90
V  (Å3) 1177.73(13) 4366.3(3) 1214.34(15) 7566.0(7) 10585(3)
ρcalc g/cm3 1.163 1.376 1.282 1.086 1.163
μ (mm–1) 0.749 0.714 0.735 0.487 0.333
temp (K) 173(2) 173(2) 173(2) 173(2) 173(2)
λ (Å) 0.71073 0.71073 0.71073 0.71073 0.71073
final R indices [I > 2σ(I)]e,f R1 = 0.0389 R1 = 0.0388 R1 = 0.0384 R1 = 0.0431 R1 = 0.0631

w R2 = 0.0963 w R2 = 0.0708 w R2 = 0.0794 w R2 = 0.1050 w R2 = 0.1402
R indices (all data)e,f R1 = 0.0533 R1 = 0.0560 R1 = 0.0586 R1 = 0.0740 R1 = 0.1287

w R2 = 0.1018 w R2 = 0.0769 w R2 = 0.0858 w R2 = 0.1141 w R2 = 0.1592
GOFg 1.048 1.035 1.014 1.016 1.002
a The asymmetric unit is twice the formula unit; Pentane was SQEEZEd. b The asymmetric unit is 1/2 the formula unit. c A molecule of
Et2O was SQEEZEd. d The asymmetric unit contains one molecule 30-Fe-DIPP and one molecule of THF. A molecule of THF was SQEEZEd.
e R1 = Σ||F o | - |F c ||/Σ|F o |. fw R2 = [Σw (|F o | - |F c |)2/ΣwF o

2]1/2. g GOF (all data) = [Σw (|F o | - |F c |)2/(n - p )]1/2, n  = number
of independent reflections, p = number of parameters.
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Table 4.2. Selected interatomic distances and angles for [(smif)FeN(TMS)2]2, [14-
Fe]2. 

 

 Magnetism of [(smif)FeN(TMS)2]2 [14-Fe]2 and (dpma)FeN(TMS)2 (15-

Fe). Temperature dependence studies of the molar susceptibility were conducted after 

the observation of a paramagnetic 1H NMR spectrum for 14-Fe (Figure 4.4). SQUID 

magnetometry data for [14-Fe]2 revealed a μeff of 7.34 μB at 293 K, consistent with the 

expected spin-only value of 6.93 μB for two high spin (S = 2) Fe(II) centers. The 

magnetic moment values decrease below 50 K, presumably due to a large amount of 

zero field splitting (ZFS). In comparison to [14-Fe]2, an effective magnetic moment of 

4.4 μB at 293 K was obtained from SQUID magnetometry data (Figure 4.4) for 

dimeric [15-Fe]2 as proposed in Scheme 4.4. This is consistent with an S = 2 GS with 

significant antiferromagnetic coupling between the metal centers. Similar behavior 

was observed for another bis-amide complex.  
 
 
 
 

Bond Distances (Å) Bond Angles (°)
Fe1 - N1 2.1950(11) N1 - Fe1 - N2 77.20(4)
Fe1 - N2 1.9432(10) N1 - Fe1 - N3 154.48(4)
Fe1 - N3 2.1910(11) N1 - Fe1 - N4 101.94(4)
Fe1 - N4 1.9538(10) N2 - Fe1 - N3 77.38(4)
C6 - C7 1.5781(18) N2 - Fe1 - N4 178.53(4)
N2 - C6 1.4334(17) N3 - Fe1 - N4 103.43(4)
N2 - C7 1.4356(16) Fe1 - N1 - C1 126.44(9)

Fe1 - N1 - C5 112.76(8)
Fe1 - N3 - C8 112.50(9)
Fe1 - N3 - C12 126.93(9)
Fe1 - N2 - C6 120.95(8)
Fe1 - N2 - C7 120.66(8)
Fe1 - N4 - Si1 118.22(6)
Fe1 - N4 - Si2 114.75(6)
C6 - N2 - C7 113.94(10)
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Figure 4.4. SQUID data for [(smif)FeN(TMS)2]2 [14-Fe]2 and [(dpma)FeN(TMS)2]2 
[15-Fe]2: Magnetic moment (μeff in μB) as a function of T (K). 

 

 UV-vis Spectra of (smif)FeN(TMS)2 (14-Fe) and (dpma)FeN(TMS)2 (15-

Fe). In solution, 14-Fe transmits an intense emerald green color, consistent with the 

strong absorptions observed in the red and blue regions of its UV-vis spectrum in 

pentane (Figure 4.5). Two main features occur at 399 nm and 633 nm with large 

extinction coefficients of ~ 37,000 M-1 cm-1 and ~ 52,000 M-1 cm-1, respectively. These 

absorptions may be attributed to IL transitions between the CNazaCnb orbitals to smif-

π* orbitals as seen in the UV-vis spectra of other smif complexes. Conversely, the 

UV-vis spectrum of 15-Fe possesses one feature at 549 nm (ε ~ 1,500 M-1 cm-1) in an 

otherwise mostly featureless spectrum (Figure 4.4).  
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Figure 4.5. UV-vis spectra of (smif)FeN(TMS)2 (14-Fe, emerald green) in pentane: 
399 nm (ε ~ 37,000 M-1 cm-1), 633 nm (ε ~ 52,000 M-1 cm-1). UV-Vis spectrum of 
(dpma)FeN(TMS)2 (15-Fe, red) in benzene: 549 nm (ε ~ 1,500 M-1 cm-1). 

 

 Mössbauer Spectroscopy of [(smif)FeN(TMS)2]2 [14-Fe]2. The Mössbauer 

spectrum of [14-Fe]2 is depicted in Figure 4.6, and pertinent parameters are listed in 

Table 4.3. The isomer shift for [14-Fe]2 is 0.86 mm/s, consistent with a high spin 

Fe(II) center. The quadrupole splitting value of 1.07 mm/s suggests asymmetry in the 

electric field, as expected with square planar geometry. Line widths are 0.46 mm/s.  
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Figure 4.6. Mössbauer spectrum of [(smif)FeN(TMS)2]2 [14-Fe]2 at 80 K. 

 
Table 4.3. Mössbauer parameters for (smif)2Fe (6-Fe), [(smif)FeN(TMS)2]2 ([14-
Fe]2), (dpma)2Fe (16-Fe), (oMesmif)2Fe (22-Fe), and (oMe2smif)2Fe (23-Fe).  
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Velocity (mm/s)
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ba

nc
e

[14-Fe]2
[14-Fe]2 Fit

δ = 0.86 mm/s
ΔEQ = 1.07 mm/s
ΓFWHM = 0.46 mm/s

Compound Temperature δ (mm/s) ΔEQ (mm/s) ΓFWHM (mm/s)

6-Fe 80K 0.30(1) 0.62(1) 0.25(1)

[14-Fe]2 80K 0.86 1.07 0.46

16-Fe 80K 0.94 0.86 0.39

22-Fe 80K 0.38 0.99 0.31
200K 0.34 1.00 0.28

23-Fe 15Ka 1.05 2.24 0.36
15Kb 1.01 0.77 0.49
80Kc 1.04 2.18 0.39
80Kd 1.02 0.65 0.50

a 23-Fe (81 %). b Impurity (19 %). c 23-Fe (82 %). d Impurity (18 %).
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 Characterization of (dpma)2Fe (16-Fe): X-ray Structure of 16-Fe. Single 

crystal, x-ray diffraction quality, dark blue-metallic purple plates of 16-Fe were 

obtained from a 1:1 mixture of pentane and benzene. Select crystallographic and 

refinement data for 16-Fe are listed in Table 4.1, and pertinent bond distances and 

angles are listed in Table 4.4. As shown in Figure 4.7, the solid state structure of 16-

Fe displays two tridentate ligands occupying an octahedral geometry about iron, 

thereby giving rise to the D2d symmetry, which was also observed in the crystal 

structure of 6-Fe. The asymmetric unit of 16-Fe contains two molecules. 16-Fe 

exhibits a slight Cs distortion from D2d symmetry as the amide nitrogens span an angle 

of 175.9(16) °, and the corresponding angle in 6-Fe is 179.11(6) °. The dipyridyl 

amide chelate possesses NpyFeNpy angles averaging 150.9(16) ° resulting in acute bite 

angles, i.e. ∠NamFeNpy = 75.5(4) °, whereas the azaallyl chelate in 6-Fe has NpyFeNpy 

angles averaging 164.53(11) ° with concomitantly larger bite angles (82.30(24) °, 

ave). In comparison to 6-Fe, the elongation of the iron-nitrogen bond lengths in 16-Fe 

is consistent with a decrease in the ligand field stabilization energy relative to 6-Fe; 

this suggests that dpma is a weaker field ligand than smif, and the σ* orbitals are 

populated in 16-Fe. The iron-amide nitrogen distance in 16-Fe of 2.001(13) Å (ave) is 

0.10 Å larger than the average iron-azaallyl nitrogen distance of 1.9012(14) Å in 6-Fe. 

A smaller difference was observed in the iron-pyridine nitrogen bond lengths, which 

increased from 1.9634(12) Å in 6-Fe to 2.201(13) Å in 16-Fe. The Nam-C bond 

lengths averaging 1.418(2) Å are consistent with an sp2(N)-sp3(C) assignment and are 

clearly different than the delocalized anion present in 6-Fe, which possesses Naza-C 

distances of ~ 1.33 Å.  
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Figure 4.7. Molecular structure of (dpma)2Fe (16-Fe). Thermal ellipsoids are at 50 % 
probability level. 

 

Table 4.4. Selected interatomic distances and angles for (dpma)2Fe (16-Fe). 

  

 Magnetism of (dpma)2Fe (16-Fe). Initial studies on the magnetism of 16-Fe 

were performed in solutions of C6D6, and effective magnetic moments were calculated 

using Evans’ method.29 Solution studies revealed a μeff of 5.0 μB at 293 K, consistent 

Bond Distances (Å) Bond Angles (°)
Fe - Nam 2.001(13) ave Nam - Fe - Nam' 175.9(16)

Fe - Npy 2.201(13) ave Npy - Fe - Npy 150.9(16) ave

Nam - C 1.418(2) ave Nam - Fe - Npy 75.5(4) ave

Nam - Fe - Npy' 99.8(2) - 109.5(2)

Npy - Fe - Npy' 86.90(7) - 101.00(7)
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with an S = 2 GS for a high spin Fe(II) center. Temperature dependence of the molar 

susceptibility was also investigated (Figure 4.8). SQUID magnetometry data 

confirmed an S = 2 GS for 16-Fe with a value of 5.2 μB at 293 K, slightly higher than 

the solution value. Both μeff values are higher than the spin-only value of 4.90 μB 

expected for an S = 2 GS, which may be a result of spin-orbit coupling in addition to 

orbital angular momentum. A modest decrease in the magnetic moments occurs below 

50 K and may be attributed to ZFS.  

Figure 4.8. SQUID data for (dpma)2Fe (16-Fe): Magnetic moment (μeff in μB) as a 
function of T (K). 

 

 UV-vis Spectrum of (dpma)2Fe (16-Fe). Dark blue-metallic purple crystals of 

16-Fe generate a dark blue solution in pentane. In comparison to the UV-vis spectrum 

of 6-Fe that possesses an extinction coefficient of 42,000 M-1 cm-1 for the strongest 

absorption, the UV-vis spectrum of 16-Fe, shown in Figure 4.9, appears rather 

featureless. Only two distinguishable features occur at 360 nm and 708 nm with 
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relatively small extinction coefficents of ~ 5,000 M-1 cm-1 and ~ 3,700 M-1 cm-1, 

respectively.  

Figure 4.9. Overlay of UV-vis spectra for (smif)2Fe (6-Fe) and (dpma)2Fe (16-Fe). 
UV-vis spectrum of (dpma)2Fe (16-Fe, blue) in pentane: 360 nm (ε ~ 5,000 M-1 cm-1), 
708 nm (ε ~ 3,700 M-1 cm-1).  

 

 Mössbauer Spectroscopy of (dpma)2Fe (16-Fe). Pertinent Mössbauer 

parameters for 16-Fe are listed in Table 4.3. The spectrum of 16-Fe, shown in Figure 

4.10, reveals an isomer shift of 0.94 mm/s, indicative of a high spin Fe(II) center. A 

fairly symmetric electric field surrounds the iron as the ΔEQ value is 0.86 mm/s. Line 

widths are 0.39 mm/s. These Mössbauer parameters are significantly different than 

those observed for 6-Fe, the low spin Fe(II) complex, and are comparable to those 

observed for the other high spin Fe(II) complexes in our study. 
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Figure 4.10. Mössbauer spectrum of (dpma)2Fe (16-Fe) at 80 K.  

 

 Hydrogenation Chemistry by (dpma)2Fe (16-Fe). With (smif)2Fe (6-Fe) and 

(dpma)2Fe (16-Fe) in hand, research efforts focused on finding a potential catalytic 

cycle between the two complexes as they differ by 4 H+ and 4 e-, which is ideal for 

proton coupled electron transfer processes. Unfortunately, all attempts to hydrogenate 

6-Fe to 16-Fe via the addition of excess H2, H2 with Pd/C, 1,2-diphenylhydrazine, 1,3- 

and 1,4-cyclohexadiene were unsuccessful. Efforts to promote hydrogenation via 

photolysis in the presence of the cyclohexadienes also failed, suggesting stability of 6-

Fe. Density functional theory30-34 calculations showed that the reverse process, i.e. the 

dehydrogenation of 16-Fe, is favored by 12.5 kcal/mol (Figure 4.11). 
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Figure 4.11. Calculated thermodynamic parameters for the conversions between 
(dpma)2Fe (16-Fe), (smif)(dpma)Fe (17-Fe), and (smif)2Fe (6-Fe). 

 

 Research efforts shifted toward investigating the dehydrogenation potential of 

16-Fe with a variety of unsaturated organic complexes, and the results of these sealed 

tube experiments are summarized in Scheme 4.5. 1H NMR spectroscopy revealed the 

formation of 6-Fe and Hdpma upon exposing 16-Fe to benzophenone in addition to a 

series of new paramagnetically shifted peaks, whose identities were elucidated upon 

investigating potential side reactions. Several plausible paramagnetic species may 

exist: the partially dehydrogenated 16-Fe, i.e. (smif)(dpma)Fe (17-Fe), as well as 

(dpma)FeOCHPh2 (18-Fe) or (smif)FeOCHPh2 (19-Fe) resulting from the reactivity of 

the hydrogenated benzophenone, i.e. diphenylmethanol, with 16-Fe or 17-Fe 
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displacing Hdpma. All potential side products were independently synthesized. The 

isolation of a pure sample of 17-Fe, a dark red, paramagnetic solid, was complicated 

by contamination with 6-Fe in varying ratios (Scheme 4.6). Exposure of 14-Fe in Et2O 

with an equivalent of Hdpma yielded 17-Fe in a 16:1 ratio with 6-Fe, whereas 

treating 15-Fe with an equivalent of smifH afforded a 2:1 mixture of 17-Fe and 6-Fe, 

respectively. 1H NMR spectroscopy revealed the presence of 17-Fe during slower 

hydrogenation reactions. The presence of (dpma)FeOCHPh2 (18-Fe), a plum colored 

solid, and absence of (smif)FeOCHPh2 (19-Fe), a dark green compound, was also 

confirmed via their independent syntheses by treating the respective starting N(TMS)2 

complexes (15-Fe and 14-Fe)  with diphenylmethanol in ethereal solvents (Scheme 

4.7). The remaining paramagnetic peaks may be attributable to the presence of an 

“Fe(OCHPh2)2” species.  

 Hydrogenation of unsaturated nitrogen containing organic molecules was also 

explored. 1H NMR spectroscopy revealed the formation of dibenzylamine and 6-Fe 

after heating a solution of 16-Fe with benzylidene-1-phenylmethanamine 

(PhCH=NCH2Ph) at 50 °C for 16 h. A significant amount of Hdpma was also present, 

presumably due to substitution of dibenzylamine to form an iron dibenzylamide. 

Treatment of 16-Fe with 1,2-diphenyldiazene (PhN=NPh) instantly yielded a deep 

forest green solution, indicative of 6-Fe, upon mixing. The reaction had finished 

producing 6-Fe and 1,2-diphenylhydrazine before a 1H NMR spectrum could be 

obtained. In addition to the expected products, a new smif containing complex was 

present in ~ 25-33 % relative to the observed 6-Fe and was not characterized. Another 

immediate hydrogenation occurs to form N1,N4-dimesitylbenzene-1,4-diamine35 from 

the corresponding quinone imine36 derivative when exposed to 16-Fe. The 1H NMR 

spectrum showed only the presence of the diamine and 6-Fe. 
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Scheme 4.5. Hydrogenation of unsaturated organic compounds via the dehydrogenation of (dpma)2Fe (16-Fe) to produce 
(smif)2Fe (6-Fe).
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Scheme 4.6. Synthesis of (smif)(dpma)Fe (17-Fe). 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 4.7. Syntheis of (dpma)FeOCHPh2 (18-Fe) and (smif)FeOCHPh2 (19-Fe). 
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 Slower hydrogenations were observed for carbon-based unsaturated organic 

substrates. Exposing 16-Fe to cis-butene yielded a 1:2 mixture of n-butane and trans-

2-butene after heating the solution for 162 h at 50 °C. Efforts toward probing a 1,2 

versus a 1,4 hydrogenation reaction focused on using 1,3-butadiene. After 20 h at 50 

°C, the predominant product was 1-butene; however, both cis- and trans-2-butene 

were also seen in the 1H NMR spectrum. 16-Fe also hydrogenates alkynes. Treatment 

of 16-Fe with di-(p-tolyl)acetylene yielded a mixture of cis-di-(p-tolyl)ethylene37 and  

hexa-(p-tolyl)benzene after 43 h at 23 °C. After 5 d , trace amounts of trans-di-(p-

tolyl)ethylene37 were observed. Heating a solution of 16-Fe with 2-butyne, a 

substantially smaller alkyne, at 50 °C for 4 d yielded hexamethylbenzene in a 5.5 : 1 : 

1 mixture with cis- and trans-2-butene. It is interesting to note that these iron 

complexes cyclotrimerize alkynes.  

 Several possible mechanisms for the hydrogenation of unsaturated organic 

substrates from 16-Fe can be envisioned. Three proposed mechanisms for the 

hydrogenation of alkynes to alkenes are shown in Scheme 4.8. One mechanism 

suggests a concerted ligand-mediated transfer hydrogenation from 16-Fe to an alkyne, 

which would result in the formation of a cis-alkene. A radical process can also be 

envisioned such that the treatment of 16-Fe with an alkyne results in the formation of 

a vinyl radical and a dpma ligand based radical. Both radicals may subsequently react 

to yield 17-Fe and the olefins, which will likely be a mixture of cis- and trans-alkenes. 

The last proposed mechanism invokes iron hydrides. 16-Fe may undergo β-H 

elimination and bind an alkyne to form a (smifH)(dpma)Fe(H)(alkyne) complex, 

which may insert to form the (smifH)(dpma)Fe(vinyl) complex. The iron-vinyl may 

either undergo β-H abstraction to yield 17-Fe and the alkene or β-H elimination to 

generate another iron hydride corresponding to the (smifH)2Fe(H)(vinyl) complex 

shown. Reductive elimination from the (smifH)2Fe(H)(vinyl) complex would produce 
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the desired alkene in addition to (smifH)2Fe, which may undergo β-H elimination and 

insertion processes to convert it to 17-Fe. If the resulting cis-olefin bound in place of 

an alkyne after the formation of the first iron hydride, isomerization from cis to trans 

may be observed.  

 Deuteration studies were performed in an attempt to understand the 

mechanism, and the results of tube reactions are listed in Table 4.5. The fully 

deuterated iron complex, (d4-dpma)2Fe (16-Fe-d4), was prepared by treating 

Fe{N(TMS)2}2(THF) with two equivalents of D-d4dpma and was isolated as dark 

blue-metallic purple crystals in 66 %. With the idea of ruling out radical mechanisms, 

16-Fe-d4 was treated with a variety of asymmetric alkynes in hopes of observing only 

cis-alkenes. Unfortunately, all alkynes led to the formation of other unidentified 

diamagnetic and paramagnetic complexes.  

 The best hydrogenation substrates, i.e. the quinone imine derivative and 1,2-

diphenyldiazene, were subsequently tested. Treatment of 16-Fe-d4 with the quinone 

imine derivative yielded the corresponding N1,N4-dimesitylbenzene-1,4-diamine with 

varying amounts of H incorporation on the amine hydrogen (25 - 32 %), whereas only 

1-6 % H incorporation was observed in the backbone of 6-Fe, suggesting an 

alternative proton source was present. 16 % H incorporation in the diamine was seen 

even after silylating the glassware. Exposing 16-Fe-d4 to 1,2-diphenyldiazene 

produced 6-Fe-d2, the uncharacterized smif complex, and the deuterated 1,2-

diphenylhydrazine with no H incorporation. This reaction seemed ideal for a potential 

kH/kD study. Unfortunately, complications arose when using mixtures of 16-Fe and 

16-Fe-d4 to probe HH, HD, and DD incorporation. A definitive mechanism and a 

kH/kD were not elucidated for the observed hydrogenation from 16-Fe from the 

deuteration studies. 
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Scheme 4.8. Proposed hydrogenation mechanisms. 
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Table 4.5. Hydrogenation & deuteration study attempts to probe the mechanism of hydrogenation. 

Substrate 16-Fe-H4 16-Fe-d4 T (°C) t 17-Fe Leftover 16-Fe Hdpma 6-Fe [sub] [sub] (H/D)2 etc.
p -CF3PhC=NBn X 23 1.5 h 0 0 19 1 8.5 0 black solid

X - SI 23 1.5 h 0 0 79 1 14 0 black solid
p -tBuPhC=NBn X 50 27 h 0 0 1 ? 1 0.5

X - SI 50 49 h 0 0 1 1 14 92 % D
PhC=NBn X 50 37 h 0 0 1 0.75 1 1

X - SI 50 37 h 0 0 1 1.5 0.75 1.5
Indene X 23 20 min 0 0 0 0 0 0 (Ind)2Fe ?

X - SI 23 20 min 0 0 0 0 0 0 (Ind)2Fe ?

p -tBuPhC≡CPh X 23 45 h 1 0 4 1 overlapping overlapping new para
X 23 45 h 1 0 3.5 0.25 overlapping overlapping new para

X - SI 23 3.5 h 0.14 1 0.68 0 3 0 new para
p -CF3PhC≡CPh X 23 14 h 0 0 1 0.25 overlapping overlapping new para

X - SI 50 37 h 0 0 1 1.5 overlapping overlapping new para
PhC≡CMe X 23 6.5 d 1 0 2.75 2 1 0.33 cyclotri-1,2,4

X 50 7 h 1 0 4.5 0.75 2 X cyclotri-1,2,4
X - SI 23 45.5 h 0.5 0 2.8 0.2 2.8 X cyclotri-1,2,4

EtC≡CMe X 23 35 d 1 0 17.75 5 ? 7 cyclotri-1,2,4
X 23 35 d 1 0 9 4.25 ? ? cyclotri-1,2,4

MesN quinone X 23 30 min 0 0 1 0.75 0 2.4
derivative X 23 5 min 0 0 1 1 (1 % H) 0 6.3 (32 % H)

X 23 15 min 0 0 1 1.5 (6 % H) 0 3.7 (25 % H)
X - SI 23 30 min 0 0 1 1.4 (2 % H) 0 6.2 (16 % H)

PhN=NPh X 23 1 h 0 0 1 0.25 0.5 2
X 23 0 min 0 0 1 0.25 (6 % H) 0 d2

23 5 min 0 0 1 0.36 (6 % H) 0 d2

23 15 min 0 0 1 0.25 (2 % H) 0 d2

X - SI = silylated glassware
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Cyclotrimerization of Alkynes via Iron Amides. The ability of 16-Fe to 

cyclotrimerize internal alkynes was a curious result. Cyclotrimerization of alkynes is 

well documented,38-42 yet the challenge remains to find an appropriate regioselective 

catalyst. Initial investigations focused on probing the utility of available iron 

complexes, i.e. Fe{N(TMS)2}2(THF), 6-Fe, 14-Fe, 15-Fe, and 16-Fe, as 

cyclotrimerization catalysts for 2-butyne (eq 4.6).  

 

 

 

 No cyclotrimerization reactivity was observed for 6-Fe. Treatment of 15-Fe 

and 16-Fe led to the formation of hexamethylbenzene in addition to cis- and trans-2-

butene. In this case, hydrogenation of the alkynes is detrimental since 15-Fe and 16-Fe 

convert to 6-Fe. Promising results, shown in Table 4.6, arose from the use of catalytic 

amounts of 14-Fe or Fe{N(TMS)2}2(THF) in the presence of 2-butyne. For 14-Fe, 

elevated temperatures were required to effect the cyclotrimerization to 

hexamethylbenzene, and turnover frequencies (TOF) increased from 1.1 h-1 to 8.9 h-1 

upon increasing the concentration of catalyst present in solution from 2 mg/mL to 6 

mg/mL, respectively. Unfortunately, catalysis death was observed via 1H NMR 

spectroscopy; loss of 14-Fe was accompanied by presence of HN(TMS)2 and 6-Fe. No 

evidence of disproportionation from 14-Fe to [Fe{N(TMS)2}2]2 was observed 

spectroscopically, and cyclotrimerization rates did not increase over time to suggest 

the presence of the [Fe{N(TMS)2}2]2. Therefore, it seems likely that 14-Fe was 

responsible for the cyclotrimerization catalysis. Fe{N(TMS)2}2(THF) catalyzed the 

cyclotrimerization of 2-butyne at 23 °C. Similar to 14-Fe, better TOFs (10.4 h-1) were 

observed with higher catalyst concentrations. In an effort to rule out trace impurities in 
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the Fe{N(TMS)2}2(THF), control reactions were performed. Both LiHMDS and 

FeBr2(THF)2
43 were unsuccessful at cyclotrimerizing internal alkynes, suggesting that 

Fe{N(TMS)2}2(THF) was responsible for the catalysis. Clearly, Fe{N(TMS)2}2(THF), 

the iron precursor to 14-Fe, is the better cyclotrimerization catalyst as it works at  

23 °C, whereas 14-Fe does not.  

 
Table 4.6. Catalytic cyclotrimerization results for the conversion of 2-butyne to 
hexamethylbenzene using Fe{N(TMS)2}2(THF) or (smif)FeN(TMS)2 (14-Fe). 

 

 Synthesis of (smif)FeN(TMS)2 Analogues with ortho-substitution. A variety 

of (smif)FeN(TMS)2 analogues were prepared using aforementioned smifH 

derivatives with the hope of finding a potential catalyst and preventing the backbone 

reactivity observed with 14-Fe. Treatment of Fe{N(TMS)2}2(THF) in Et2O with one 

equivalent of oMesmifH produced an emerald-teal green solution, presumably 

(oMesmif)FeN(TMS)2 (20-Fe)), from which yellow-orange crystals of 

[(oMesmif)FeN(TMS)2]2 [20-Fe]2 were isolated in 47 % yield (Scheme 4.9). 1H NMR 

spectroscopy showed one oMesmif environment and a N(TMS)2 group. Based upon 

Trial Catalyst Cat. Mol % Cat. Conc.(mg/mL) Temperature (°C) TON TOF (h-1)
1 Fe{N(TMS)2}2(THF) 1.6 2 75 60 4.4
2 Fe{N(TMS)2}2(THF) 2 2 90 50 3.7
3 Fe{N(TMS)2}2(THF) 2 4 90 50 10
4 Fe{N(TMS)2}2(THF) 2 6 90 52 10.4
5a 14-Fe 2 2 75 14 0.31
6b 14-Fe 2 2 90 12 1.1
7c 14-Fe 2 4 90 50 7.4
8d 14-Fe 1.6 6 90 60 8.9
9 LiN(TMS)2 2 6 90 0 0
10 FeBr2(THF)2 2 6 90 0 0

a 20 % 14-Fe remaining. b 23 % 14-Fe remaining. c 29 % 14-Fe remaining. d 24 % 14-Fe remaining.
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the similar physical properties to [14-Fe]2, it seems reasonable that 20-Fe exists as a 

dimer in the solid state. 

Scheme 4.9. Synthesis of (oMesmif)FeN(TMS)2 (20-Fe).  

 

 Exposure of Fe{N(TMS)2}2(THF) in Et2O with one equivalent of oMe2smifH 

afforded metallic gold crystals of (oMe2smif)FeN(TMS)2 (21-Fe) in 39 % yield from 

an intensely colored teal solution (eq 4.7). The presence of one oMe2smif environment 

and one N(TMS)2 was revealed in the 1H NMR spectrum of 21-Fe.  

Unsubstituted smif backbones can easily dimerize to form substituted piperazines. 

These complexes are typically orange in the solid state, whereas several (smif)2M 

complexes exist as metallic gold crystals. Therefore, it seems plausible that 21-Fe is a 

monomer. SQUID magnetometry data revealed a μeff of 5.1 μB at 293 K, consistent 
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with a high spin Fe(II) center (Figure 4.12). A modest amount of ZFS is observed 

below 50 K.  

Figure 4.12. SQUID data for (oMe2smif)FeN(TMS)2 (21-Fe): Magnetic moment (μeff 
in μB) as a function of T (K).  

 

Synthesis of (smif)2Fe Derivatives with ortho-substitution. In an effort 

toward prevent the formation of the fairly unreactive (smif)2Fe, 6-Fe, derivatives, 

which may be detrimental for catalysis, our research focused on increasing steric bulk 

on smifH in the form of ortho-CH3 groups. Purple-mauve crystals precipitated from 

an ether solution containing Fe{N(TMS)2}2(THF) and two equivalents of oMesmifH. 
1H NMR spectroscopy of the crystals revealed the presence of only one oMesmif 

environment and no hexamethyldisilazide [N(TMS)2] group, suggesting the formation 

of (oMesmif)2Fe (22-Fe) (eq 4.8). The purple-mauve crystals of 22-Fe were isolated in 

59 % yield.  
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Exposing Fe{N(TMS)2}2(THF) in Et2O to two equivalents of oMe2smifH 

afforded metallic gold crystals from an intensely colored blue solution. The 1H NMR 

spectrum did not contain an N(TMS)2 group, but showed only one paramagnetically 

shifted oMe2smif environment indicative of (oMe2smif)2Fe (23-Fe), which was verified 

by a preliminary x-ray crystal structure (eq 4.9). 23-Fe was isolated in 85 % yield.  

 Three other (smif)2Fe derivatives, i.e. (oMesmif)(smif)Fe (24-Fe), 

(oMe2smif)(smif)Fe (25-Fe), and (oMesmif)(oMe2smif)Fe (26-Fe), were prepared by 

treating the appropriated iron amide with the corresponding imine. All reactions 

yielded the mixed ligand complex in addition to both parent (smif)2Fe derivatives in 

varying ratios, and complexes were identified by 1H NMR spectroscopy. 24-Fe is a 

diamagnetic complex, whereas both 25-Fe and 26-Fe are paramagnetic. Clearly, the 

addition of ortho-CH3 groups changes the field strength of smif.  
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 Characterization of (oMesmif)2Fe (22-Fe) and (oMe2smif)2Fe (23-Fe): 

Magnetism. Temperature dependence studies of the molar susceptibility commenced 

after the observation of paramagnetic complexes in the 1H NMR spectra for 22-Fe and 

23-Fe (Figure 4.13). The effective magnetic moments, μeff, were also determined via 

Gouy balance measurements. 1H NMR spectroscopy revealed three broadened peaks 

between 11 and 14 ppm for 22-Fe. SQUID magnetometry data for 22-Fe revealed an 

effective magnetic moment of 1.2 μB at 293 K and is best interpreted as an S = 0 GS 

with temperature independent paramagnetism based upon the comparison of 

Mössbauer parameters for 22-Fe, 23-Fe, and 6-Fe. Gouy balance measurements 

confirmed the μeff value of 1.5 μB at 296 K for 22-Fe. Both Gouy balance and SQUID 

magnetometry data confirmed a high spin Fe(II), S = 2 GS for 23-Fe with magnetic 

moments of 5.0 μB at 295 K and 5.5 μB at 293 K, respectively. Similar to 22-Fe, 

magnetic moment values below 50 K significantly decrease and may be attributed to 

ZFS. The addition of ortho-CH3 groups has changed from a low spin species in 6-Fe 

to a high spin system as observed in 23-Fe.  
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Figure 4.13. SQUID data for (oMesmif)2Fe (22-Fe) and (oMe2smif)2Fe (23-Fe) 

complexes: Magnetic moment (μeff in μB) as a function of T (K).  

 

 UV-vis spectroscopy of (oMesmif)2Fe (22-Fe) and (oMe2smif)2Fe (23-Fe). 

Similar to all smif containing complexes, 22-Fe and 23-Fe generated colors of unusual 

intensity in solution. 22-Fe yields a deep red solution in benzene, and the UV-vis 

spectrum (Figure 4.14) shows two major features: 425 nm (ε ~ 42,000 M-1 cm-1) and 

533 nm (ε ~ 30,000 M-1 cm-1). These absorptions may be attributed to intraligand (IL) 

transitions between azaallyl CNazaCnb orbitals to pyridine π* orbitals based upon 

calculations for related smif containing complexes. Additionally, underlying metal-to-

ligand charge transfer bands may also be present as the metal 3 d orbitals are 

energetically close to the azaallyl CNazaCnb orbitals. The transmittance of a deep blue 

solution of 23-Fe in benzene is consistent with the strong absorptions in the red and 
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green regions of the UV-vis spectrum, shown in Figure 4.14. Two major features exist 

at 399 nm (ε ~ 29,000 M-1 cm-1) and 598 nm (ε ~ 58,000 M-1 cm-1) presumably due to 

IL transitions. It is interesting to note that the addition of ortho-CH3 groups changed 

not only the spin states of the 6-Fe derivatives, but it also drastically changes colors 

and subsequently the wavelengths for the light absorptions in the visible region. With 

respect to an application in photovoltaic cells, the variations in strong absorptions 

resulting from the simple addition of a methyl group suggests that mixtures of these 

complexes may be used to absorb and harvest light from the entire visible region.  

 
Figure 4.14. UV-vis spectra of (oMesmif)2Fe (22-Fe) and (oMe2smif)2Fe (23-Fe) 

complexes in benzene. 
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 Mössbauer Spectroscopy of (oMesmif)2Fe (22-Fe) and (oMe2smif)2Fe (23-

Fe). Mössbauer spectroscopy permitted another method for investigating the oxidation 

state, covalency, and overall shape of the iron complexes. Parameters for the 

complexes can be found in Table 4.3. As previously mentioned, 6-Fe possesses 

Mössbauer parameters consistent with a covalent, low spin Fe(II) center at 80 K: δ = 

0.30(1) mm/s, ΔEQ = 0.62(1) mm/s, and ΓFWHM = 0.25(1) mm/s. The addition of one 

ortho-CH3 group per smif ligand, 22-Fe, shows similar parameters at 80 K (Figure 

4.15), i.e. δ = 0.38 mm/s with a ΔEQ value of 0.99 mm/s, and ΓFWHM = 0.31 mm/s, 

suggesting the presence of a covalent, low spin Fe(II) center and an S = 0 GS. 

Parameters show minimal changes upon warming to 200 K (δ = 0.34 mm/s, ΔEQ = 

1.00 mm/s, and ΓFWHM = 0.28 mm/s). For an NMR spectroscopically pure sample of 

23-Fe, the Mössbauer spectrum at 80 K, shown in Figure 4.15, reveals the presence of 

two species (82:18). The major species (82 %) is 23-Fe and has an isomer shift of 1.04 

mm/s with a quadrupole splitting of 2.18 mm/s and line widths of 0.39 mm/s. The 

second species (18 %) is an NMR silent impurity and possesses an isomer shift of 1.02 

mm/s with a ΔEQ of 0.65 mm/s and ΓFWHM of 0.50 mm/s. An independently 

synthesized sample of 23-Fe revealed only 5 % of the NMR silent impurity in its 

Mössbauer spectrum. The quadrupole splitting shows a small temperature dependency 

as the values increase upon cooling to 15 K. The isomer shift observed for 23-Fe 

suggests a less covalent high spin Fe(II) center, and the ΔEQ value suggests an 

asymmetry in the electronic field about the iron center.  
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Figure 4.15. Mössbauer spectra of (oMesmif)2Fe (22-Fe) and (oMe2smif)2Fe (23-Fe) 

complexes at 80 K. 

  

Synthesis of (smif)FeN(TMS)2 Analogues with Backbone Methyl Groups. 

In an attempt to prevent the backbone reactivity, methyl groups were installed on the 

backbone of smifH to yield bMe2smifH and Me4smifH, as previously described. 

Treatment of Fe{N(TMS)2}2(THF) in THF with two equivalents of bMe2smifH 

afforded the diamagnetic complex, (bMe2smif)2Fe (27-Fe). The mossy green solid of 

27-Fe was obtained in 72 % yield. Small NMR tube scale reactions seemed promising 

for isolating (bMe2smif)FeN(TMS)2, as only one species was identified by 1H NMR 

spectroscopy. Unfortunately, challenges arose in scaling up the reaction. All attempts 

to isolate a pure crystalline product were unsuccessful. 1H NMR spectroscopy of the 

crystalline solid revealed the presence of more than one complex, which may be 

attributed to reactivity of the azaallyl backbone.   
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Red-orange crystals of [(μ-C,Nam,Npy
2-2-(6-methylpyridin-2-yl)-2-(1-(6-

methylpyridin-2-yl)ethylamino)ethan-1-ido)Fe{N(SiMe3)2}]2 

([(Me4smif)FeN(TMS)2]2, [28-Fe]2) precipitated from a bell pepper green solution of 

(Me4smif)FeN(TMS)2 (28-Fe), which resulted from the addition of Me4smifH to a 

solution of Fe{N(TMS)2}2(THF) in benzene (eq 4.11). The 1H NMR spectrum 

possessed paramagnetically shifted peaks consistent with a monomer in solution; 

however, x-ray crystallographic studies revealed a dimeric structure in the solid state.  

 

 Characterization of [(Me4smif)FeN(TMS)2]2 (28-Fe): X-ray Crystal 

Structure. Single crystal, x-ray diffraction quality, red needles of 28-Fe were 

obtained from benzene. Select crystallographic and refinement data for 28-Fe are 
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listed in Table 4.1, and pertinent distances and angles are listed in Table 4.7. As shown 

in Figure 4.16, the solid state structure of 28-Fe reveals a distorted trigonal 

bipyramidal coordination geometry about the iron center arising from a N(TMS)2 

group and the chelation of a tridentate imine with a bridging methylene group. The 

pyridine nitrogens span an angle of 149.14(6) ° and can be thought of as the pseudo-

axis of the trigonal bipyramid. Around the equatorial plane, the NimFeNam angle is 

136.76(7) ° (N2-Fe1-N4), thereby causing the NimFeC and NamFeC angles to be less 

than 120 °: ∠N2-Fe1-C15 = 106.59(7) ° and ∠N4-Fe1-C15 = 116.64(7) °. The 

CFeNpy angles are 91.07(7) ° and 93.39(7) ° for N1-Fe1-C15 and N3-Fe1-C15, 

respectively. Bite angles for the chelate are smaller than 90 °, i.e. ∠N2-Fe1-N1 = 

75.18(6) ° and ∠N2-Fe1-N3 = 74.29(6) °, thereby rendering the corresponding angles, 

i.e. NpyFeNam, obtuse (∠N4-Fe1-N1 = 102.19(6) ° and ∠N4-Fe1-N3 = 102.96(6) °). 

Bond lengths between the iron and nitrogens are normal as iron-pyridine nitrogen 

bond lengths are 2.3192(17) Å (Fe1-N1) and 2.3538(17) Å (Fe1-N3). The iron-imine 

nitrogen distance (d(Fe1-N2) = 2.0511(15) Å) is slightly longer than the iron-amide 

nitrogen bond length (1.9914(16) Å). The iron-carbon bond distance is 2.336(2) Å. 

Ligand backbone bond distances are standard for a normal imine. An sp3(N)-sp2(C) 

assignment is appropriate for N2-C6, which has a distance of 1.331(2) Å. The N2-C7 

bond length is 1.465(3) Å and is consistent with an sp3(C)-sp3(N) assignment.  
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Figure 4.16. Molecular structure of [(Me4smif)FeN(TMS)2]2 (28-Fe). Thermal 
ellipsoids are at 50 % probability level, and all hydrogens have been removed for 
clarity. 
 
Table 4.7. Selected interatomic distances and angles for [(Me4smif)FeN(TMS)2]2 (28-
Fe). 

Bond Distances (Å) Bond Angles (°)
Fe1 - N1 2.3192(17) N1 - Fe1 - N2 75.18(6)
Fe1 - N2 2.0511(15) N1 - Fe1 - N3 149.14(6)
Fe1 - N3 2.3538(17) N1 - Fe1 - N4 102.19(6)
Fe1 - N4 1.9914(16) N2 - Fe1 - N3 74.29(6)
Fe1 - C15 2.336(2) N2 - Fe1 - N4 136.76(7)
N2 - C6 1.331(2) N3 - Fe1 - N4 102.96(6)
N2 - C7 1.465(3) N2 - Fe1 - C15 106.59(7)
Fe - Fe 4.7420(5) N4 - Fe1 - C15 116.64(7)

N1 - Fe1 - C15 91.07(7)
N3 - Fe1 - C15 93.39(7)
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 Magnetism of [(Me4smif)FeN(TMS)2]2 (28-Fe). Temperature dependence 

studies of the molar susceptibility for 28-Fe were conducted. SQUID magnetometry 

data revealed an effective magnetic moment which rises from 2.1 μB at 10 K to 6.3 μB 

at 293 K. The moment at 293 K is slightly lower than the expected spin-only value of 

6.93 μB for two S = 2 centers. A significant amount of ZFS is observed below 50 K. 

SQUID plots for other dimeric iron complexes are strikingly similar to the one shown 

in Figure 4.17, and the magnetic behavior may be indicative of antiferromagnetic 

coupling and/or temperature independent paramagnetism (TIP). In the case of 28-Fe, it 

seems appropriate to attribute the magnetism to TIP as the iron-iron distance 

(4.7420(5) Å) is considerably longer than in other dimeric iron complexes.  

 
Figure 4.17. SQUID data for [(Me4smif)FeN(TMS)2]2 (28-Fe): Magnetic moment 
(μeff in μB) as a function of T (K).  
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 Proposed Mechanism for the Formation of [(Me4smif)FeN(TMS)2]2 (28-

Fe). In order to prevent the formation of a tetra-substituted piperazine ring via the 

reversible C-C bond formation, substitution was incorporated on the backbone of 

smifH. Unexpectedly, a new dimeric compound, 28-Fe, was isolated in 59 % yield 

after exposing a solution of Fe{N(TMS)2}2(THF) to one equivalent of Me4smifH. 

HN(TMS)2 was the only other product observed by 1H NMR spectroscopy. A 

mechanism similar to that proposed for the formation of (smif)CrN(TMS)2, mentioned 

in Chapter 1, may be envisioned for the formation of 28-Fe.  

 
 
Scheme 4.10. Proposed mechanism for the formation of [(Me4smif)FeN(TMS)2]2 (28-
Fe).  
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As shown in Scheme 4.10, the coordination of Me4smifH to Fe{N(TMS)2}2(THF) 

generates the 5-coordinate complex, {κ-Npy,Npy,Nam-(Me4smifH)Fe{N(TMS)2}2, upon 

the loss of THF. This 5-coordinate adduct may undergo β-abstraction by the internal 

base, N(TMS)2, with concomitant loss of HN(TMS)2, and the resulting complex would 

be the proposed square planar complex, (Me4smif)FeN(TMS)2. Proton transfer from 

one backbone methyl group to the opposite carbon in the smif backbone may result in 

the formation of a vinyl CH2 group. The attack of the metal center upon the vinyl CH2 

group results in the formation of the dimeric structure, 28-Fe.  

 

 Reactivity of the Coordinated smif Backbone. Formation of a tetra-

substituted piperazine resulting from the dimerization of (smif)FeN(TMS)2 (16-Fe) 

was a particularly interesting transformation. Electronic features of the smif backbone 

suggest its ability to undergo heterolytic and/or diradical reactivity. In light of these 

observations, research efforts focused on exploiting the reactive azaallyl ligand with 

the hope of finding a way to synthesize new heterocycles. 16-Fe and (smif)2Fe (6-Fe) 

were treated with a wide variety of unsaturated complexes, shown in Figure 4.18, to 

effect both potential types of reactivity. The iron complexes either generated a mixture 

of products or were relatively unreactive towards the substrates even at elevated 

temperatures. However, two substrates afforded new complexes. 
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Figure 4.18.  Examples of substrates tested for cyclization with the smif backbone. 

  

 After 3 d at 50 °C, a benzene solution containing 14-Fe and di-(p-

tolyl)acetylene afforded the [3+2] cycloaddition product, [(2,5-di(pyridin-2-yl)-3,4-di-

(p-tolyl-2,5-dihydropyrrol-1-ide))FeN(TMS)2]2 (29-Fe) (eq 4.12). 29-Fe is a red, 

paramagnetic complex that was isolated in 19 % yield. X-ray crystallographic studies 

revealed that 29-Fe is dimeric in the solid state.  
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 Treatment of a benzene solution of 6-Fe with two equivalents of 2,6-

diisopropylphenylisocyanate afforded the isocyanate insertion product, (2,6-
iPr2PhNCOsmif)2Fe (30-Fe-DIPP), in 75 % yield as a dark red solid (eq 4.13). 1-D 

and 2-D NMR spectroscopic studies on this low spin, Fe(II) complex revealed the 

presence of an NH in addition to two pyridine rings, indicative of an asymmetric smif 

ligand. The structure of 30-Fe-DIPP was confirmed by x-ray crystallography.  

 An analogous synthesis afforded (tBuNCOsmif)2Fe (30-Fe-tBu) as a dark red 

solid in 47 % yield (eq 4.13). 30-Fe-tBu is another low spin, Fe(II) complex. The 

synthesis of 30-Fe-tBu was low yielding and particularly sensitive, thus an alternative 

route was sought. Exposing a THF solution of Na(smif) (5-Na) to an equivalent of 
tBuNCO yielded a deep red solution of Na(tBuNCOsmif) (31-Na) (Scheme 4.11), 

which was obtained as a metallic green solid in 91 % yield. As shown in Scheme 4.11, 

the treatment of FeBr2(THF)2 with two equivalents of 31-Na generated a deep red-

orange solution from which 30-Fe-tBu was isolated in 61 % yield.  
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Scheme 4.11. Synthesis of (tBuNCOsmif)2Fe (30-Fe-tBu) via salt metathesis.  

  

 Characterization of the [3+2] Cycloaddition Product (29-Fe): X-ray  

Crystal Structure. X-ray quality, red plates of 29-Fe were obtained from Et2O. Select 

crystallographic and refinement data for 29-Fe are listed in Table 4.1, and pertinent 

distances and angles are listed in Table 4.8. As shown in Figure 4.19, the solid state 

structure of 29-Fe shows a square pyramidal geometry about the iron center. 29-Fe is 

dimeric, and the tetra-substituted pyrroline is coordinated in a κ-Npy,Npy,Npam fashion 

to one iron center and bridges through the pyrroline-nitrogen (Npam) to the other iron 

center. The pyridine nitrogens span an average angle of 144.04(6) ° around iron, 

whereas the pyrroline nitrogen-iron-amide nitrogen angle averages 157.1(2) °. Similar 

to every other tridentate nitrogen chelate mentioned thus far, the NpamFeNpy bite angles 
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in 29-Fe are also acute, averaging 77.3(8) °. The amide nitrogen-iron-pyridine 

nitrogen angles are obtuse, i.e. 96.8(4) ° (ave). Almost a perfect square exists between 

the dimeric complex: NpamFeNpam’ = 88.3(3) ° (ave), d(Fe-Npam)ave = 2.060(4) Å, and 

d(Fe-Npam’)ave = 2.107(10) Å. The iron-nitrogen distances are similar to those 

observed in [14-Fe]2, and are consistent with a weaker field invoked by the tetra-

substituted pyrroline ligand in comparison to the stronger field smif ligand, which 

possesses significantly shorter bond lengths. Distances between the iron and amide 

nitrogens average 2.1624(14) Å and the Fe-Npy bond lengths are slightly shorter, i.e. 

2.158(14) Å (ave). The pyrroline nitrogen-carbon distances average a value of 

1.467(5) Å, which is consistent with an sp3(N)-sp3(C) assignment, whereas the length 

of the carbon-carbon bond (1.325(6) Å, ave), originally from the alkyne, is typical for 

an sp2(C)-sp2(C) assignment. Metal-metal interactions, i.e. antiferromagnetic coupling, 

is anticipated in 29-Fe as the Fe-Fe distance is 3.0539(4) Å. 

 
Figure 4.19. Molecular structure of the [3+2] cycloaddition product, 29-Fe. Thermal 
ellipsoids are at 50 % probability level. Structural core (A) and ½ dimer (B). 
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Table 4.8. Selected interatomic distances and angles for the [3+2] cycloaddition 
product, 29-Fe. 

 

 Magnetism on the [3+2] Cycloaddition Product 29-Fe. A study on the 

temperature dependence of the molar susceptibility of 29-Fe was conducted. SQUID 

magnetometry data revealed a μeff of 1.7 μB at 10 K (Figure 4.20). The magnetic 

moment rises to 5.2 μB at 293 K. A similar behavior was displayed in the magnetism 

data for 28-Fe and may be indicative of antiferromagnetic coupling. The data between 

20-30 K may result from either a phase change of 29-Fe, but its origin is ill-defined.  

Bond Distances (Å) Bond Angles (°)
Fe - Npy 2.158(14) Npy - Fe - Npy 144.04(6)
Fe - Nam 2.1624(14) Npam - Fe - Nam 157.1(2)
Fe - Npam 2.060(4) Npam - Fe - Npy 77.3(8)
Fe - Nam' 2.107(10) Nam - Fe - Npy 96.8(4)
Fe - Fe 3.0539(4) Npy - Fe - Npam' 96.48(5) - 107.18(6)
Calk - Calk 1.325(2) Nam - Fe - Npam' 114.64(13)
Npam - C 1.467(5) Npam - Fe - Npam' 88.3(3)

Npam = pyrrole amide nitrogen, Nam = N(TMS)2, Calk = carbon originally from the alkyne,
C = backbone carbon next to Npam.
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Figure 4.20. SQUID data for [3+2] cycloaddition product, 29-Fe: Magnetic moment 
(μeff in μB) as a function of T (K). 

  

 Characterization of (RNCOsmif)2Fe Complexes: X-ray Crystal Structure 

of (2,6-iPr2PhNCOsmif)2Fe (30-Fe-DIPP). A dark red-black needle, suitable for 

single crystal x-ray diffraction studies, was obtained from a mixture of THF and 

pentane. Select crystallographic and refinement data for 30-Fe-DIPP are listed in 

Table 4.1, and pertinent distances and angles are listed in Table 4.9. As shown in 

Figure 4.21, the solid state structure of 29-Fe possesses two tridentate smif ligands 

occupying an octahedral geometry similar to the structure of all other (smif)2M 

complexes. A slight Cs distortion arises from one ligand canting off axis, such that the 

azaallyl nitrogens span an angle of 176.49(17) ° around iron in contrast to the 

179.11(6) ° observed in 6-Fe. Large NpyFeNpy angles are observed and average 

165.59(12) °. The bite angles of the chelate, i.e. the NazaFeNpy angles, are 83.1(4) ° on 
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average. In contrast to 6-Fe, the NazaFeNpy’ angles are not identical, i.e. ∠N2-Fe1-N4 

= 99.96(16)°, ∠N2-Fe1-N6 = 94.00(16)°, ∠N5-Fe1-N1 = 97.46(16)°, and ∠N5-Fe1-

N3 = 96.48(16)°, resulting in a slight Cs distortion. Iron-nitrogen distances are similar 

to those observed for 6-Fe and are consistent with the low spin Fe(II) center. The Fe-

Naza bond length averages 1.908(11) Å, and the Fe-Npy distances are 1.955(15) Å on 

average. Even though the smif ligand possesses substitution rendering it asymmetric, 

the Naza-C bond lengths of 1.347(22) Å (ave) are still consistent with a delocalized 

anion and an sp2(N)-sp2(C) assignment.  

 
Figure 4.21. Molecular structure of the (2,6-iPr2PhNCOsmif)2Fe (30-Fe-DIPP). 
Thermal ellipsoids are at 50 % probability level, and all hydrogens have been removed 
for clarity. 
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Table 4.9. Selected interatomic distances and angles for (2,6-iPr2PhNCOsmif)2Fe (30-
Fe-DIPP). 

  

 UV-vis Spectra of (RNCOsmif)2Fe Complexes. Both isocyanate insertion 

products, 30-Fe-DIPP and 30-Fe-tBu, produce deep red solutions in benzene. Their 

UV-vis spectra, shown in Figure 4.22, are virtually identical. They exhibit four main 

features. The strongest absorption occurs in the low energy regime, i.e. 427 nm (ε ~ 

46,000 M-1 cm-1) and 431 nm (ε ~ 42,000 M-1 cm-1) for 30-Fe-DIPP and 30-Fe-tBu, 

respectively. The remaining absorptions in 30-Fe-DIPP appear at 381 nm (ε ~ 33,000 

M-1 cm-1), 525 nm (ε ~ 21,000 M-1 cm-1), and 638 nm (ε ~ 7,000 M-1 cm-1). The 

corresponding features in 30-Fe-tBu occur at 383 nm (ε ~ 28,000 M-1 cm-1), 534 nm (ε 

~ 19,000 M-1 cm-1), and 644 nm (ε ~ 6,000 M-1 cm-1). Features observed in these UV-

vis spectra may be attributed to intraligand transitions as observed in the UV-vis 

spectra of all other complexes containing the smif ligand.  
 
 
 
 
 
 
 
 
 
 

Bond Distances (Å) Bond Angles (°)
Fe - Naza 1.908(11)* Naza - Fe - Naza 176.49(17)
Fe - Npy 1.955(14)* Npy - Fe - Npy 165.92(12)*
Naza - C 1.347(22)* Naza - Fe - Npy 83.1(4)*

Naza - Fe - Npy' 94.00(16) - 99.96(16)
Npy - Fe - Npy' 90.8(18)*

* Values averaged.
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Figure 4.22. UV-vis spectra of (RNCOsmif)2Fe complexes, where R = 2,6-iPr2Ph (30-
Fe-DIPP) and tBu (30-Fe-tBu). 

 

Conclusions 

  Reversible C-C bond formation was observed while attempting to synthesize 

the iron analog of (smif)CrN(TMS)2. In solution, (smif)FeN(TMS)2 (14-Fe) exists as a 

monomer and possesses physical properties consistent with an azaallyl backbone; 

however, dimerization of 14-Fe to [14-Fe]2 occurs in the solid state such that C-C 

bond formation yields a bridging tetra-substituted piperazine ligand. Ligand 

modifications of smifH were explored. Substitution on the ortho-position of the 

pyridine rings with CH3 groups was implemented to avoid the formation of (smif)2Fe, 

which may be detrimental for potential catalysis. Ortho-CH3 substitution did not 
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prevent the formation of (smif)2Fe derivations; however, it showed how the addition 

of ortho-CH3 groups changes the ligand field strength. The parent compound, 6-Fe, is 

a low spin Fe(II) complex, whereas the fully substituted complex, (oMe2smif)2Fe, is 

high spin (S = 2). Methylation of the smifH backbone was designed to prevent 

reactivity from the chelated azaallyl fragment, yet it did not. Instead, it led to the 

formation of a new dimeric complex by activating the backbone methyl group.   

 In light of the inevitable azaallyl backbone reactivity, 14-Fe and 6-Fe were 

treated with a variety of unsaturated organic substrates with the hope of generating 

new heterocycles. Unfortunately, most substrates tested generated a mess of products 

or exhibited no reactivity. Interestingly, treatment of 14-Fe with di-(p-tolyl)acetylene 

led to the [3+2] cycloaddition product, and exposing 6-Fe to substituted isocyanates 

afforded insertion products.  

 (dpma)FeN(TMS)2 (15-Fe) and (dpma)2Fe (16-Fe) were synthesized as a 

means of comparison to 14-Fe and 6-Fe. Incidentally, the bis-amide complex, 16-Fe, 

differs from 6-Fe by 4 H+ and 4 e-, and the conversion from 16-Fe to 6-Fe by the loss 

of two equivalents of dihydrogen is favored by 12.5 kcal/mol. Therefore, 

hydrogenation of unsaturated organic substrates by 16-Fe was also investigated.  

 

Experimental 

 General Considerations. All manipulations were performed using either 

glovebox or high vacuum line techniques. Hydrocarbon solvents containing 1-2 mL of 

added tetraglyme, and ethereal solvents were distilled under nitrogen from purple 

sodium benzophenone ketyl and vacuum transferred from same prior to use. Benzene-

d6 and toluene-d8 were dried over sodium, vacuum transferred and stored under N2. 

THF-d8 was dried over sodium benzophenone ketyl. FeBr2(THF)2,43 
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Fe{N(TMS)2}2(THF),27 6-methyl-2-pyridylmethylamine,44 and  1,3-(2-pyridyl)-2-

azapropene (smifH)24 were prepared according to literature procedures. All other 

chemicals were commercially available and used as received. All glassware was oven 

dried. 

 NMR spectra were obtained using INOVA 400 and INOVA 500 

spectrometers. Chemical shifts are reported relative to benzene-d6 (1H δ 7.16; 13C{1H} 

δ  128.39), toluene-d8 (1H δ  2.09; 13C{1H} δ  20.4), 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 Shimadzu UV-2102 interfaced to an IBM PC (UV Probe software). GC-

MS spectra were obtained on a JEOL GCMate 2 mass spectrometer coupled to an 

Agilent 689 N GC with EI ionization under standard conditions. Solution magnetic 

measurements were conducted via Evans’ method in toluene-d8.29 Solid state magnetic 

measurements were performed using a Johnson Matthey magnetic susceptibility 

balance calibrated with HgCo(SCN)4. Elemental analyses were performed by 

Robertson Microlit Laboratories, Madison, New Jersey and the services at the 

University of Erlangen-Nuremberg, Germany.  

Synthesis. 1. N-((6-methylpyridin-2-yl)methylene)-1-(pyridine-2-

yl)methanamine (oMesmifH). To a suspension of anhydrous MgSO4 (12.421 g, 

103.19 mmol) in 40 mL of CH2Cl2 was added 6-methyl-2-pyridinecarboxaldehyde 

(2.500 g, 20.64 mmol) followed by the slow addition of 2-(aminomethyl)pyridine 

(2.232 g, 20.64 mmol). The suspension stirred at 23 °C for 3 h. The reaction mixture 

was filtered and washed with CH2Cl2. The solvent was removed under vacuum to 

yield a pale yellow liquid (4.25 g, 97 %). 1H NMR (C6D6, 400 MHz): δ 2.39 (s, CH3, 3 

H), 4.92 (s, CH2, 2 H), 6.60 (d, pyMe-C5H, 1 H, J = 7.6 Hz), 6.61 (t, py-C5H, 1 H, J = 
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5.3 Hz), 7.04 (t, pyMe-C4H, 1 H, J = 7.6 Hz), 7.08 (td, py-C4H, 1 H, J = 7.5, 1.6 Hz), 

7.20 (d, py-C3H, 1 H, J = 7.8 Hz), 8.02 (d, pyMe-C3H, 1 H, J = 7.8 Hz), 8.48 (d, py-

C6H, 1 H, J = 4.8 Hz), 8.61 (s, im-CH, 1 H). 13C{1H} NMR (C6D6, 100 MHz): δ 24.62 

(CH3), 67.24 (CH2), 118.48 (pyim-C3H), 122.16 (py-C3H), 122.53 (pyim-C5H), 124.39 

(py-C5H), 136.36 (py-C4H), 137.70 (pyim-C4H), 149.95 (py-C6H), 154.25 (pyim-C6), 

158.54 (pyim-C2), 160.22 (py-C2), 164.97 (im-CH). 

 2. 1-(6-methylpyridin-2-yl)-N-((6-methylpyridin-2-

yl)methylene)methanamine (oMe2smifH). To a suspension of anhydrous MgSO4 

(5.036 g, 41.82 mmol) in 16 mL of CH2Cl2 was added 6-methyl-2-

pyridinecarboxaldehyde (1.014 g, 8.37 mmol) followed by the slow addition of 6-

methyl-2-pyridylmethylamine (1.022 g, 8.37 mmol). The yellow suspension stirred at 

23 °C for 3 h. The reaction mixture was filtered and washed with CH2Cl2. The solvent 

was removed under vacuum to yield a pale yellow solid (1.73 g, 92 %). 1H NMR 

(C6D6, 500 MHz): δ 2.38 (s, py-CH3, 3 H), 2.39 (s, pyim-CH3, 3 H), 4.93 (s, CH2, 2 H), 

6.61 (d, py-C3H, py-C4H, 2 H, J = 6.5 Hz), 7.06 (t, pyim-C4H, 1 H, J = 7.5 Hz), 7.10 (d, 

py-C5H, pyim-C5H, 2 H, J = 7 Hz), 8.02 (d, pyim-C3H, 1 H, J = 8 Hz), 8.62 (s, CH, 1 

H). 13C{1H} NMR (C6D6, 125 MHz): δ 24.62 (py-CH3), 24.84 (pyim-CH3), 67.45 

(CH2), 118.47 (py-C3H), 119.56 (pyim-C3H), 121.60 (py-C5H), 124.36 (pyim-C5H), 

136.70 (py-C4H), 136.78 (pyim-C4H), 155.38 (pyim-C2), 158.46 (py-C6), 158.50 (pyim-

C6), 159.46 (py-C2), 164.79 (im-CH). 

3. 1-(pyridine-2-yl)-N-(1-(pyridine-2-yl)ethylidene)ethanamine 

(bMe2smifH). A solution of smifH (1.000 g, 5.07 mmol) in 20 mL THF was slowly 

added to a suspension of NaH (0.243 g, 10.13 mmol) in 15 mL THF at 0 °C. The 

reaction mixture turned magenta and was stirred at 0 °C for 3 h prior to the addition of 

CH3I (0.63 mL, 10.11 mmol). After stirring at 23 °C for 12 h, the solution appeared 
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orange-red. The volatiles were removed in vacuo, and the residue was filtered in 

CH2Cl2. Methylene chloride was removed, and the solid was triturated with Et2O and 

filtered to yield an orange solid (1.138 g, 99 %). 1H NMR (C6D6, 500 MHz): δ 1.67 (d, 

CH3, 3 H, J = 7 Hz), 2.37 (s, im-CH3, 3 H), 5.19 (q, CH, 1 H, J = 6.5 Hz), 6.67 (t, py-

C5H, 1 H, J = 5.5 Hz), 6.68 (t, pyim-C5H, 1 H, J = 5.5 Hz), 7.17 (t, py-C4H, 1 H, J = 7.5 

Hz), 7.19 (t, pyim-C4H, 1 H, J = 7.5 Hz), 7.63 (d, py-C3H, 1 H, J = 8 Hz), 8.39 (d, pyim-

C3H, 1 H, J = 8 Hz), 8.44 (d, py-C6H, 1 H, J = 3.5 Hz), 8.54 (d, pyim-C6H, 1 H, J = 4 

Hz). 13C{1H} NMR (C6D6, 125 MHz): δ 13.97 (CH3), 23.52 (im-CH3), 62.94 (im-CH), 

121.37 (py-C3H), 121.49 (pyim-C3H), 122.05 (py-C5H), 124.38 (pyim-C5H), 136.08 

(py-C4H), 136.50 (pyim-C4H), 148.81 (py-C6H), 149.66 (pyim-C6H), 158.60 (im-CH), 

165.95 (pyim-C2), 166.23 (py-C2). 

4. 1-(6-methylpyridin-2-yl)-N-(1-(6-methylpyridin-2-

yl)ethylidene)ethanamine  (Me4smifH). A solution of oMe2smifH (2.500 g, 11.10 

mmol) in 20 mL THF was slowly added to a suspension of NaH (0.533 g, 22.21 

mmol) in 15 mL THF at 12 °C. The reaction mixture turned magenta and was stirred 

at 12 °C for 3 h prior to the addition of CH3I (1.40 mL, 22.49 mmol). After stirring at 

23 °C for 16 h, the volatiles from the orange solution were removed in vacuo. The 

residue was triturated, filtered, and washed with CH2Cl2. Methylene chloride was 

removed, and the solid was triturated with Et2O and filtered to yield a pale orange 

solid (1.138 g, 99 %). 1H NMR (C6D6, 500 MHz): δ 1.71 (d, CH3, 3 H, J = 6.5 Hz), 

2.39 (s, py-CH3, 3 H), 2.40 (s, pyim-CH3, 3 H), 2.47 (s, im-CH3, 3 H), 5.20 (q, CH, 1 

H, J = 6.5 Hz), 6.66 (t, py-C5H, pyim-C5H, 2 H, J = 7.5 Hz), 7.18 (t, py-C4H, 1 H, J = 

7.5 Hz), 7.20 (t, pyim-C4H, 1 H, J = 7.5 Hz), 7.54 (d, py-C3H, 1 H, J = 7.5 Hz), 8.31 (d, 

pyim-C3H, 1 H, J = 8 Hz). 13C{1H} NMR (C6D6, 125 MHz): δ 14.02 (CH3), 23.74 (im-

CH3), 24.80 (py-CH3), 24.98 (pyim-CH3), 63.12 (im-CH), 118.34 (py-C3H), 118.66 
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(pyim-C3H), 121.41 (py-C5H), 123.72 (pyim-C5H), 136.48 (py-C4H), 136.93 (pyim-

C4H), 157.26 (im-CH), 158.02 (py-C6), 158.23 (pyim-C6), 165.44 (pyim-C2), 166.24 

(py-C2). 

5. D-d4dpma/D2-d2pma. To a 50 mL round bottom flask containing a solution 

of 2-cyanopyridine (1.658 g, 15.93 mmol) in 16 mL CH3OD was added sodium 

borodeuteride (2.000 g, 47.78 mmol). The resulting cloudy suspension was refluxed 

under argon for 16 h. The yellow suspension was cooled to 23 °C, filtered, and washed 

with CH3OD. Volatiles were removed from the yellow filtrates in vacuo yielding a 

yellow solid which was dissolved in 10 mL D2O, stirred for 1 h at 23 °C, and extracted 

with CH2Cl2 (3 x 10 mL). Organic layers were combined, dried over Na2SO4, filtered, 

and volatiles were removed in vacuo to yield an orange-yellow liquid containing both 

D2-d2pma and D-d4dpma which were separated via distillation under dynamic 

vacuum: D2-d2pma (0.479g, 28%) and D-d4dpma (0.698 g, 44%). D2-d2pma: 1H 

NMR (C6D6, 400 MHz): δ 6.62 (dd, py-C5H, 1 H, J = 7.5, 4.8 Hz), 6.88 (dt, py-C3H, 1 

H, J = 7.8, 1.2 Hz), 7.05 (td, py-C4H, 1 H, J = 7.7, 1.8 Hz), 8.47 (d, py-C6H, 1 H, J = 

4.8 Hz). 13C{1H} NMR (C6D6, 100 MHz): δ 121.31 (py-C3H), 121.79 (py-C5H), 

136.24 (py-C4H), 149.77 (py-C6H), 163.44 (py-C2). D-d4dpma: 1H NMR (C6D6, 400 

MHz): δ 6.62 (t, py-C5H, 1 H, J = 5.6 Hz), 7.08 (m, py-C3H, py-C4H, 2 H), 8.47 (d, 

py-C6H, 1 H, J = 4.7 Hz). 13C{1H} NMR (C6D6, 100 MHz): δ 122.98 (py-C3H), 

123.32 (py-C5H), 137.21 (py-C4H), 150.82 (py-C6H), 162.27 (py-C2). 

6. (smif)FeN(SiMe3)2 (14-Fe) (in solution) and [{(Me3Si)2N}Fe]2(μ-

Nam
2,N

py
4-2,3,5,6-tetrakis(pyridin-2-yl)piperazyl) ([14-Fe]2) (solid state). A solution 

of smifH (0.700 g, 3.55 mmol) in 10 mL Et2O was added dropwise to a stirring 

solution of Fe{N(SiMe3)2}2(THF) (1.592 g, 3.55 mmol) in Et2O (10 mL) at 23 °C. The 

solution immediately became dark emerald green. The reaction was degassed, allowed 
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to stir at 23 °C for 3 h, and volatiles were removed. The orange crystalline solid was 

triturated with pentane, stripped, and filtered in Et2O to produce 1.090 g of [14-Fe]2 

(74 %). 1H NMR (THF-d8, 400 MHz): δ -0.01 (υ1/2 ≈ 9 Hz, CH, 1 H), 34.57 (υ1/2 ≈ 380 

Hz, Si(CH3)3, 9 H), 46.70 (υ1/2 ≈ 35 Hz, py-CH, 1 H), 46.99 (υ1/2 ≈ 110 Hz, py-CH, 1 

H), 86.21 (υ1/2 ≈ 790 Hz, py-CH, 1 H), 165.40 (υ1/2 ≈ 620 Hz, py-CH, 1 H). 1H NMR 

(C6D6, 400 MHz): δ -14.34 (υ1/2 ≈ 270 Hz, Si(CH3)3,  9 H), -10.83 (υ1/2 ≈100 Hz, CH, 

1 H), 71.49 (υ1/2 ≈ 130 Hz, py-CH, 1 H), 79.24 (υ1/2 ≈ 200 Hz, py-CH, 1 H), 136.99 

(υ1/2 ≈ 500 Hz, py-CH, 1 H), 203.24 (υ1/2 ≈ 430 Hz, py-CH, 1 H). UV-vis (pentane) = 

399 nm (ε ~ 37,000 M-1 cm-1), 633 nm (ε ~ 52,000 M-1 cm-1). Mössbauer parameters 

(80 K): δ = 0.86 mms-1, ΔEQ = 1.07 mms-1, ΓFWHM = 0.46 mms-1. μeff dimer (SQUID, 

300 K) = 7.34 μB.  

7. (dpma)FeN(SiMe3)2 (15-Fe). To a solution of Fe{N(SiMe3)2}2(THF) (0.500 

g, 1.11 mmol) in Et2O (10 mL) at -78 °C was added di-(2-picolyl)amine (0.222 g, 1.11 

mmol) in 10 mL Et2O via syringe under argon. Upon warming to 23 °C, the solution 

became red and continued to stir for 3 h. The reaction was degassed, cooled to -78 °C, 

and filtered. Red needles of 15-Fe (0.297 g, 64 %) were washed with cold Et2O. 1H 

NMR (C6D6, 400 MHz): δ 12.73 (υ1/2 ≈ 1900 Hz, Si(CH3)3, 9 H), 25.20 (υ1/2 ≈ 520 Hz, 

CH2, 2 H), 36.57 (υ1/2 ≈ 1200 Hz, py-CH, 1 H), 81.90 (υ1/2 ≈ 2400 Hz, py-CH, 1 H), 

130.74 (υ1/2 ≈ 2200 Hz, py-CH, 1 H), 182.06 (υ1/2 ≈ 3100 Hz, py-CH, 1 H). UV-vis 

(benzene) = 549 nm (ε ~ 1,500 M-1 cm-1). Anal. Calcd. H30C18N4Si2Fe: C, 52.16; H, 

7.30; N, 13.52. Found: C, 52.32; H, 7.32; N, 13.49. μeff (SQUID, 293 K) = 3.0 μB. 

8. (dpma)2Fe (16-Fe). To a solution of Fe{N(SiMe3)2}2(THF) (0.250 g, 0.56 

mmol) in Et2O (10 mL) at -78 °C was added di-(2-picolyl)amine (0.222 g, 1.11 mmol) 

in 5 mL Et2O via syringe under argon. The solution became dark blue after 30 min at 

23 °C and was stirred for 12 h. The volatiles were removed in vacuo. The residue was 
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dissolved in benzene and filtered through Celite. Addition of pentane facilitated the 

crystallization of 16-Fe as dark blue-metallic purple crystals (0.188 g, 75 %). 1H NMR 

(C6D6, 400 MHz): δ 8.47 (υ1/2 ≈ 40 Hz, py-CH, 1 H), 41.31 (υ1/2 ≈ 70 Hz, py-CH, 1 

H), 50.37 (υ1/2 ≈ 100 Hz, py-CH, 2 H), 56.60 (υ1/2 ≈ 180 Hz, py-CH, 1 H), 163.05 (υ1/2 

≈ 2900 Hz, py-CH, 1 H). Mössbauer parameters (80 K): δ = 0.94 mms-1, ΔEQ = 0.86 

mms-1, ΓFWHM = 0.39 mms-1. UV-vis (pentane) = 360 nm (ε ~ 5,000 M-1 cm-1), 708 nm 

(ε ~ 3,700 M-1 cm-1). Anal. Calcd. H24C24N6Fe: C, 63.73; H, 5.35; N, 18.58. Found: C, 

65.35; H, 5.05; N, 17.69. μeff (Evans’ method, C6D6, 293 K) = 5.0 μB. μeff (SQUID, 

293 K) = 5.2 μB. 

9. (smif)(dpma)Fe (17-Fe). A) To a stirred suspension of [14-Fe]2 (0.300 g, 

0.36 mmol) in 20 mL Et2O at -78 °C was slowly added a solution of di-(2-

picolyl)amine (0.145 g, 0.73 mmol) in Et2O (10 mL) under argon. The suspension 

immediately changed from emerald green to red. The reaction was degassed and 

allowed to stir at 23 °C for 3 h while dark red crystals precipitated from solution. The 

reaction mixture was concentrated, filtered cold, and washed with cold Et2O to yield a 

mixture of 17-Fe and 6-Fe (16:1, 0.225 g, representing 63 % of 17-Fe). B) To a stirred 

solution of 15-Fe (0.300 g, 0.72 mmol) in 20 mL Et2O at -78 °C was slowly added a 

solution of smifH (0.143 g, 0.72 mmol) in Et2O (10 mL) under argon. The reaction 

was degassed. The reaction mixture changed color from cherry red to dark blue to 

purple to dark red as the solution warmed to 23 °C. Dark red crystals precipitated from 

solution while it stirred at 23 °C for 3 h. The reaction mixture was concentrated, 

filtered cold, and washed with cold Et2O to yield a mixture of 17-Fe and 6-Fe (2:1, 

0.260 g, representing 51 % 17-Fe). 1H NMR (C6D6, 400 MHz): δ 8.70 (υ1/2 ≈ 19 Hz, 

CH2, 2 H), 14.98 (υ1/2 ≈ 40 Hz, py-CH, 1 H), 16.95 (υ1/2 ≈ 40 Hz, py-CH, 1 H), 19.48 

(υ1/2 ≈ 60 Hz, py-CH, 1 H), 21.80 (υ1/2 ≈ 80 Hz, py-CH, 1 H), 30.37 (υ1/2 ≈ 187 Hz, 
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py-CH, 1 H), 32.02 (υ1/2 ≈ 234 Hz, py-CH, 1 H), 47.34 (υ1/2 ≈ 388 Hz, CH, 1 H), 81.73 

(υ1/2 ≈ 1900 Hz, py-CH, 1 H), 183.55 (υ1/2 ≈ 3500 Hz, py-CH, 1 H). 

10. (dpma)FeOCHPh2 (18-Fe). To a 50 mL round bottom flask charged with 

15-Fe (0.500 g, 1.21 mmol) and diphenylmethanol (0.222 g, 1.21 mmol) was vacuum 

transferred 35 mL Et2O at -78 °C resulting in a red solution. The solution darkened to 

red-purple and was stirred at 23 °C for 3 h. The solution was concentrated, filtered, 

and washed with cold Et2O yielding plum crystals of 18-Fe (0.449 g, 85 %). 1H NMR 

(C6D6, 400 MHz): δ 9.30 (υ1/2 ≈ 53 Hz, py-CH, 1 H), 11.20 (υ1/2 ≈ 78 Hz, py-CH, 1 

H), 12.67 (υ1/2 ≈ 219 Hz, CH2, 2 H), 13.81 (υ1/2 ≈ 92 Hz, ArCH, 2 H), 20.83 (υ1/2 ≈ 

107 Hz, py-CH, 1 H), 24.28 (υ1/2 ≈ 76 Hz, ArCH, 2 H), 65.23 (υ1/2 ≈ 800 Hz, py-CH, 1 

H), 132.81 (υ1/2 ≈ 2190 Hz, py-CH, 1 H). 

11. (smif)FeOCHPh2 (19-Fe). To a 25 mL round bottom flask charged with 

[14-Fe]2 (0.200 g, 0.24 mmol) and diphenylmethanol (0.089 g, 0.48 mmol) was 

vacuum transferred 15 mL THF at -78 °C resulting in an emerald green solution. After 

stirring at 23 °C for 2.5 d, volatiles were removed in vacuo from the dark kelly green 

solution. The solid was washed with pentane to remove excess diphenylmethanol 

before filtering and crystallizing 19-Fe from Et2O (0.125 g, 59 %). 1H NMR (C6D6, 

400 MHz): δ -29.46 (υ1/2 ≈ 365 Hz, Ar-CH, 4 H), -0.77 (υ1/2 ≈ 61 Hz, Ar-CH, 4 H), 

1.49 (υ1/2 ≈ 20 Hz, CH,1 H), 3.40 (υ1/2 ≈ 38 Hz, Ar-CH, 2 H), 3.74 (υ1/2 ≈ 30 Hz, CH, 

1 H), 35.55 (υ1/2 ≈ 47 Hz, py-CH, 1 H), 66.47 (υ1/2 ≈ 73 Hz, py-CH, 1 H), 125.50 (υ1/2 

≈ 861 Hz, py-CH, 1 H), 254.92 (υ1/2 ≈ 554 Hz, py-CH, 1 H).  

12. (d4-dpma)2Fe (16-Fe-d4). To a solution of Fe{N(SiMe3)2}2(THF) (0.329 g, 

0.73 mmol) in Et2O (10 mL) at -78 °C was added Dd4-dpma (0.300 g, 1.47 mmol) in 9 

mL Et2O via syringe under argon. The solution changed color from pale green to dark 

blue after 30 min at 23 °C and was stirred for 20 h. The volatiles were removed in 
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vacuo. The solid was taken up and filtered in Et2O. The filtrates were concentrated, 

cooled to -78 °C, filtered, and resulting dark blue crystals, 16-Fe-d4, were washed 

with cold Et2O (0.220 g, 66 %).  

13. (oMesmif)FeN(TMS)2 (20-Fe) (in solution) and [{(Me3Si)2N}Fe]2(μ-

Nam
2,N

py
4-2,5-bis(6-methylpyridin-2-yl)-3,6-bis(pyridin-2-yl)piperazyl) ([20-Fe]2) 

(solid state). To a stirring solution of Fe{N(SiMe3)2}2(THF) (0.500 g, 1.11 mmol) in 

10 mL Et2O was slowly added a solution of oMesmifH (0.235 g, 1.11 mmol) in Et2O 

(8 mL) at 23 °C. The reaction mixture became emerald-teal green. The reaction was 

degassed, warmed to 23 °C, and stirred for 20 h while yellow-orange crystals 

precipitated from solution. The suspension was concentrated, and yellow-orange 

crystals were isolated by filtration to yield [20-Fe]2 (0.225, 47 %). 1H NMR (C6D6, 

400 MHz): δ -21.82 (υ1/2 ≈ 38 Hz, CH, 1 H), -26.10 (υ1/2 ≈ 38 Hz, CH, 1 H), -13.23 

(υ1/2 ≈ 413 Hz, CH3, 3 H), 0.75 (υ1/2 ≈ 300 Hz, Si(CH3)3, 18 H), 14.26 (υ1/2 ≈ 131 Hz, 

py-CH, 1 H), 40.95 (υ1/2 ≈ 23 Hz, py-CH, 1 H), 46.13 (υ1/2 ≈ 374 Hz, py-CH, 1 H), 

47.74 (υ1/2 ≈ 23 Hz, py-CH, 1 H), 59.84 (υ1/2 ≈ 96 Hz, py-CH, 1 H), 64.39 (υ1/2 ≈ 96 

Hz, py-CH, 1 H), 252.29 (υ1/2 ≈ 1000 Hz, py-CH, 1 H). 

14. (oMe2smif)FeN(SiMe3)2 (21-Fe). To a stirring solution of 

Fe{N(SiMe3)2}2(THF) (0.398 g, 0.89 mmol) in 8 mL Et2O was slowly added a 

solution of oMe2smifH (0.200 g, 0.89 mmol) in Et2O (8 mL) at 23 °C. The reaction 

mixture turned teal blue, was degassed, warmed to 23 °C, and stirred for 12 h while 

gold crystals precipitated from solution. The suspension was concentrated, and gold 

crystals were isolated by filtration to yield 0.152 g 21-Fe (39 %). 1H NMR (C6D6, 400 

MHz): δ -25.33 (υ1/2 ≈ 812 Hz, CH3, 3 H), -2.12 (υ1/2 ≈ 53 Hz, CH, 1 H), 22.30 (υ1/2 ≈ 

507 Hz, Si(CH3)3, 9 H), 32.55 (υ1/2 ≈ 154 Hz, py-CH, 1 H), 37.80 (υ1/2 ≈ 57 Hz, py-

CH, 1 H), 150.52 (υ1/2 ≈ 974 Hz, py-CH, 1 H). μeff (SQUID, 293 K) = 5.1 μB. 
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15. (oMesmif)2Fe (22-Fe). To a solution of Fe{N(SiMe3)2}2(THF) (0.500 g, 

1.11 mmol) in 15 mL Et2O was slowly added a solution of oMesmifH (0.471 g, 2.22 

mmol) in Et2O (10 mL) at 23 °C. The solution immediately changed from pale green 

to a brilliant blue. The reaction was degassed and warmed to 23 °C. Purple-mauve 

crystals began to precipitate from the deep blue solution while stirring for 20 h. The 

volatiles were removed, and the solid was triturated and filtered in Et2O to yield 

purple-mauve crystals of 22-Fe (0.311 g, 59 %). 1H NMR (C6D6, 400 MHz): δ 2.04 (s, 

pyMe-CH3, 3 H), 6.44 (t, pyMe-C4H, 1 H, J = 6.8 Hz), 6.51 (t, py-C5H, 1 H, J = 6.8 Hz), 

6.83 (d, pyMe-C5H, 1 H, J = 6.8 Hz), 6.97 (br s, pyMe-C3H, py-C4H, 2 H), 7.59 (d, py-

C6H, 1 H, J = 6 Hz), 11.43 (υ1/2 ≈  29 Hz, CH, 1 H), 12.04 (υ1/2 ≈  46 Hz, CH, 1 H), 

13.31 (υ1/2 ≈  52 Hz, py-C3H, 1 H). 13C{1H} NMR (C6D6, 100 MHz): δ 25.93 (pyMe-

CH3), 100.75 (pyMe-C3H), 103.26 (pyMe-C5H), 107.54 (py-C3H), 112.22 (py-C5H), 

114.11 (pyMe-C4H), 119.50 (CH), 123.66 (py-C4H), 132.93 (CH), 136.73 (py-C6H), 

149.10 (pyMe-C6H), 160.93 (pyMe-C2), 170.83 (py-C2). UV-vis (benzene) = 425 nm (ε 

~ 42,000 M-1 cm-1), 533 nm (ε ~ 30,000 M-1 cm-1), 576 nm (sh, ε ~ 22,000 M-1 cm-1). 

Mössbauer parameters (80 K): δ = 0.38 mms-1, ΔEQ = 0.99 mms-1, ΓFWHM = 0.31 mms-

1. (200 K): δ = 0.34 mms-1, ΔEQ = 1.00 mms-1, ΓFWHM = 0.28 mms-1. Anal. Calcd. 

H24C26N6Fe: C, 65.56; H, 5.08; N, 17.64. Found: C, 65.58; H, 5.25; N, 17.17. μeff 

(Gouy, 296 K) = 1.53 μB. μeff (SQUID, 5K) = 0.5 μB to μeff (SQUID, 293 K) = 1.2 μB.  

16. (oMe2smif)2Fe (23-Fe). To a solution of Fe{N(SiMe3)2}2(THF) (0.747 g, 

1.66 mmol) in 12 mL Et2O was slowly added a solution of oMe2smifH (0.750 g, 3.33 

mmol) in Et2O (10 mL) at 23 °C. The solution immediately changed from pale green 

to deep forest green. The reaction was degassed and warmed to 23 °C. Gold-bronze 

crystals began to precipitate from the deep cobalt blue solution after stirring for 30 

min. The reaction mixture was stirred for an addition 15.5 h. The volatiles were 
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removed, and the solid was triturated and filtered in Et2O to yield gold-bronze crystals 

of 23-Fe (0.712 g, 85 %). 1H NMR (C6D6, 400 MHz): δ -9.64 (υ1/2 ≈ 110 Hz, CH, 1 

H), 7.44 (υ1/2 ≈ 17 Hz, CH3, 3 H), 36.73 (υ1/2 ≈ 20 Hz, py-CH, 1 H), 52.87 (υ1/2 ≈ 15 

Hz, py-CH, 1 H), 167.44 (υ1/2 ≈ 53 Hz, py-CH, 1 H). UV-vis (benzene) = 399 nm (ε ~ 

29,000 M-1 cm-1), 598 nm (ε ~ 58,000 M-1 cm-1). Mössbauer parameters (15 K): δmajor 

(81 %) = 1.05 mms-1, ΔEQ = 2.24 mms-1, ΓFWHM = 0.36 mms-1; δminor (19 %) = 1.01 mms-1, 

ΔEQ = 0.77 mms-1, ΓFWHM = 0.49 mms-1. (80 K): δmajor (82 %) = 1.04 mms-1, ΔEQ = 2.18 

mms-1, ΓFWHM = 0.39 mms-1; δminor (18 %) = 1.02 mms-1, ΔEQ = 0.65 mms-1, ΓFWHM = 

0.50 mms-1. Anal. Calcd. H28C28N6Fe: C, 66.67; H, 5.60; N, 16.66. Found: C, 66.54; 

H, 5.47; N, 16.19. μeff (Gouy, 295 K) = 5.0 μB. μeff (SQUID, 293 K) = 5.5 μB.  

17. (oMesmif)(smif)Fe (24-Fe). To a solution of 20-Fe (0.050 g, mmol) in 2 

mL of Et2O was slowly added a solution of smifH (0.023 g, mmol) in Et2O (2 mL) 

resulting in a deep teal solution. The reaction was degassed. Metallic-purple crystals 

began to precipitate from solution after stirring at 23 °C for 2.5 h, and the reaction was 

stirred for an addition 13.5 h. Volatiles were removed in vacuo from the red-brown 

suspension. 1H NMR spectroscopy on the solid showed a 1 : 2.8 : 2 ratio of 6-Fe, 24-

Fe, and 22-Fe, respectively.  1H NMR (C6D6, 400 MHz) for 24-Fe: δ 2.83(s, pyoMe-

CH3, 3 H), 5.56 (d, pyoMe-py-C3H, 1 H, J = 7.0 Hz), 5.75 (t, py-C5H, 2 H, J = 6.4 Hz), 

5.77 (t, pyoMe-C5H, 1 H, J = 6.3 Hz), 6.08 (d, pyoMe-py-C3H, 1 H, J = 8.0 Hz), 6.12 (t, 

pyoMe-py-C4H, 1 H, J = 5.4 Hz), 6.14 (d, pysmif-C3H, 2 H, J = 8.1 Hz), 6.34 (t, pysmif-

C4H, 1 H, J = 7.6 Hz), 6.44 (t, pyoMe-py-C5H, pyoMe-C4H, 2 H, J = 6.7 Hz), 7.17 (d, 

pyoMe-py-C6H, 1 H, J = 6.2 Hz), 7.51 (s, smif-CH, 2 H), 7.71 (s, oMesmif-CH, 1 H), 

7.76 (d, pysmif-C6H, 2 H, J = 5.5 Hz), 7.90 (s, oMesmif-CH, 1 H). 13C{1H} NMR 

(C6D6, 100 MHz): δ 22.40 (pyoMe-CH3), 110.80 (pyoMe-C3H), 112.08 (pyoMe-py-C5H), 

112.26 (smif-CH), 114.62(pyoMe-C4H), 115.94 (pysmif-C3H), 116.49 (pyoMe-C5H), 
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119.04 (pysmif-C5H), 119.93 (oMesmif-CH), 120.78 (pyoMe-py-C4H), 132.93 (oMesmif-

CH), 134.86 (pysmif-C4H), 135.52 (pyoMe-C2), 136.73 (pyoMe-py-C6H), 151.07 (pyoMe-

C6), 151.81 (pysmif-C6H), 152.42 (pyoMe-py-C2), 166.48 (pysmif-C2).  

18. (smif)(oMe2smif)Fe (25-Fe). To a solution of [14-Fe]2 (0.050 g, mmol) in 

2 mL of Et2O was slowly added a solution of oMe2smifH (0.027 g, mmol) in Et2O (2 

mL) resulting in a deep blue solution. The reaction was degassed. A mauve solid 

began to precipitate from solution after stirring at 23 °C for 2 h, and the reaction was 

stirred for an addition 4 h. Volatiles were removed in vacuo from the dark blue 

suspension yielding a mauve solid. 1H NMR spectroscopy on the solid showed a 1:8:2 

ratio of 6-Fe, 25-Fe, and 23-Fe, respectively.  1H NMR (C6D6, 400 MHz) for 25-Fe: 

4.41 (υ1/2 ≈ 51 Hz, CH3, 3 H), 6.47 (υ1/2 ≈ 16 Hz, py-CH, 1 H), 7.28 (υ1/2 ≈ 16 Hz, py-

CH, 1 H), 18.91 (υ1/2 ≈ 24 Hz, py-CH, 1 H), 19.70 (υ1/2 ≈ 26 Hz, py-CH, 1 H), 20.35 

(υ1/2 ≈ 28 Hz, py-CH, 1 H), 23.06 (υ1/2 ≈ 34 Hz, py-CH, 1 H), 50.88 (υ1/2 ≈ 243 Hz, 

py-CH, 1 H), 53.78 (υ1/2 ≈ 154 Hz, py-CH, 1 H), 79.58 (υ1/2 ≈ 290 Hz, py-CH, 1 H).  

19. (oMesmif)(oMe2smif)Fe (26-Fe). To a solution of 20-Fe (0.050 g, mmol) 

in 2 mL of Et2O was slowly added a solution of oMe2smifH (0.026 g, mmol) in Et2O 

(2 mL) resulting in a deep teal-blue solution. The reaction was degassed. Metallic gold 

crystals precipitated from solution after stirring at 23 °C for 2.5 h, and the reaction 

was stirred for an addition 13.5 h. Volatiles were removed in vacuo from the deep blue 

suspension. 1H NMR spectroscopy on the solid showed a 2:4:1 ratio of 22-Fe, 26-Fe, 

and 23-Fe, respectively.  1H NMR (C6D6, 400 MHz) for 26-Fe: -50.83 (υ1/2 ≈ 210 Hz, 

CH3, 3 H), -7.43 (υ1/2 ≈ 101 Hz, py-CH, 2 H), -1.55 (υ1/2 ≈ 75 Hz, py-CH, 1 H), 3.84 

(υ1/2 ≈ 16 Hz, py-CH, 1 H), 4.39 (υ1/2 ≈ 54 Hz, py-CH, 1 H), 4.61 (υ1/2 ≈ 20 Hz, py-

CH, 1 H), 7.63 (υ1/2 ≈ 93 Hz, py-CH, 1 H), 8.28 (υ1/2 ≈ 103 Hz, py-CH, 1 H), 8.87 (υ1/2 

≈ 64 Hz, py-CH, 1 H), 9.97 (υ1/2 ≈ 44 Hz, py-CH, 2 H), 10.72 (υ1/2 ≈ 175 Hz, CH3, 6 
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H), 26.71 (υ1/2 ≈ 58 Hz, py-CH, 1 H), 43.97 (υ1/2 ≈ 45 Hz, py-CH, 3 H), 52.90 (υ1/2 ≈ 

49 Hz, py-CH, 1 H), 55.24 (υ1/2 ≈ 53 Hz, py-CH, 4 H), 56.72 (υ1/2 ≈ 68 Hz, py-CH, 1 

H), 157.77 (υ1/2 ≈ 102 Hz, py-CH, 2 H), 166.94 (υ1/2 ≈ 94 Hz, py-CH, 1 H). 

20. (bMe2smif)2Fe (27-Fe). To a 50 mL round bottom flask charged with 

Fe{N(SiMe3)2}2(THF)  (0.996 g, 2.22 mmol) and bMe2smifH (1.000 g, 4.44 mmol) 

was vacuum transferred 25 mL THF at -78 °C. The reaction mixture became dark 

green and was stirred at 23 °C for 2 d. The volatiles were removed in vacuo. The solid 

was first triturated with pentane (2 x 15 mL) and then Et2O prior to filtering and 

washing with cold Et2O to yield a mossy green solid 27-Fe (0.802 g, 72 %). 1H NMR 

(C6D6, 400 MHz): δ 2.54 (s, CH3, 3 H), 5.87 (t, py-C4H, 1 H, J = 8 Hz), 6.03 (d, py-

C3H, 1 H, J = 8.4 Hz), 6.49 (t, py-C5H, 1 H, J = 4 Hz), 7.80 (d, py-C6H, 1 H, J = 5.2 

Hz). 13C{1H} NMR (C6D6, 100 MHz): δ 17.55 (CH3), 111.83 (CCH3), 115.80 (py-

C5H), 119.79 (py-C3H), 134.70 (py-C4H), 152.12 (py-C6H), 165.98 (py-C2). 

21. (Me4smif)FeN(SiMe3)2 (28-Fe) (in solution) and [(μ-C,Nam,Npy
2-2-(6-

methylpyridin-2-yl)-2-(1-(6-methylpyridin-2-yl)ethylamino)ethan-1-

ido)Fe{N(SiMe3)2}]2 ([28-Fe]2). A small tube fitted to a 180° needle valve was 

charged with Fe{N(SiMe3)2}2(THF) (0.105 g, 0.23 mmol) and Me4smifH (0.025 g, 

0.30 mmol). A bell pepper green solution appeared immediately upon addition of 

benzene. The reaction was degassed, sealed under vacuum, and allowed to sit for 2 d 

at 23 °C. The tube was opened, and benzene was decanted. Red-orange crystals of 

[28-Fe]2 were washed with Et2O. (0.069 g, 63 %). 1H NMR (C6D6, 400 MHz): δ -

50.62 (υ1/2 ≈ 370 Hz, CH3, 3 H), 18.23 (υ1/2 ≈ 600 Hz, Si(CH3)3, 9 H), 21.94 (υ1/2 ≈ 

350 Hz, py-CH, 1 H), 48.25 (υ1/2 ≈ 44 Hz, py-CH, 1 H), 57.31 (υ1/2 ≈ 310 Hz, py-CH, 

1 H), 69.57 (υ1/2 ≈ 440 Hz, CH3, 3 H). Anal. Calcd. H22C36N4Si2Fe: C, 56.39; H, 7.74; 

N, 11.96. Found: C, 56.62; H, 7.84; N, 12.04. μeff (SQUID, 293K) = 4.3 μB. 
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22. [(2,5-di(pyridin-2-yl)-3,4-di-(p-tolyl-2,5-dihydropyrrol-1-

ide))FeN(TMS)2]2 (29-Fe). To a small glass bomb reactor charged with 

[(smif)FeN(TMS)2]2 (0.600 g, 0.73 mmol) and di(p-tolyl)acetylene (0.300 g, 1.45 

mmol) was added 12 mL benzene generating a dark emerald green solution that was 

degassed. The bomb was placed in a 50 °C oil bath for 3 d. Volatiles were removed in 

vacuo. Any unreacted 14-Fe was washed away in pentane. The filter cake was washed 

with Et2O, and the filtrates were concentrated. Cooling the solution to -78 °C yielded 

red crystals (0.175 g, 19 %) of 29-Fe that were filtered, and washed with cold Et2O.  
1H NMR (C6D6, 400 MHz): δ 7.97 (υ1/2 ≈ 105 Hz, Si(CH3)3, 9 H), 17.59 (υ1/2 ≈ 40 Hz, 

py-CH/ArCH, 1 H), 27.39 (υ1/2 ≈ 230 Hz, CH3, 3 H), 31.89 (υ1/2 ≈ 77 Hz, py-

CH/ArCH, 1 H), 35.96 (υ1/2 ≈ 52 Hz, py-CH/ArCH, 1 H), 98.84 (υ1/2 ≈ 1100 Hz, py-

CH/ArCH, 1 H), 194.18 (υ1/2 ≈ 1100 Hz, py-CH/ArCH, 1 H). Anal. Calcd. H84 C68N8 

Si4 Fe2: C, 66.00; H, 6.84; N, 9.05. Found: C, 67.40; H, 6.45; N, 7.59. μeff (SQUID, 

293 K) = 5.3 μB. 

23. (2,6-iPr2PhNCOsmif)2Fe (30-Fe-DIPP). To a 25 mL round bottom flask 

charged with 6-Fe (0.500 g, 1.12 mmol) was added 20 mL C6H6. The flask was cooled 

to -78 °C and 2,6-diisopropylphenylisocyanate (0.48 mL, 2.24 mmol) was added via 

syringe under argon. The reaction was degassed, and slowly warmed to 23 °C as the 

solution turned deep red-orange. The reaction stirred at 23 °C for 17 h. Volatiles were 

removed in vacuo, and the reaction mixture was triturated with pentane (3 x 5 mL). 

After filtering and washing with pentane, 30-Fe-DIPP was isolated as a dark red solid 

(0.719 g, 75 %). 1Η ΝΜR (C6D6, 400 MHz): δ 1.38 (s, CH(CH3)2, 12 H), 3.56 (sept, 

CH(CH3)2, 2 H, J = 6.9 Hz), 5.84 (t, py-C5H, py’-C5H, 2 H, J = 5.3 Hz), 6.33 (d, Ar-

C3H, 2 H, J = 3.8 Hz), 6.54 (t, Ar-C4H, 1 H, J = 7.3 Hz), 6.98 (s, NH, 1 H), 7.31 (m, 

py-C3H, py-C4H, py’-C4H, 3 H), 7.44 (d, py’-C3H, 1 H, J = 8.4 Hz), 7.77 (d, py-C6H, 
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1 H, J = 5.4 Hz), 7.99 (d, py’-C6H, 1 H, J = 5.2 Hz), 10.15 (s, CH, 1 H). 13C{1H} 

NMR (C6D6, 100 MHz): δ 24.36 (CH(CH3)2), 24.38 (CH(CH3)2), 30.07 (CH(CH3)2), 

114.11 (py’-C3H), 117.00 (py’-C5H), 117.98 (py-C3H), 118.34 (py-C5H), 119.89 

(C(C=O)), 124.07 (CH), 127.92 (Ar-C3H), 133.02 (Ar-C4H), 134.18 (py-C4H), 135.24 

(py’-C4H), 136.08 (Ar-C1), 145.41 (Ar-C2), 151.42 (py-C6H), 151.88 (py’-C6H), 

163.97 (py’-C2), 164.55 (C=O), 165.51 (py-C2). UV-vis (benzene) = 381 nm (ε ~ 

33,000 M-1 cm-1), 427 nm (ε ~ 46,000 M-1 cm-1), 525 nm (ε ~ 21,000 M-1 cm-1), 638 

nm (ε ~ 7,000 M-1 cm-1). Anal. Calcd. H54C50N8O2Fe: C, 70.25; H, 6.37; N, 13.11. 

Found: C, 70.25; H, 6.37; N, 13.11. 

24. (tBuNCOsmif)2Fe (30-Fe-tBu). A) To a small glass bomb reactor charged 

with 6-Fe (0.150 g, 0.33 mmol) was added 10 mL C6H6. The bomb was cooled to -78 

°C and tert-butylisocyanate (76 μL, 0.66 mmol) was added via GC syringe under 

argon. The reaction was degassed and slowly warmed to 23 °C. The solution turned 

deep red-orange after stirring at 23 °C for 18 h. The reaction was stirred at 23 °C for 

10 d. Volatiles were removed in vacuo, and the reaction mixture was triturated with 

pentane (3 x 5 mL). After filtering and washing with pentane, 30-Fe-tBu was isolated 

as a dark red solid (0.102 g, 47 %). B) To a 25 mL round bottom flask charged with 

FeBr2(THF)2 (0.141 g, 0.39 mmol) and 31-Na (0.250 g, 0.79 mmol) was vacuum 

transferred 20 mL THF at -78 °C. The solution turned red-orange upon warming to 23 

°C and was stirred for 18 h. Volatiles were removed in vacuo, and the resulting solid 

was triturated with Et2O prior to filtering in toluene.  A dark red microcrystalline 

solid, 30-Fe-tBu, was obtained (0.154 g, 61 %). 1Η ΝΜR (C6D6, 500 MHz): δ 1.53 (s, 

C(CH3)3, 9 H), 5.37 (s, NH, 1 H), 5.71 (t, py-C5H, 1 H, J = 6.2 Hz), 5.76 (t, py’-C5H, 1 

H, J = 6.3 Hz), 6.32 (t, py-C4H, 1 H, J = 7.3 Hz), 6.36 (d, py-C3H, 1 H, J = 7.9 Hz), 

6.48 (t, py’-C4H, 1 H, J = 6.3 Hz), 7.03 (d, py’-C3H, 1 H, J = 8.5 Hz), 7.75 (d, py-C6H, 
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1 H, J = 5.3 Hz), 7.98 (d, py’-C6H, 1 H, J = 5.1 Hz), 9.91 (s, CH, 1 H). 13C{1H} NMR 

(C6D6, 125 MHz): δ 30.08 (C(CH3)3), 51.35 (C(CH3)3), 113.33 (py’-C3H), 116.31 

(py’-C5H), 116.79 (py-C3H), 119.27 (py-C5H), 119.95 (C(C=O)), 130.04 (CH), 135.01 

(py-C4H), 135.42 (py’-C4H), 151.70 (py-C6H), 152.06 (py’-C6H), 164.40 (py’-C2), 

164.47 (C=O), 165.62 (py-C2). UV-vis (benzene) = 383 nm (ε ~ 28,000 M-1 cm-1), 431 

nm (ε ~ 42,000 M-1 cm-1), 534 nm (ε ~ 19,000 M-1 cm-1), 644 nm (ε ~ 6,000 M-1 cm-1). 

Anal. Calcd. H38C34N8O2Fe: C, 63.16; H, 5.92; N, 17.33. Found: C, 63.16; H, 5.92; N, 

17.33. 

25. Na(tBuNCOsmif) (31-Na). To a solution of 5-Na (0.300 g, 1.37 mmol) in 

20 mL THF was added tert-butylisocyanate (156 μL, 1.37 mmol) via syringe at -78 °C 

under argon. The solution was warmed to 23 °C and turned red. Volatiles were 

removed in vacuo after 2 h, and the resulting film was triturated with Et2O to remove 

residual THF. 31-Na was isolated as a metallic green solid (0.396 g, 91 %). 1H NMR 

(C6D6, 500 MHz): δ 1.39 (s, C(CH3)3, 9 H), 6.33 (t, py-C5H, 1 H, J = 5.8 Hz), 6.43 (t, 

py’-C5H, 1 H, J = 5.8 Hz), 6.55 (d, py-C3H, 1 H, J = 8.1 Hz), 6.94 (t, py-C4H, 1 H, J = 

7.0 Hz), 7.17 (t, py’-C4H, 1 H, J = 7.7 Hz), 7.81 (d, py’-C3H, 1 H, J = 8.1 Hz), 8.18 (s, 

NH, 1 H), 8.20 (d, py-C6H, 1 H, J = 5.4 Hz), 8.44 (d, py’-C6H, 1 H, J = 3.9 Hz), 10.58 

(s, CH, 1 H). 13C{1H} NMR (C6D6, 125 MHz): δ 30.58 (C(CH3)3), 50.26 (C(CH3)3), 

111.02 (py’-C3H), 116.24 (py’-C5H), 116.94 (py-C3H), 118.74 (py-C5H), 121.24 

(C(C=O)), 123.58 (CH), 135.18 (py-C4H), 136.52 (py’-C4H), 148.28 (py-C6H), 150.40 

(py’-C6H), 157.79 (C=O), 160.47 (py’-C2), 169.93 (py-C2). 

 Magnetic Susceptibility Measurements.   Magnetic susceptibility 

measurements of crystalline powdered samples (10-30 mg) were performed on a 

Quantum Design MPMS-5 SQUID magnetometer at 10 kOe between 5 and 300 K for 

all samples.  All sample preparations and manipulations were performed under an inert 
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atmosphere to due to the air sensitivity of the samples.  The samples were either 

measured in a flame sealed NMR tube or a custom machine sealed Teflon capsule.  

The diamagnetic contribution from the sample container was subtracted from the 

experimental data.  Pascal's constants45 were used to subtract diamagnetic 

contributions, yielding paramagnetic susceptibilities. 

Mössbauer Spectroscopy. 57Fe Mössbauer spectra were recorded on a SEE 

Co. Mössbauer spectrometer (MS4) at 80 K in constant acceleration mode. 57Co/Rh 

was used as the radiation source. WMOSS software was used for the quantitative 

evaluation of the spectral parameters (least squares fitting to Lorentizian peaks). The 

minimum experimental line widths were 0.23 mm s-1. The temperature of the sample 

was controlled by a Janis Research Co. CCS-850 He/N2 cryostat within an accuracy of 

±0.3 K. Isomer shifts were determined relative to α-iron at 298 K. 

Equilibrium study. 14-Fe ≡ [14-Fe]2. A series of five NMR tubes were 

charged with known concentrations of (smif)FeN(SiMe3)2. The solutions (3.4 x 10-3 to 

2.4 x 10-2 M) of (smif)FeN(SiMe3)2  in THF-d8 were prepared in a 5 mL volumetric 

flask, and 1H NMR spectra were obtained at ambient temperature. The chemical shift 

associated with the smif ‘backbone’ CH was monitored as it exhibited the largest 

change as concentrations varied. The equilibrium constant, ~ 4 x 10-4 M-1, was fit 

using the least squares method developed by Tan for determining the NMR monomer 

shift and equilibrium constant for self-associating systems.28 

Hydrogenation & Deuteration Studies. Flame-dried NMR tubes, sealed to 

14/20 ground glass joints, were charged with 16-Fe (0.015 g, 0.033 mmol), two 

equivalents (0.066 mmol) of the appropriate organic substrate, and 0.5 mL C6D6. The 

tube was fitted with a 180° needle valve and freeze-pump-thaw degassed 3 times 

before sealing. Reaction progress was monitored via 1H NMR spectroscopy. 
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Deuteration studies were performed in flame-dried J-Young NMR tubes. Several 

deuteration experiments were performed in flame-dried and silylated J-Young tubes. 

Results are summarized in Scheme 4.5 and Table 4.5. 

 Cyclotrimerization Studies. Flame dried NMR tubes, sealed to 14/20 ground 

glass joints, were charged with 0.5 mL solutions of known concentrations of an iron 

compound in the glovebox. The tubes were attached to a calibrated gas bulb and 

degassed on the vacuum line via freeze-pump-thaw cycle. After condensing 2-butyne 

at 77 K, the tubes were sealed with a torch. Reaction progress was monitored via 1H 

NMR spectroscopy by observing the disappearance of 2-butyne (δ 1.50 ppm) and 

appearance of hexamethylbenzene (δ 2.13 ppm). Upon completion, the tube was 

opened in the glovebox and contents were transferred into a J Young tube containing 

0.010 g ferrocene. A 1H NMR spectrum was obtained, and integrations permitted 

quantification of hexamethylbenzene produced, turnover number, and turnover 

frequency. The C6D6 stock solutions (4.5 x 10-3 to 1.3 x 10-2 M for 

Fe{N(TMS)2}(THF) and 4.8 x 10-3 to 1.5 x 10-2 M for 14-Fe) were prepared using 2 

mL or 5 mL volumetric flasks. 

Single Crystal X-Ray Diffraction Studies. Upon isolation, the 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-monochromated MoKα 

radiation, λ = 0.71073 Å). The structures were solved by direct methods (SHELXS). 

All non-hydrogen atoms were refined anisotropically unless stated, and hydrogen 

atoms were treated as idealized contributions (Riding model). 

26. [14-Fe]2. An orange parallelpiped crystal (0.40 x 0.20 x 0.15 mm) was 

obtained after recrystallization from pentane at 80 °C. A total of 32,284 reflections 

were collected with 7,293 determined to be symmetry independent (Rint = 0.0488), and 
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5,519 were greater than 2σ(I). A semi-empirical absorption correction from 

equivalents was applied, and the refinement utilized w-1 = σ2(Fo
2) + (0.0511p)2 + 

0.0000p, where p = ((Fo
2 + 2Fc

2)/3).  

27. 16-Fe. A dark blue-metallic purple plate (0.60 x 0.15 x 0.05 mm) was 

obtained from a mixture of benzene and pentane (1:1) at 23 °C. A total of 37,723 

reflections were collected with 7,419 determined to be symmetry independent (Rint = 

0.0594), and 6,031 were greater than 2σ(I). A semi-empirical absorption correction 

from equivalents was applied, and the refinement utilized w-1 = σ2(Fo
2) + (0.0307p)2 + 

0.4679p, where p = ((Fo
2 + 2Fc

2)/3). 

28. 28-Fe. A red needle (0.60 x 0.10 x 0.03 mm) was obtained from benzene at 

23 °C. A total of 20,055 reflections were collected with 4,095 determined to be 

symmetry independent (Rint = 0.0609), and 3,085 were greater than 2σ(I). A semi-

empirical absorption correction from equivalents was applied, and the refinement 

utilized w-1 = σ2(Fo
2) + (0.0368p)2 + 0.3358p, where p = ((Fo

2 + 2Fc
2)/3).   

29. (29-Fe). A red plate (0.60 x 0.30 x 0.05 mm) was obtained from ether at  

23 °C. A total of 69,998 reflections were collected with 15,480 determined to be 

symmetry independent (Rint = 0.0467), and 10,139 were greater than 2σ(I). A semi-

empirical absorption correction from equivalents was applied, and the refinement 

utilized w-1 = σ2(Fo
2) + (0.0606p)2 + 0.0000p, where p = ((Fo

2 + 2Fc
2)/3).  

30. (30-Fe-DIPP). A dark red-black needle (0.45 x 0.10 x 0.03 mm) was 

obtained from a mixture of tetrahydrofuran and pentane at 23 °C. A total of 57,325 

reflections were collected with 5,564 determined to be symmetry independent (Rint = 

0.1560), and 2,984 were greater than 2σ(I). A semi-empirical absorption correction 

from equivalents was applied, and the refinement utilized w-1 = σ2(Fo
2) + (0.0911p)2 + 

0.0000p, where p = ((Fo
2 + 2Fc

2)/3). 
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