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ABSTRACT

The synthesis of metal-redox active ligand complexes is described, along with reactivity
studies aimed at facilitating novel C-N bond forming reactions. A copper bis(iminosemiquinone)
structure is and its reduction series are characterized, analyzed, and the reactivity of the Cu(ll)
bis(amidophenolate) analog is investigated with tosyl azide. The identification of the major
reaction product and its characterization is detailed, with reaction sensitivities and heavily distorted
x-ray diffraction single crystal structure generating a complex data set. The characterization of the
isolated product is ongoing, with EPR studies aimed at identifying the radical nature of the
complex. Unusual solvent effects and solubility issues have been noted with these initial EPR
studies and more data is necessary before complete analysis. An ytterbium bis(amidophenolate)
complex was synthesized and its reactivity studied with aryl azides. Initial reactivities generate the
first documented lanthanide tetrazenes in-lieu of the targeted ytterbium imido. Reactivities and
characterization of these complexes support a stable, heavily ionic tetrazene-metal complex with
no observed redox nature, UV light sensitivities, or imido azide-tetrazene equilibrium observed in
various tetrazene transition metal complexes. Synthesis of a sterically blocked ytterbium imido
was attempted, utilizing DMAP. Initial isolation was achieved with characterization and reactivity
studies supporting the imido nature of the complex. The imido could not be confirmed due to
decomposition caused by DMAP ligand dissociation. Initial reactions using alternative ligands
triphenylphosphine oxide and pyridine N-oxide prove promising to increasing the stability of the
presumed ytterbium imido. Organic synthesis was performed generating a potential antibacterial
agent. The synthesis of cyclopropenes was initiated as antagonists for ETR proteins in fruits and
plants. The intermediates proved highly sensitive to harsh chemical conditions, which was
overcome utilizing a tin-mediated Barbier allylation. The cyclopropene alcohol synthon was

synthesized, though protecting group optimization is necessary.
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CHAPTER 1. COPPER IMINOQUINONE COMPLEXES

1.1 Introduction

Research into biomimicry of metalloenzymes started growing in the mid-1990s, with new
organometallic products based on the enzymatic, organic radical promoted, metal driven electron
transfer.! Galactose oxidase and its tyrosine phenoxyl radical driven oxidation was the standard
for studying copper based metalloenzymatic activity. This enzyme, along with others, such as
pterin-dependent hydroxylases? with their related quinone-like cofactor, were the basis for the
iminosemiquinone promoted, copper facilitated redox chemistry. The initial focus was replicating
the biomolecular activity of aerobic oxidation,®’ but the system’s unique three spin structure
facilitates typically spin-forbidden reactions expanding its reactivity into the aziridination of
styrene and its derivatives.2 The copper and iminosemiquinone system, with its precedence for
copper nitrene reactivity and known unique method of stabilization® made it a good choice to
expand the chemistry of copper and related redox restricted metals and to isolate rare or novel
catalytically important intermediates targeting C-N bond formation. The ligand’s crystallographic
bond distances also facilitate easy ligand oxidation state determination, aiding in compound

characterization.

Dippiq Dippisq Dippap

Figure 1-1: Diisopropylphenyl iminoquinone ligand and its reduction series.

1.1.1 Experimental
1.1.2 General Considerations

All reactions are air- and moisture-sensitive and were performed in an MBraun inert

atmosphere drybox with an atmosphere of liquid nitrogen off-gas equipped with a -35°C freezer.
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Pentane, toluene, diethyl ether, and tetrahydrofuran were purchased anhydrous and without
stabilizers, dried in a Seca solvent purification system (SPS) and stored over 4 A molecular sieves
and Na%s. All other proteo solvents and compounds were purified, dried, and deoxygenated
according to literature procedures, and dried overnight under vacuum on a Schlenk line prior to
use in the drybox.°

'H NMR spectra were recorded on either a Varian Inova 300 instrument operating at 300
MHz or a MBraun instrument operating at 400 MHz. The chemical shifts for 'H spectra are
reported relative to SiMes, with the residual solvent peak chemical shift as secondary standard.
The chemical shifts for 3'P spectra are reported relative to HsPOs. All voltametric data were
obtained under inert atmosphere in an MBraun drybox. All samples were collected with 0.1 M
[NBusN][PFe] as supporting electrolyte and referenced to Fc/Fc+ as the internal standard under
experimental conditions. The solutions were analyzed with a 3 mm glassy carbon working
electrode, Ag® wire quasi-reference electrode, and Pt wire counter electrode, with the analysis
performed by either Ezra Coughlin or Jerod Kieser. UV-Vis spectra were recorded in a sealed 1
cm quartz cuvette at room temperature with a Cary 100 Scan UV-Visible spectrophotometer.

Single-crystals suitable for X-ray diffraction were isolated and coated with (poly)isobutylene
oil in a drybox. Their transfer to a goniometer and subsequent data processing and analysis was

aided or performed by Ezra Coughlin, or Dr. Matthias Zeller, though not data analysis.

Synthesis of [iqCu'Cl]2 (1-[ig]2)

To a 20 mL scintillation vial was added CuCl (50 mg, 0.505 mmol), a magnetic stirring bar
and EtO (8 mL). To this slurry was added dropwise a solution of ®""Pig (192 mg, 0.505 mmol) in
Et.O (10 mL). The combined solution changes from deep brown to a dark teal color over the
reaction of up to 7 h. The volatiles were removed by high vacuum and the crude washed with
pentane until the wash turns teal (2 x 1.5 mL), yielding 1-[ig]> (226 mg, 0.236 mmol, 94% yield,

957.14 g/mol). Single-crystals were grown from a saturated solution in THF at -35°C.
Synthesis of [(PPPisq)Cu'! (PPPap)][K(THF)e] (4-isq ap)

To a 20 mL scintillation vial was added 3-ap (25 mg, 0.0239 mmol), a magnetic stirring

bar, and THF (4 mL). While stirring at room temperature, a deuterated benzene solution of I
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(0.548 M, 22 uL, 0.0120 mmol) was added dropwise. The solution was stirred at room temperature
for 2 h before the volatiles were removed by high vacuum. The crude green solid was dissolved in
deuterated benzene and decanted from the solid precipitate yielding the desired compound which
was analyzed solely through *H NMR spectroscopy and X-ray diffraction.

Synthesis of [(PPPisq)Cu'!(PiPPap)][(K*18¢6)2(NTs)] (5-NTs)

To a 20 mL scintillation vial was added 3-ap crown (71 mg, 0.041 mmol, 1745.33 g/mol
as the pyridine solvate), a magnetic stirring bar, and Et,O (3 mL). This slurry was cooled to -35 °C
along with a solution of N3Ts (8 mg, 0.04 mmol) in Et.O (1 mL). After cooling, the N3Ts solution
was added to the 3-ap crown slurry dropwise and the combined slurry solution was stirred at -
35°C for 1.5 h. The volatiles were removed by high vacuum and the crude solid washed with
pentane (5 x 1.5 mL) and Et20O (3 x 1.5 mL), filtering through a pipet filter. The remaining solid
was dissolved in THF (1.5 mL), filtering off a brown-orange precipitate which was subsequently
washed with THF (2 x 1.5 mL). The volatiles of the combined THF solution were removed by
high vacuum, yielding 5-NTs (51 mg, 0.0305 mmol, 75 % yield, 1671.84 g/mol). Single crystals
were generated from a saturated solution of CsDs at room temperature.

1.2 Copper Iminoquinone Chemistry

With most of the chemistry of the copper iminosemiquinone system focusing on oxidation
chemistry, the oxidized iminoquinone complexes were the initial target for use as precursors in the
synthesis of a monomeric copper hydride. A related iminosemiquinone system was used to
synthesize a Cu-CFs adduct!®!!, but due to the significantly smaller size of a hydride moiety, a
more sterically bulky ligand was employed, as steric protection has been shown to be very
important in related chemistry.?

1.2.1 Introduction - Our Work?3

Studies were commenced by targeting a copper diisopropylphenyl iminoquinone (P*Piq)
complex featuring two neutral ligands. Treating cuprous triflate was with two equivalents of ®PPig
caused a darkening of the solution to red. After workup, a reddish-black solid was obtained in good

yield (74%). *H NMR spectroscopic analysis revealed 8 diamagnetic resonances corresponding to
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the iminoquinone ligand, consistent with a Cu(l) formulation. **F NMR confirmed the presence of

a triflate ion with a resonance at -78 ppm.

This Cu(1)-PPPiq product was probed with X-ray crystallography using crystals obtained
from a concentrated toluene solution. Analysis shows a five-coordinate copper complex, as shown
in Figure 1-2, in a pseudo-trigonal bipyramidal geometry (t5=0.61) with two P®?iq ligands and one
triflate anion completing the coordination sphere (1-iq). The interaction of the triflate anion with
the copper atom is weak, as demonstrated by the relatively long bond distance of 2.1977(13) A.

1/2 [Cu'OTf],[Toluene] +

dippiq

Figure 1-2: Synthesis of Cu iminoquinone complex.

The bond distances of 1-ig around the copper center are indicative of dative interactions with
Cu-O distances of 2.1688 A and 2.1832 A and Cu-N distances of 1.9345 A and 1.9352 A. This
non-ionic interaction is supported by the intraligand bond distances in 1-iq, making 1-iq a rare
example of a Cu(l) iminoquinone species, as Cu(l1) species are more prevalent.” 141 The chemical
reduction of the complex succeeding in forming the reduced, bis(diisopropylphenyl

iminosemiquinone) (bis(°'PPisq)) species, isqCu'isq (2-isq).

1.2.2 Characterization Analysis

The UV-Vis spectrum of 1-iqg, seen in Figure 1-8, shows two strong absorptions. The
absorbance at 452 nm was previously assigned as a m-n* transition of the Cu(l) coordinated

iminoquinone intraligand charge transfer (ILCT)*"8 at 734 nm.'8
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1.2.3 Iminoquinone Reactivity

Reactivity of the Cu(1)-P'PPiq complex was investigated with various hydrides, silanes, and
pinacol borane (HBpin) to synthesize a monomeric copper hydride. All reactions of 1-iq with
hydrides or related compounds evolved a gas (Figure 1-3, below), including triphenylsilane
(HSiPhz), pinacol borane (HBPin), lithium triethylborohydride (LiHBEt3), diisobutyl aluminum
hydride (HAI(iBu).), and tributyl tin hydride (H-Sn("Bu)s). The production of dihydrogen (H>)
and 2-isq was identified in the reaction mixture through *H NMR spectroscopy, with degassing
through three subsequent freeze pump thaw cycles of the CeDs solution resulting in the

disappearance of the H resonance in the subsequent *H NMR spectra.

HSiPh3,

H-Bpin,

LiH-BEt3,

H-Al(iBu)2, or

F-Sn(nBu)3 Hy(g)  + other products

Figure 1-3: Reaction of 1-iq with various hydride sources, and the effect of adding an
electrophile.

To potentially trap a transient copper hydride generated in-situ, an electrophilic reagent
was introduced to the reaction of 1-iq with dimethylphenylsilane (Figure 1-3, below). When either
phenylacetylene or benzaldehyde was added to the reaction, the carbonyl of the ligand was
protonated cleanly as seen by 'H NMR spectra, though at different reaction rates. The reaction
with benzaldehyde took 1.5 hours while the reaction with phenylacetylene took up to 24 hours to
complete, suggesting either reactant association or electrophilicity could be integral to the reaction

rate.
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Figure 1-4: Effect of electrophiles on the reaction of 1-iq with dimethylphenylsilane.

Dimeric P®Pig Cu(l) chloride, [iqCu'Cl]2 (1-[ig]2), was synthesized in the hope that with

fewer iminoquinone ligands the complex would be less oxidizing. When 1-[ig]2 was reacted with

HBPin, single-crystals were obtained from the reaction solution and analyzed by x-ray

crystallography. The structure revealed a free diisopropylphenyl amidophenolate (P**Pap) ligand

bound to a ring opened pinacol borane, terminated with a second pinacol borate. The O-C bond
distance of 1.385 A, the N-C bond distance of 1.407 A, confirm the single bond nature of the
intraligand bonds, as well as the consistent C-C bond distance of the ring of 1.396 A, confirming

the reduced nature of the ligand. Similar reactivity has been shown in a transitive iridium hydride

generated from pinacol borane.®

Figure 1-5: Reaction of 1-iq with pinacol borane.
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Figure 1-6: Crystal structures of [1-iq] (left) and pinacol borane-"""Pap complex (right).

Based on iminoquinone-Cu(l) complex reactivity with hydride donors and related
compounds generating H, and complex decomposition products, the reactivity of the ligand P*Piq
with a pre-formed copper hydride was investigated. PPPiq was titrated with Stryker’s reagent, a
stable hexameric copper hydride ([(PhsP)CuH]s); both 2-isq and Hz were generated, as well as a
potential triphenylphosphine coordination to 2-isq, as well as potential reactivity with the ligand,
as seen by 3P NMR spectroscopy. With the instability of a copper hydride in the presence of PPig
established, alternative reactions with either 1-iq or 1-[iq] dimer were performed.

Reactions of 1-iq or 1-[ig]2 with strongly coordinating reagents generate 2-isq (Figure 1-
7, below), as seen in Figure 1-7. Dissolution of 1-iq in pyridine or reacting with 1 equivalent of
either potassium tert-butoxide or triphenylphosphine resulted in the synthesis of 2-isq. When 1-iq
was reacted with triphenylphosphine, in addition to the synthesis of 2-isq, side products were also
observed. 'H NMR spectroscopy and TLC-MS support the synthesis of a potential
triphenylphosphine P'"Pigq adduct and 3P NMR spectroscopy indicates a potential equilibrium
between both free and copper bound triphenylphosphine as seen by the broadening of the initial
PPh3 resonance. 2-isq was also generated in the UV irradiated reaction of p-tolyl azide with 1-ig.
The coordination initiated intramolecular redox chemistry establishes a potential mechanism of
reaction for reactivity. With no clear route to an isolable copper hydride, the focus was changed to
the reactivity of the fully reduced, bis(®'*Pap) copper complex, [apCu"ap][K(THF)]2 (3-ap) with

azides, to generate an isolable copper nitrene.
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1. Pyridine

2. KOtBu,
Et,0

3. N3pTol,
uv

2-isq

Figure 1-7: Reaction of 1-iq with various reagents.

1.3 Copper Iminosemiquinone
1.3.1 Introduction — Our Previous Work?3

Chemical reduction of the 1-iq was attempted to form bis(°**Pisq)Cu(ll). Unfortunately, 1-
ig was not a suitable precursor for this chemistry; instead, a copper bis(°"*Pisq) complex was
generated by reduction of a slurry containing copper iodide, or equivalent Cu(l) halide source, with
two equivalents of P""Pig, followed by the slow addition of one equivalent of KCs. Upon addition
of KCsg, the solution changed from brown/red to green, the color associated with ILCT of the one
electron reduced ligand.?’ The *H NMR spectrum features broad, paramagnetic resonances ranging

from -30 to +30 ppm.

Cull —|—

dippi q

Figure 1-8: Synthesis of Cu iminoquinone.

Single crystals of 2-isq grown from a concentrated toluene solution were analyzed using
single crystal X-ray diffraction. The complex formed is a Cu(ll) square planar coordination
complex (ta’=0.04) with two iminosemiquinone ligands bound to the copper center with a trans

arrangement of nitrogen atoms. This isomer is likely preferred due to the sterically favorable
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positions of the large diisopropylphenyl substituents. The shorter Cu-O bond distances compared
to 1-iq signify anionic linkages at 1.909 A and 1.905 A, indicative of ligand reduction from
inoquinone to iminosemiquinone. This ligand assignment is confirmed by the Cu-N bond distances,
whose dative like those of 1-iq with C-N distances of 1.938 A and 1.933 A.

Electrochemistry was employed to analyze the reduction potential of 2-isq, with cyclic
voltammograms of 2-isq in THF acquired at ambient temperature. Analysis of cathodic scans
revealed one irreversible oxidation at -0.51 V with rapid decay of signal after multiple scans. This
is indicative of decomposition, likely stemming from iminosemiquinone ligand dissociation when
bound only through dative interactions to the hard, Cu(ll) center. Anodic scans showed two, quasi-
reversible sequential reductions at -1.59 and -2.40 V (Figure 1-9, below), corresponding to the
sequential reduction of the system by one electron. Only one previous example!® has shown
evidence for metal centered reduction of a bis(iminosemiquinone) species, based on the
appearance of two new oxidations in subsequent scans. Absent these newly generated peaks, these
two quasi-reversible reductions are assigned as ligand reductions, generating a Cu(ll) bis(°"Pap)

dianion complex.
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Figure 1-9: Cyclic voltammagram of 2-isq in THF solution with 0.1M TBABF..
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1.3.2 Data Analysis

A comparison of PPPisq ligand and metal centered bond distances with previously
synthesized Cu(ll) bis(iminosemiquinone) complexes can be found in Table 1-1. Intraligand bond
distances for 2-isq compare well to literature precedence, with C-O and C-N distances generally
falling within the error of the measurement and steric demand seemingly the source of any minor
deviation. The Cu-O and Cu-N bond distances for 2-isq also agree with previous Cu(ll)
iminosemiquinone complexes suggesting moderate steric differences have little impact on the

iminosemiquinone complexation to copper.

Table 1-1: Cu(ll) bis(iminosemiquinone) complexes and selected bond distances.

Complex 2-isq cu"(Phisg),2 Cu""(Phisgl), 1

Cu-O1 | 1.905(3), 1.909(3) 1.912 1.9083(11), 1.9046(11)

Cu-N1 | 1.938(3), 1.933(3) 1.936(2) 1.9267(13), 1.9307(13)

01-C1 | 1.292(5), 1.294(5) 1.290(4) 1.2961(19), 1.2953(19)

N1-C6 | 1.345(5), 1.334(5) 1.335(4) 1.334(2), 1.336(2)

Table 1-2 compares the reduction potentials of literature Cu(ll) bis(iminosemiquinone)
complexes. Most complexes have similar reduction potentials in DCM solutions, with the first
reduction potential ~ -1 V and a second reduction potential at ~ -1.4 V. When the two bidentate
iminosemiquinone ligands are linked via the N,N’-(phenyl) moiety into a single, tetradentate ligand,
the first reduction potential is shifted by ~ +400 mV, likely due to the increased delocalization of
the ligand stabilizing the monoradical, iminosemiquinone-amidophenolate complex. The more
negative reduction potentials for the N-substituted phenyl iminosemiquinone complexes can be
attributed to the distortion of the copper-ligand plane either through a coordinating substituent or

steric bulk.1” 2
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Table 1-2: Electrochemical properties of previously synthesized Copper complexes.

Compound | Cu'(*"ig)CFst | Cu(®biisg)2® | Cu(®Misg).? | Cu(®™isg)2t’ | Cu(®PMisg)2??
Erea2 (V) -1.35 vs Fc -1.42 -1.32 -1.480 -1.49
Erea1 (V) -1.04 vs Fc -0.66 -1.02 -1.117 -1.07
Solvent DCM DCM DCM DCM DCM

0.1M 0.1M 0.10M 0.10M 0.1 M

Electrolyte

TBABF, TBAPFs TBAPFs TBACIO4 TBAPFs
Reference SCE Fc Fc Fc Fc

Red1 product: [isqCu"ap]’; Red2 product: [apCu"ap]*

Electrochemical data was acquired for 2-isq in DCM to compare to both literature and the
previously acquired data obtained in THF solution. These comparisons are presented in Table 1-3.
While both of the reduction potentials of previously synthesized Cu(ll) bis(iminosemiquinone)
complexes are within ~100 mV of each other, the 2-isq reduction potentials in DCM show a
significant perturbation of this trend, being more negative by ~ 200 mV and ~ 400 mV for the
first and second reductions, respectively. While the lower reduction potentials seen in literature
are from a bulkier aromatic system and from coordinating phenyl substitution, both of which
distort the planarity of the complex. The strong perturbation of 2-isq is likely due to the increased
steric bulk of the N-(diisopropylphenyl) substitution in 2-isq, which is unable to be distributed
away from the copper coordination center like the biphenyl group.!” This ortho-substituted steric
bulk would reduce orbital overlap between the ligands and the copper center, particularly at higher
negative charge that would create a closer ionic bond with the positive Cu(ll) center.

The cyclic voltammagram of 2-isq in a THF solution shows significantly more negative
reduction potentials compared to when dissolved in a DCM solution, by ~300 mV and ~600 mV
for the first and second reductions, respectively. This dramatic solvent-based change in reduction
potential is hypothesized to be due to coordinating THF. This is supported by the quasi-reversible
nature of the reduction potentials in THF which are shown to be reversible when in DCM,
suggesting a solvent dependent, ligand rearrangement. The coordinating solvent’s ability to shift

the reduction potential for 2-isq more negative can be explained by increased n backbonding to
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the ligand aromatic system. This would destabilize the = system, increasing the energy necessary
to reduce the ligands. Additionally, literature shows that changes in geometry are known to disrupt
the orthogonality of the ligand-metal magnetic orbitals, so the addition of the coordinating THF
could disrupt ligand-copper orbital overlap, leading to more pronounced degradation of intraligand
orbital overlap, giving rise to stronger metal-ligand coupling and reducing the delocalization and
stabilization of the intraligand system within the complex, increasing the energy of the system and

therefore making the reduction potential more negative.?

Table 1-3: Comparing reduction potentials for related Cu(ll) iminosemiquinone complexes.

Compound 2-isq 2-isq Cu(Pbiisq)2® | Cu("Misg)?
Ered2 (V) -2.40 -1.82 -1.42 -1.32

Ered1 (V) -1.59 -1.25 -0.66 -1.02

Solvent THF DCM DCM DCM
Electrolyte 0.1 M TBAPFs | 0.1 M TBAPFs | 0.1 M TBAPFs | 0.1 M TBAPFs
Reference Fc Fc Fc Fc

This change in geometry and its effects on the iminosemiquinone-copper complexes has
been studied extensively.?> * When a coordinating functional group is added to the N-aryl group,
such as a thioether, the subsequent S-Cu coordination perturbs the planarity of the complex. The
shift in geometry alters the spin coupling, changing from ligand to ligand antiferromagnetic
coupling to metal to ligand antiferromagnetic coupling.?? This perturbation also increases the
complex’s second reduction potential by ~ 100 mV. This is comparable to that of a N-biphenyl
substituted iminosemiquinone-copper complex which perturbs the planarity through steric bulk
and bi-phenyl n-r stacking.?* This complex also has a distorted square planar geometry (4= 0.06)
with a 9 degree dihedral angle between the planes of the two ligands. This is achieved without
coordination, suggesting that these increases in reduction potential are due in greater part to the
distortion of the geometry achieved through the coordination rather than the more electron rich
nature the coordination imparts to the central copper. This loss of planarity breaks the magnetic

coupling between the ligands and producing a more spin-isolated ligand based radical over the
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metal based radical in a square planar geometry. The decreased magnetic coupling between ligands
could be due to a reduction in orbital overlap, which would destabilize the ligand & system, making
the reduction potential more negative. This change in spin and geometry could be the cause for the

increased reduction potential.

7x10°[

4x10°F —100 mV/s

= -4x10°5F

-8x10°F

~1x10% - ' - ' - '
2 -15 1 0.5
E (V) Vs. (Fc/Fc®)

Figure 1-10: Cyclic voltammagram of 2-isq in DCM solution with 0.1M TBABF4.

Further support for transitive solvent ligation to Cu''(isq). complexes is shown in EPR
spectra of Cu(™isq)2, which were taken in both THF and DCM at room temperature. In THF,
ligand hyperfine splitting was simulated to be from 2 14N (1=1), predominately along the gL axes.
This hyperfine splitting is absent in DCM, with copper hyperfine splitting dominating the EPR
spectra.?! This shows a coordination dependent change in frontier molecular orbitals of the
complex which alters the electron coupling of the three spin system. Changing the solvent from
non-coordinating to coordinating alters the EPR signal, presumably via changes in geometry
affecting the spin-orbital coupling disrupting the orthogonality of the ligand-metal magnetic
orbitals.?, changing the electrons orbital occupation. Geometry changes altering spin coupling of
copper complexes have been previously noted in literature,'” 2?7 with planar complexes

producing increased ligand to ligand coupling, leaving a Cu centered radical.?® This delocalization
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of the radicals across the aromatic system has been shown to lower the energy of otherwise spin-
forbidden reactions.® 2°

The absorption spectroscopy of green 2-isq, displays three absorbances in the visible region
at 796 nm, 452 nm, and 415 nm. The absorption at 796 nm shows the highest molar absorptivity
of the three, and has been previously assigned as a combination of metal to ligand (MLCT) and
ligand to ligand (LLCT) charge transfer!” and has been shown to be indicative of the presence of
iminosemiquinone ligand. The absorptions between 400-500 nm were assigned as ligand to metal
charge transfers (MLCT).

The ligand charge transfer absorbances of iminosemiquinone complexes have also been
supported by the photoreactivity of related complexes. UV light has been shown to induce the
reduction of DCM to 1,2 dichloroethane with by a Zn tetradentate diiminosemiquinone species,
Zn(L3) cleanly generating the dicationic Zn species. Zn(L3)° has charge transfer bands at 506 nm
and 405 nm and the one electron oxidized species, Zn(L4)*, has absorbances at 411 nm and 385
nm. The copper equivalent complex, Cu(L3)° is also photoreactive, but produces both the one

electron oxidized and two electron oxidized species as products.®

1.4 Copper Amidophenolate
1.4.1 Intro Copper Nitrene

Copper nitrenes have been utilized as proposed intermediates for the incorporation of
nitrogen into a structure through the creation of C-N bonds via alkene aziridination and C-H
amination. The reactivity of the proposed Cu-N intermediate is based in large part to the electronic
structure of the Cu-N multiple bond, and the isolation of this species is important to understanding
nitrene transfer chemistry for reaction specificity via targeted catalyst design.?® Early first row
transition metal-N multiple bonds are highly polarized, with electrophilic metals and nucleophilic
dianionic imido ligands prone to 1,2 additions. In contrast, softer late first row transition metals
generate poor orbital overlap in combination with their high d-electron counts. This can generate
an inverted ligand field, with the frontier molecular orbitals dominated the N ligand and a more
reduced metal 3" Utilizing a redox active ligand was hypothesized to help stabilize a potential
copper nitrene intermediate through its low lying molecular orbitals, like the iminosemiquinone

system, which has been shown to be a good catalyst for nitrene transfer.® The low lying redox
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active ligand orbitals could facilitate an increased stability of a copper nitrene with more control
over the desired reactivity through simple ligand tuning; this would facilitate an easy and expedited
study of the effects of electronics through both ligand substitution and ligand redox chemistry. The
bond distances within the iminosemiquinone ligand could also allow for easy ligand and metal
oxidation state analysis. 1% 16-18.33-3 The redox non-innocent nature of both the nitrogen ligand
and copper complex scaffold have been important in the most recent works of copper/nitrogen

multiple bonds, whether a copper nitrene, imide, or iminyl.23

1.4.2 Intro-our previous work?®?

With electrochemical evidence for the reducibility of 2-isq, reduction of the green 2-isq
was facilitated using KCg. Addition of two equivalents of KCg generated a purple solid in good
yield after purification.
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Figure 1-11: Synthesis of Cu(Il) bis(amidophenolate) and its potassium ion sequestered analog.

This bis(°Pap) Cu(ll) complex (3-ap) crystallized readily from diethyl ether, with analysis
by X-ray crystallography showing the copper center on a 2-fold rotation center, creating
crystallographically symmetric ligands. The potassium counter-ions coordinate to the
amidophenolate ligands, staying inner sphere to and distorting the geometry of the complex into a
pseudo-tetrahedral geometry (14=0.67, 14’=0.65).

In solution, 3-ap displays a UV-Vis spectrum with three absorbances at 891, 569, and a
shoulder at ~400 nm. The comparison of the UV spectra of 1-iq, 2-isq, and 3-ap can be found in
Figure 1-12, below.
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Figure 1-12: UV-Vis absorbance spectra of the copper iminoquinone reduction series in toluene.

Purple 3-ap is insoluble in most non-polar solvents, but faintly red-colored in polar ones.
Notably, as seen in Figure 1-13 below, the spectrum of 3-ap in toluene is very different from that
recorded in THF, featuring more absorptions that are higher in intensity This solvatochromism
suggests that the potassium ions in 3-ap are encapsulated with THF molecules. A bis(®'"Pap) Cu(ll)
complex with outer-sphere potassium ions was targeted by encapsulating them with 18-crown-6,
resulting in the tan solid 3-ap-crown. The UV-Vis absorbance spectra of 3-ap and 3-ap crown in
THF show nearly identical features with only one strong absorption at ~375 nm. In contrast, the
spectrum of 2-isq collected in THF retains its strong absorption features, indicating no interaction
with THF solvent, supporting the potassium coordination hypothesis for the solvatochromism.

Sequestrating the potassium ions into the outer-sphere allows for a meaningful comparison
of bond distances with the rest of the reduction series, 1-iq and 2-isq. 3-ap crown crystallizes from
a concentrated THF with the two potassium ions sequestered by crown ether and coordinating two
tetrahydrofuran molecules each. The copper center is ligated by two amidophenolate ligands in a
square planar geometry (14’=0.00), similar to 2-isgq. The copper atom is located on an inversion
center, producing crystallographically symmetric ligands, with nitrogen atoms trans to each other.
The Cu-O and Cu-N bond distances of 1.940 A and 1.923 A, respectfully, are indicative of ionic
bonds, and are shorter than 2-isq. Furthermore, reduction of the ligand in 3-ap crown lengthens
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the C-O bonds to 1.328 A and C-N bonds to 1.369(5) A, consistent with single bond character as
expected for the amidophenolate structures.
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Figure 1-13: UV-Vis absorbance spectra of copper complexes in toluene (left) and in THF
(right).

1.4.3 Data Analysis

This is the first known Cu(ll) bis(amidophenolate) molecule to be isolated and fully
characterized.®® While other complexes have been characterized with amidophenolate ligands on
Cu(ll), either structural data was not obtained,?? or the ligand radical is averaged over a singular
multidentate ligand, changing ligand bond metrics of similar oxidation states.®”’

The one electron reduced, mixed iminosemiquinone-amidophenolate copper complex was
synthesized to facilitate bond distance comparisons. Its synthesis can be achieved in THF through
either reduction of 2-isq with KCg or oxidation of 3-ap crown. Oxidation of 3-ap with I proved
amenable to the synthesis of the mixed ligand, Cu(ll) P'Pisq/P*Pap complex, [isqCu"ap][K] (4-isq
ap) but proved troublesome to purify. The purity of 4-isq ap is ensured before encapsulating with
18-crown-6, producing 4-isq ap crown, due to the difficulties in separating it from 3-ap crown
due to their poor solubilities in most medium to low polarity solvents like diethyl ether and THF.
Selected ligand bond distances for the reduced copper complexes found in Table 1-4.
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Table 1-4: Selected bond metrics for copper complexes.

Complex | 2-isq 5-NTs | Avg(isq&ap) | 4-isq ap | 3-ap crown
(Avg) crown

Cu-01 |1.907 1.929 1.9235 1.939 1.940(3)

Cu-N1 1.9355 1.901 1.9293 1.910 1.923(3)

01-C1 |1.293 1.315(4) | 1.311 1.323(3) 1.328(4)

N1-C6 | 1.3395 1.358(4) | 1.3543 1.356(3) 1.369(5)

4-isq ap crown maintains the square planar geometry of both the 2-isq and 3-ap crown
molecules. The Cu-O, O-C, and N-C bond distances of mixed ligand P'"Pisq/®"Pap complexes,
irrespective of the counter cation, fall between 2-isq and 3-ap crown, verifying the oxidation state
of the ligands as between that of the bis(P""Pisq) and bis(°Pap) — indicating the P'"Pisq and PPPap
ligands are delocalized across both ligands.

When fully reduced to the bis(®'PPap), the copper is surrounded by four anions, including
both nitrogens. This change explains the elongation of the Cu-N bond distance seen only in this
fully reduced, 3-ap crown compared to the mixed ligand complexes. This strong anionic character
around a small dicationic copper facilitates the charge repulsion of the two nitrogen atoms. The
less reduced ligand system has nitrogen atoms closer to the metal center, indicating that the sterics
of the ligand are not a major factor in the N-C bond elongation observed in 3-ap crown.

When 3-ap crown is reacted with a tosyl nitrene precursor, a one electron oxidized, mixed
ligand, P"Pisq/®PPap Cu(ll) complex is formed with a complex counter ion
[isqCu"ap][(K*18¢6)2(NTs)] (5-NTs). This reactivity is further elaborated upon in Section 1.4.4.
The square planer geometry of the copper ion verifies the metal oxidation state as 2+, with the
ligand bond metrics falling between that of 2-isq and 3-ap crown.

Interestingly, the counter ion to the Cu(ll) mixed ligand, P'Pisg/°"Pap complex seems to
influence bond distances both around the copper center and of the ligands. When paired with the
outer sphere potassium ion, the mixed ligand bond distances in 4-isq ap are closer to those of 3-
ap crown. In 4-isq ap crown, the lone ligand radical is stabilized as if paired, as the distances

around the oxygen are completely monoanionic in nature. Its Cu-O bond distance is within error
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to that of 3-ap crown, with the O-C bond distances overlapping within each other’s error. The
concomitant change of Cu-O and O-C bond distances suggests an effect related to the ligand
oxidation state, and not of due to interactions with the copper.

This is not the case in 5-NTs, when the cation consists of the bis potassium N-tosyl moiety.
The copper complex still retains bond distances between that of 2-isq and 3-ap crown, giving the
copper complex ion an overall -1 charge. The Cu-O, O-C, and N-C bond distances do not have the
amidophenolate character seen with potassium counter cation. Instead, these bond distances are
almost exactly the average between 2-isq and 3-ap crown, as would be expected of a fully
delocalized PPPisg/PPPap ligand system.

Unfortunately, the extreme symmetry and disorder of 5-NTs required manually solving for
the bond distances around the bis(potassium crown), N-tosyl cation, making the bonds centered
around the nitrogen in that complex ion artificial. By charge balance, the overall positive charge,
with two potassium ions bound to the nitrogen suggests the nitrogen an overall 1° charge.

The tan color associated with 3-ap is intriguing. The nearly featureless UV-Vis absorption
spectrum of 3-ap crown makes chemical sense, as a d° system with two closed shell ligands there
are none of the anticipated color causing charge transfer transitions that predominated the
iminosemiquinone ligands. The purple coloration of 3-ap is hypothesized to be based on the inner-
sphere coordinating potassium ions, which is supported by the solvatochromism of 3-ap seen in
coordinating solvents that generates a featureless absorption spectrum like 3-ap crown. Non-polar
solvents such as pentane, toluene, and benzene gave purple solutions of 3-ap, similar to the color
of the powder, but solutions in THF are bleached of this color. The redox activation and charge
transfer of copper(I1) complexes mediated by ligating ions has been shown in literature,1’-18 39
with the inner-sphere coordinating potassium ions generating the color causing charge transfer
absorption observed in the UV-Vis spectra. With the ion facilitated charge transfer as the
hypothesis for the color, analysis of 3-ap crown was also performed.

The only other previously studied Cu(ll) bis amidophenolate species was synthesized and
characterized via spectroelectrochemistry. This in situ generated species, whose cations would
have been derived from the noncoordinating [BusN][PFs] electrolyte, was also found to have no
intense absorptions above 450 nm.?2 When inner-sphere, the potassium ions facilitate charge
transfer bands seen in the UV and visible spectrum, giving rise to its purple coloration. When these

ions are forced outer sphere, either through solvent or crown ether chelation, the square planar
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geometry returns to the copper complex and the charge transfer bands are dramatically reduced in
intensity, bleaching the color of the compounds.

The geometry of the Cu complexes facilitates the observed characterization and reactivity
of the reduction series. Highly planar complexes in the series have ligand to ligand electron spin
coupling and charge transfer transitions. Distortion of this planarity whether by ancillary
coordination of ligand, solvent, or presumably reagent, reduces orbital overlap and disrupting the
interligand charge transfer. This, along with increased m backbonding into the n* ligand orbitals
from a more electron rich metal, facilitates more negative reduction potential. With the closed shell
Dippap ligands, charge transfer of the metal-based radical is facilitated to the ligands by the inner-
sphere ion and the non-planar geometry they induce. When these ions are forced outer-sphere,
either by solvent or other chelating agent, the planarity, and therefore interligand orbital overlap,
is reestablished, isolating the radical to the metal surrounded by heavily reduced, highly charged
Iigands. 6,8, 17, 21-22, 39

The electronic structure of the copper complexes is currently being probed using EPR

spectroscopy, given these species both contain an unpaired d-electron from the Cu?*, d® species.

1.4.4 Reactivity of copper bis(amidophenolate) complex

3-ap proved unreactive with one equivalent of 1-azido-4-methylbenzene in benzene and
toluene, even with UV irradiation. This can most likely be explained by the structure of 3-ap,
where the inner-sphere, bound potassium ions both sterically block reactivity as well as distort the
interligand coupling, potentially reducing reactivity. A smaller, more reactive compound was
reacted with 3-ap and 18-crown-6 in CeDs, where one equivalent of methyl iodide (Mel) generated
4-isq ap crown and ethane gas by *H NMR spectroscopy; subsequent degassing by three freeze-
pump-thaw cycles removed the ethane peak. Two equivalents of Mel resulted in the generation of
ethane with residual Mel remaining in solution.

Switching the azide reaction into a polar solvent, such as diether ether, resulted in the one
electron oxidation of 3-ap to 4-isq ap crown with bond metrics between those of 2-isq and 3-ap.
Utilizing two equivalents of azide did not result in the clean generation of 2-isq, as expected,
though switching to two equivalents of an alternative, hypervalent iodine nitrene precursor, N-
(ptoluenesulfonyl)imino-A3-iodane (Ph1=NTs), did cleanly yield 2-isq. This was confirmed by

both NMR and x-ray crystallography. With no isolated copper nitrene or nitrenoid species, 3-ap
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crown was used to help isolate the potassium ions during reaction, moving them outer sphere for
more consistent reactivity due to the solvatochromism seen by UV-Vis spectroscopy. The
necessity of encapsulating the potassium ions for improved reactivity was emphasized by the non-
innocent reaction of adding 18-crown-6 to 3-ap; encapsulating the potassium ions in weakly
coordinating solvent produces free potassium iminosemiquinone ligand salt (K-isq) and is best

achieved in either THF or pyridine.

CgDg or Tol
1 equiv.

4-isq ap

Figure 1-14: Reactions of 3-ap with nitrene precursors.

Further attempts to isolate a copper nitrene proceeded, with 1 equivalent of PhI=NTs was
reacted with 3-ap crown, producing a product that was analyzed through X-ray diffraction. Single
crystals were generated by layering pentane onto a saturated solution of benzene at room
temperature, which were analyzed by X-ray diffraction. The structure was solved as 5-NTs, though
they were heavily disordered. Single crystals isolated from both pure benzene at room temperature
and a vapor diffusion of pentane into a saturated solution of diethyl ether at -35 °C were similarly
disordered. As described previously in Section 1.4.3, 5-NTs consists of a monoanionic copper
complex, whose oxidation state is confirmed by ligand bond distances, and a cation complex

consisting of both encapsulated potassium ions from 3-ap crown bound to a N-tosyl moiety. A
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matching *H NMR spectrum was generated using the alternative nitrene precursor, tosyl azide,
(NsTs).

Et,0 or Tol, -35°C
1.5 hr

3-ap crown

Figure 1-15: Reaction to generate 5-NTs.

With initial yields close to 25%, X-ray diffraction was also performed on the impurities of
the reaction between 3-ap crown and PhI=NTs, yielding two products. The first is the
monodeprotonated tosyl sulfonamide salt, [K(18c6)][HNTs]. The second product crystalized was
4-isq ap crown complex, the one electron oxidation of 3-ap crown. Yields improved to over 70%
but were frequently inconsistent. With the crystal structure heavily disordered around the N-tosyl
moiety the artifical bond metrics around the N atom is unable to provide either for or against N-H
functionality, so IR spectroscopy of 5-NTs was employed. The IR spectra showed a weak
absorbance peak at 3334 cm™. While the wavelength of this absorbance suggests the prescence of

an N-H peak, the weak strength suggests an assignment of a lone nitrogen, with minor
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decomposition to N-H generated through adventitous water from transfering the IR sample from

the drybox to the nitrogen gas purged IR chamber.
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Figure 1-16: IR absorption spectrum of 5-NTs.

This suggests a 3-coordinate nitrogen, with two bound encapsulated potassium ions and the
sulfonyl moiety as an overall monocationic ion by charge balance with the unambiguous, overall
monoanionic copper complex. This indicates the 3-coordinate nitrogen atom has an overall
negative charge, suggesting some type of nitrenoid species.

The UV-Vis spectrum in toluene of 5-NTs is shown below compared to 3-ap crown. Broad
features are visible around 430 nm and beyond 800 nm. The absorptions were assigned as MLCT

and a combination of MLCT and LLCT, respectively.l” 24
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Figure 1-17: UV-Vis spectra of 5-NTs and 3-ap crown in toluene.

1.4.5 Validation of copper NTs species

This product can be generated with both PhI=NTs and NsTs, though with an altered
purification. This reaction also shows immense sensitivity to water, with multiple reactions
forming water generated decomposition products with anhydrous solvent (stored over 4 A
molecular sieves and NaP®) and reactions performed in a sealed vial, in a sealed freezer within a
MBraun drybox. These side products were independently synthesized in-situ by adding water to
solutions of both the isolated pentane and Et,O washes in CsDs; The amount of pentane soluble
product and THF precipitate also varies (between reaction, at the yield detriment of 5-NTs (41%-
75% vyield); trace (K*18c6)HNTS is also generated during reaction, which occurs even when the
reaction is performed from a thawing frozen solution of Et,O. When the reaction is performed in
toluene or at lower temperatures, 5-NTs is still the major product, but the minor products change,
including the generation of 2-isq when the reaction is allowed to warm to room temperature.
Solvents more polar than Et.O cause a dramatic decrease in reaction yield and purity.

Initial reactivity and studies were performed on the water reacted product of 5-NTs and is

described below. Reactivity occurred instantaneously in CsDe with lithium triethyl borohydride at

35



room temperature and at elevated temperatures overnight with (n-butyl)sSnH (60 °C), as well as
Ph2P-PPh; and H2PPh (90 °C). The unknown product was reactive with I, and PPhs in Et,0 at
room temperature but, as with the reactions mentioned below, the anticipated product was not
formed and the reactions suggest non-selective reactivity or decomposition by *H and 3P NMR
spectroscopy, likely due to reaction with both the reducing agent copper complex and the desired
(K(18c6))2(NTs) cation. It was unreactive towards 1-hexene and TEMPO in Et,O and THF up to
50 °C, approximately 15 °C under 1-hexene’s boiling point. Its reactivity towards 1-hexene and
TEMPO did not improve in THF, though it proved amenable to reaction with H.PPh at 90 °C
overnight.

DCM was shown to slowly oxidize over days 3-ap to 2-isq at -35 °C during an attempted
crystallization. This slow oxidation used in an attempt to gently oxidize the reaction between 3-ap
crown with N3Ts. When 3-ap crown was reacted with N3Ts in DCM, 2-isq was identified by *H
NMR spectroscopy, as well as a diamagnetic peaks assigned to (K*18c6)HNTS, shifted slightly

by paramagnetic components in solution.
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Figure 1-18: Reactivity of 3-ap crown with N3Ts in DCM.

5-NTs was reacted with excess TEMPO, generating 2-isq and (K*18c6)HNTs by *H NMR

spectroscopy. Further reactivity studies are ongoing to identify the nature of 5-NTs.
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CHAPTER 2. SYNTHESIS TOWARDS AN YTTERBIUM IMIDO

2.1 Rare earth elements and their redox active ligands and imido complexes
2.2 Experimental
2.2.1 General Considerations

All reactions are air- and moisture-sensitive and were performed in an MBraun inert
atmosphere drybox with an atmosphere of liquid nitrogen off-gas equipped with a -35°C freezer.
Pentane, toluene, diethyl ether, and tetrahydrofuran were purchased anhydrous and without
stabilizers, dried in a Seca solvent purification system (SPS) and stored over 4 A molecular sieves
and Na’%s. All other proteo solvents and compounds were purified, dried, and deoxygenated
according to literature procedures, and dried overnight on a Schlenk line prior to use in the drybox.!

'H, °F, and 3P NMR spectra were recorded on either a Varian Inova 300 spectrometer
operating at 300 MHz or a MBraun spectrometer operating at 400 MHz. The *H spectra for all
molecules are reported relative to the peak for SiMes, with the residual *H solvent peak chemical
shift as secondary standard. The °F and 3!P spectra for all molecules are reported relative to the
peak for CFClz and HsPOs, respectively. All voltametric data were obtained under inert
atmosphere in the MBraun, drybox using the external ports. All samples were collected with 0.1
M [nBusN][PFs] as supporting electrolyte and referenced to Fc/Fc+ as the internal standard under
experimental conditions. The solutions were analyzed with a 3 mm glassy carbon working
electrode, Ag® wire quasi-reference electrode, and Pt wire counter electrode, with the analysis
performed by either Ezra Coughlin or Jerod Keiser. UV-Vis spectra were recorded in a sealed 1
cm quartz cuvette at room temperature with a Cary 100 Scan UV-Visible spectrophotometer.

Single-crystals suitable for X-ray diffraction were isolated and coated with (poly)isobutylene
oil in a drybox. Their transfer to a goniometer and subsequent data processing and analysis was

either aided or performed by Ezra Coughlin or Dr. Matthias Zeller, though not data analysis.
Synthesis of Yb(ap)2(K):

To a 20 mL scintillation vial was added YbClz (200 mg, 279.4 g/mol, 0.7158 mmol), P*Pig
(544 mg, 379.6 g/mol, 1.433 mmol, 2.00 equivalence), a magnetic stir bar and THF (18mL). This
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solution was stirred at room temperature for 35 minutes before KCg (402 mg, 135.2g/mol, 2.973
mmol, 4.15 equivalence) was added portion-wise over 10 minutes, turning blood red. The solution
stirred for 2 hours before being filtered through celite, rinsing with pentane. The volatiles were
removed by high vacuum and the remaining dark red solid was washed with pentane (2 x 1.5 mL)
at room temperature giving 250 mg of clean, bright red compound. The filtrate was then dried in
vacuo and recrystallized as follows: The crude dark red and bright blue solid was dissolved in
minimal pentane with an additional 2 mL pentane added before being cooled to -35 °C overnight.
The solution was decanted, the bright red crystals washed with pentane (2x 2mL) yielding an
additional 305 mg of the desired product, Yb(ap)2(K). (670 mg, 1259.8 g/mol, 0.4898 mmol, 68%
yield).

Synthesis of Yb(isq)2(PF-Tet):

To a 20 mL scintillation vial was added Yb(ap)2(K) (25 mg, 0.019845 mmol, 1 eq), a
magnetic stir bar, and 4 mL toluene. To the red solution was added 18-crown-6 ether (5.76 mg,
0.02183 mg, 1.1 eq) before it was stirred and cooled to -35°C for 1.5 hours.
Pentafluorophenylazide (PFN3) (8.30 mg, 0.03969 mmol, 2.0 eq) was added slowly, down the side
of the cold vial, and then stirred at -35°C. The solution almost immediately turned black, lightening
to brown within a minute before lightening to deep blue within 15 minutes of stirring at -35°C.
The solution was stirred an additional 1.5 hours, warmed to room temperature, and the volatiles
removed in vacuo yielding a dark blue powder, Yb(isq)2(PF-Tet) (33 mg, 0.01942 mmol, 98%
yield).

Synthesis of presumed Yb(ap)(DMAP)(THF):

To a 20 mL scintillation vial was added Yb(ap)2(K) (103 mg, 0.0818 mmol, 1259.75 g/mol)
in 15 mL of diethyl ether with a magnetic stir bar. To a black capped vial was added 18-crown-6
(34 mg, 0.0901 mmol, 1.1 equiv) and 2 mL of diethyl ether. This solution was added dropwise to
the stirring, red ether solution of Ybap).(K) at room temperature. Some solid may precipitate then
redissolve. After stirring for 30 minutes, DMAP (10 mg, 0.08197 mmol, 1 equiv) with 3 mL of
diethyl ether was added dropwise over 10 minutes. The orange solution was stirred for an hour

before reducing the volume to 3-4 mL. The solution was then filtered, removing a yellow solid
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and then the volatiles removed by high vacuum, yielding Yb(ap)2(DMAP)(THF) (95 mg,
“1533.75 g/mol’).

Synthesis of presumed Yb(DMAP)(imido):

To a 20 mL scintillation vial was added Yb(ap)2(DMAP)(THF) (45 mg, 1533.75 g/mol,
0.0286 mmol) and 6 mL of toluene. The orange solution was frozen in liquid nitrogen (Coldwell),
and layered with a toluene solution of PFN3 -35°C (5.98 mg, 3.6 uL, 0.0286 mmol, 1 equiv,
MW=209.09 g/mol, p~1.655 mg/mL), and frozen. The frozen solutions were then thawed at -78 °C
for 1.5 hrs. The orange solution was then warmed to -35°C. Within 30 minutes the solution had
turned green, with IR confirming azide consumption and new product after 50 minutes. The crude
solid was triturated with pentane (3 x 1.5 mL), which can be discarded. The solid was washed with
(3 x 1.5 mL) of diethyl ether and filtered through a pipet filter or fritted funnel, removing a steel
blue precipitant. The green solution was then dried in vacuo leaving the Yb(DMAP)(imido) (44
mg, MW=1682.7 g/mol’).

2.3 Rare Earth Metals and Redox Active Ligand
2.3.1 Introduction

Rare earth metals, particularly lanthanides, are often used and studied utilizing their core f
electrons for their magnetic and luminescent properties for use in new technologies.? They are
generally redox restricted, with the 3+ redox state being the most common. Other redox states are
accessible depending on the metal, but frequently have high reduction potentials to obtain other
oxidation states.® This limits their reactivity, but by using redox active ligands we can expand on
these relatively redox inert metals. The electronic and magnetic properties of redox active ligand
complexes of ytterbium, europium and other lanthanides with redox active ligands have been
studied for their electronic and magnetic properties, particularly surrounding the redox isomerism
between the core f electrons and ligand orbitals*® and potential multiconfigurational oxidation
states.5” The synthetic utility and versatility of these complexes has not been well established.

The reactivity of complexes containing lanthanide ions with redox non-innocent ligands has
been explored by our group previously,® but the synthesis of the a lanthanide imido has not been

done successfully. With the reactivity of the iminosemiquinone ligand well established in our
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group with both f block and transition metals, the synthesis of a monomeric, terminal lanthanide

imido from an azide was investigated using the reaction of an ytterbium bis (°*Pap) complex.

2.3.2 Introduction: Transition Metal Tetrazenes
Transition metal tetrazenes are formed through the reaction of a metal imido with an

equivalent of azide, and generally form a static metallacycle. Their reactivity is not always so

straight forward however, as they can be in equilibrium with a metal-imido-azide complex,° can

be UV reactive, generating a bis imido, ! and can be redox active.!0 12
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Figure 2-1: Potential electronic configurations for metal-tetrazene complexes.

2.4 Our Previous Work?®

Initial synthesis of an ytterbium-redox active ligand system was achieved through the
addition of two equivalents of P"*Piq ligand to YbCls, followed by the addition of four equivalents
of KCg portion-wise in THF. The resulting complex was isolated as Yb(ap)2(K), along with its
potassium sequestered analog, Yb(ap)2(K*18c6), which can be easily generated in-situ or
independently. Initial reactivity to generate an ytterbium imido with one equivalent of para-
tolylazide (pTolINs) resulted in the incomplete conversion of the Yb(ap)2(K) starting material.
Stoichiometric conversion of the ytterbium starting material necessitated two equivalents of azide
at -35 °C to generate a clean reaction. Two crystalline products were characterized by X-ray
diffraction and were grown from vapor diffusion of pentane into diethyl ether at -35 °C. The major
structure was determined to be an ytterbium tetrazene, Yb(pTolNs-Tet), with isostructural crystals
grown and analyzed using para trifluoromethyl azide. The minor product was solved as a ligand
inserted product, Yb(pTolNap)2. This minor product is the result of the azide insertion in to the
ligand, presumably through a ytterbium imido intermediate, resulting in a 7-membered ring

product.
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Figure 2-2: Synthesis of Yb tetrazene.

The bond distances of the ytterbium bis(amidophenolate) complex was compared to related
structures, including the neodymium-P"Pap complexes previously synthesized by our group.® The
ytterbium complex’s ligand bond distances compares well to those of its neodymium analog. The
ytterbium average C-O bond distance of 1.3455 A is indicative of single bond character and is
within error of the C-O bond distances of the Nd analog, with average C-O bond distance of 1.348
A. The ytterbium ligand’s average C-N bond distance of 1.4005 A is indicative of single bond
character and similar to the Nd complex’s 1.389 A average C-N bond distance. Each ytterbium
Dippap ligand has C-O and C-N bond distances within error of their average, confirming the
bis(amidophenolate) Yb(III) assignment, crystallographically suggesting a lack redox isomerism
between the Yb'"'(P'PPap), and a Yb(Il) with one PPPisq and one P'PPap ligand.

The ligand bond distances found in the tetrazrene complexes indicate the presence of two
Dippjsq, with the average P'Pisq C-O bond distances for the perfluoro and pTol tetrazenes of 1.2940
A and 1.2895 A, respectively. This is slightly shorter than the previously synthesized neodymium
bis(°PPisq) C-O bond distances of 1.309 A. This suggests a more double bond character and a more
ligand bound radical in the Yb tetrazenes. The tetrazenes’s C-N bond distances are in close
agreement with the NdI(P"*Pisq). bond distances, with the perfluoro and pTol te