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ABSTRACT
A small ringed macrocyclic tetracarbene ligand was developed due to the inherent ability of N-heterocyclic carbenes (NHCs) to stabilize high oxidation states of transition metals.  This new strong donor ligand was prepared by first synthesizing an 18-atom ringed macrocyclic tetraimidazolium ligand precursor.  The tetraimidazolium can be prepared by a two-step procedure, each utilizing dielectrophiles.  This ligand precursor was deprotonated to prepare a monomeric platinum tetracarbene complex.
A new iron macrocyclic tetra-carbene complex was synthesized by an in situ strong base deprotonation strategy of the ligand precursor.  The iron tetracarbene complex was found to catalyze the aziridination of a wide array of functionalized aryl azides and a variety of substituted aliphatic alkenes, including tetra-substituted, in a “C2 + N1” addition reaction.
The aziridination intermediate was probed by mass spectrometry and found to likely be and iron(IV) imido.  Further investigation of this intermediate discovered that the an iron(IV) tetrazene forms, probably by a 1,3-cycloaddition of an additional equivalent of azide to an imido, when excess aryl azide was added.  Utilizing single crystal X-ray diffraction, NMR spectroscopy, and Mossbauer spectroscopy the metal center was formally assigned as a low spin (S = 0) iron(IV).  Additional reactivity studies indicates this tetrazene is capable of performing aziridination and therefore is an additional reaction pathway.
A large disadvantage of the aforementioned iron tetracarbene catalyst is poor yield.  To overcome low yields and to prepare several transition metal tetracarbene complexes, a dimeric macrocyclic tetracarbene silver complex was synthesized.  This ligand was shown to successfully extend transmetallation of polydentate NHCs beyond bidentate NHCs.  The silver complex was utilized in the preparation of a variety of mononuclear tetracarbene complexes ranging from early first row to late third row transition metals in moderate to high.
In an attempt to move toward improving solubility of the tetracarbene catalysts, a second generation variant with two borate moieties in the ligand backbone was utilized.  With this dianionic 18-atom macrocyclic tetracarbene ligand, the first tetracarbene complexes of Group 13 and 14 metals were synthesized.  The tin, indium, and aluminium tetracarbene complexes are structurally analogous to their catalytically active porphyrin or salen analogues. 




TABLE OF CONTENTS
Chapter 1 Introduction	1
Chapter 2 Preparation of an 18-Atom Macrocyclic Tetra-Imidazolium as a Tetra N-Heterocyclic Carbene Ligand Precursor	8
Abstract	9
Introduction	10
Synthesis and Characterization of Tetra-imidazolium Ligand Precursor	12
Synthesis and Characterization of a Platinum(II) Tetracarbene Complex	14
Conclusion	17
Experimental	18
Chapter 3 Synthesis of Aziridines from Alkenes and Aryl Azides with a Reusable Macrocyclic Tetracarbene Iron Catalyst	24
Abstract	25
Introduction	25
Synthesis and Characterization of an Iron(II) Tetracarbene Complex	27
Catalytic Aziridination with Aryl Azides and Aliphatic Alkenes	29
Conclusion	36
Experimental	36
Chapter 4 Development of a Silver Transmetallating Reagent to Synthesize Macrocyclic Tetracarbene Complexes	51
Abstract	52
Introduction	53
Synthesis and Characterization of Silver Complex	54
Synthesis of Tetracarbene Complexes	56
Structural Characterization of Tetracarbene Complexes	61
Conclusion	65
Experimental	66
Chapter 5 Characterization and Reactivity of an Fe(IV) Tetrazene Complex	73
Abstract	74
Introduction	74
Characterization and Reactivity of Fe(IV) Tetrazene	76
Conclusion	82
Experimental	83
Chapter 6 Overcoming NHCs Neutrality: Installing Tetracarbenes on  Group 13 and 14 Metals	90
Abstract	91
Introduction	91
Synthesis and Characterization of Tetracarbene Main Group Complexes	93
Conclusion	100
Experimental	100
Chapter 7 Conclusion	107
References	111
VITA	137


LIST OF TABLES
Table 3.1. Aziridination reactions with [(Me,EtTCPh)Fe(NCCH3)2](PF6)2.	30
Table 3.2. Aziridination of functionalized aryl azides and 1-decene with [(Me,EtTCPh)Fe(NCCH3)2](PF6)2.	34
Table 3.3. Aziridination reaction re-using [(Me,EtTCPh)Fe(NCCH3)2](PF6)2 with cis-cyclooctene.	34
Table 4.1. Transmetallation results for metal complexes.	59










LIST OF FIGURES
Figure 1.1. Isolated late transition metal imide complexes..	4
Figure 1.2. Group theory of a 5-coordinate d4 bent square pyramidal metal complex..	5
Figure 1.3. Mononuclear tetra-N-heterocyclic carbene complexes..	6
Figure 2.1. Crystal structure of (Me,EtTCPh)(I)4.	15
Figure 2.2. Crystal structure of [(Me,EtTCPh)Pt](PF6)2.	17
Figure 3.1. X-ray crystal structure of [(Me,EtTCPh)Fe(NCCH3)2](PF6)2.	28
Figure 3.2. ESI/MS of [(Me,EtTCPh)Fe=N(p-CF3-Ph)](PF6)2.	35
Figure 3.3.  Diagram of organic azides that were prepared.	40
Figure 4.1. X-ray crystal structure of [{(Me,EtTCPh)Ag}2Ag2](PF6)4.	57
Figure 4.2. Graphical representation of [{(Me,EtTCPh)Rh(I)2]PF6 based on X-ray analysis.	63
Figure 4.3. X-ray crystal structure of [(Me,EtTCPh)Cr(Cl)2](PF6).	64
Figure 5.1. Gade’s classes of N4 binding modes found in tetrazene ligands.	76
Figure 5.2. X-ray crystal structure of [(Me,EtTCPh)Fe(ArN4Ar)](PF6)2	79
Figure 5.3. Mössbauer spectra of complexes [(Me,EtTCPh)Fe(CH3CN)2](PF6)2 and [(Me,EtTCPh)Fe(ArN4Ar)](PF6)2.	80
Figure 5.4. Modified proposed aziridination mechanism with catalyst [(Me,EtTCPh)Fe(CH3CN)2](PF6)2.	82
Figure 5.5. Decomposition of [(Me,EtTCPh)Fe(ArN4Ar)](PF6)2 as followed by 1H NMR.	87
Figure 5.6. 1H NMR of the extracted organic products from the decomposition of [(Me,EtTCPh)Fe(ArN4Ar)](PF6)2 in the presence of excess cyclooctene.	88
Figure 6.1. Contrasting Group 13 and 14 metal complexes.	92
Figure 6.2. X-ray crystal structure of (BMe2,EtTCH)Sn(Br)2.	97
Figure 6.3. X-ray crystal structure of (A) (BMe2,EtTCH)InBr and (B) (BMe2,EtTCH)AlCl.	99
Figure 6.4. Graphical representation of (B(Me)2,EtTCH)AlBr	106
 


LIST OF SCHEMES
Scheme 1.1.  Cenini’s catalytic aziridination.	2
Scheme 2.1. Synthesis of Macrocyclic Ligand Precursor.	13
Scheme 2.2. Synthesis of [(Me,EtTCPh)Pt](PF6)2.	16
Scheme 3.1. Synthesis of [(Me,EtTCPh)Fe(NCCH3)2](PF6)2.	27
Scheme 3.2. Sample catalytic aziridination reaction with [(Me,EtTCPh)Fe(NCCH3)2](PF6)2.	29
Scheme 3.3. Proposed reaction mechanism for aziridination	35
Scheme 4.1. Synthesis of silver complexes from (Me,EtTCPh)(X)4.	55
Scheme 4.2. Synthesis of metal complexes from [{(Me,EtTCPh)Ag}2Ag2](X)4.	58
Scheme 5.1. Synthesis of [(Me,EtTCPh)Fe(ArN4Ar)](PF6)2.	77
Scheme 6.1. Synthesis of tetracarbene main group metal complexes.	94





iv

[bookmark: _Toc379533738]
Introduction
Aziridines are a significant functional group since they are the nitrogen analog of epoxides.1  Epoxides have found themselves as important functional groups in many reactions such as polymerization.2  However, aziridines have been an afterthought due to their limited and difficult means of synthesis.1  The aziridine ring can be found in natural products such as mitomycin C, which exhibits antitumor properties.3  More importantly are the organic manipulations these strained rings are capable of undergoing such as ring opening4 and ring expansion5 reactions.  Aziridines could find an equally important place in chemistry as epoxides if there were an analogous catalytic manner to prepare this critical functional group in a manner similar to Jacobsen epoxidation to form epoxides.  
	A similar synthetic strategy to Jacobsen epoxidation for aziridines can be classified as a “C2+N1” aziridination strategy.1  This strategy combines an alkene fragment and a nitrene source to form the aziridine ring.  Several tosyl nitrene sources have been utilized in conjunction with a catalyst and alkenes to form aziridines in relatively high yield.6  Generally these tosyl nitrene sources have evolved from hypervalent PhI=NTs and chloroamine-T to tosyl azide.  Although the byproducts of these reactions have improved from iodobenzene or NaCl to N2, all the examples still leave a tosyl group on the nitrogen atom of the final aziridine product.  The problem with this method is an additional step to deprotect the nitrogen is required and can often include reagents which can degrade the aziridine ring.6b, 7  A more atom economical approach to this strategy is to perform the catalysis with a nitrene source which can place the final desired organic moiety on the aziridine nitrogen during the catalysis.
In an effort to propel catalytic aziridination forward, Cenini utilized a Ru-porphyrin catalyst in conjunction with p-nitrophenylazide and saturated alkenes to form aziridines.8  Later, Cenini found that utilizing the same catalyst with styrene derivatives as the alkene source allowed for electron donating aryl azides, such as p-methoxyphenylazide, were capable of forming aziridine products as well (Scheme 1.1).9  While this catalytic system is effective and leads to only N2 as the side product, the starting reagents are either limited to a variety of aryl azides and styrene derivatives or to p-nitrophenylazide and the desired alkene.  
[bookmark: _Toc379534172]Scheme 1.1.  Cenini’s catalytic aziridination.


	In order to design a new catalyst capable of performing catalytic aziridination, the metal-nitrene intermediate should be taken into consideration.  Although in the case of Cenini’s Ru-porphyrin catalyst the aziridination intermediate may follow several different reaction pathways, a Ru-imido is not thought to be the reaction intermediate.  Yet the transfer of a nitrene from an imido complex is a possible target for a potential reaction intermediate.  Upon examining isolated late transition metal imido complexes it becomes apparent that strong σ-donor mono-, bi-, and tridentate ligands can be used to stabilize the metal ligand multiple bond (Figure 1.1A-C, respectively).10  In one example by Peters, it is found that the iron trisphosphinoborate complex (Figure 1.1C) can even activate an organic azide, however, the resulting imido complex is too stable and therefore cannot transfer the imide to form an aziridine.10a  In another case by Hillhouse it was found that although the starting Ni-complex would not activate an organic azide, a Ni-imido could be prepared synthetically (Figure 1.1B) and the nitrene does transfer to an alkene to form an aziridine.10c  Still the lack of a system which can combine both the activation step and the transfer step is critical in order to make a complete catalytic cycle.
	Transition metal imide complexes have been prepared with mono-, bi-, and tridentate strong σ-donor ligands,10 yet no examples of strong σ-donor tetradentate ligands have been used to prepare metal imide complexes.  This is particularly surprising given the tetradentate Ru-porphyrin complex has been the most successful aziridination catalyst to date.  Group theory suggests a d4 metal-imido complex with a bent square pyramidal geometry would be low spin and  much more stable than the high spin alternative that would result from a weak

 
[bookmark: _Toc379533805]Figure 1.1. Isolated late transition metal imide complexes. Metal-imido bonds are stabilized by monodentate (A, Hillhouse), bidentate (B, Hillhouse), and tridentate (C, Peters) strong σ-donor ligands and respective orbital splitting diagram for each complex.
donor ligand (Figure 1.2).  In order to achieve this desired geometry a strong donor macrocyclic ligand, similar to a porphyrin, would be highly desirable.  Traditionally, phosphines have been the strong σ-donor ligand of choice, however, recently N-heterocyclic carbenes (NHCs) have been used as an alternative due to their decreased sensitivity toward oxygen.11  


[bookmark: _Toc379533806]Figure 1.2. Group theory of a 5-coordinate d4 bent square pyramidal metal complex.  d-orbital splitting diagram shown with weak field donor ligands (left) and strong field donor ligands (right) with and without π-bonds.
	Several NHC complexes have been prepared which have four NHCs in one plane around a central metal atom, yet these examples mostly consist of four monodentate-NHCs or two bis-bidentate NHC ligands.12  While these offer interesting insight, they are not macrocyclic ligands that would stay in one plane on all metal centers.  Hahn however did prepare a 16-atom ringed macrocyclic tetra-NHC platinum complex (Figure 1.3A).13  Unfortunately the templating methodology employed to prepare the macrocyclic ligand cannot be transferred to other non-group 10 metals nor could the tetra-chelated ligand be removed for later use.


[bookmark: _Toc379533807]Figure 1.3. Mononuclear tetra-N-heterocyclic carbene complexes.  Selected examples by Hahn (A) and Murphy (B).
	In order to prepare a macrocyclic tetra-NHC which can be utilized to prepare a variety of metal complexes, a ligand precursor must be developed.  Murphy achieved this goal with the preparation of a free tetra-imidazolium salt which could be later deprotonated to synthesize three mononuclear transition metal complexes on Pd, Ni, and Co (Figure 1.3B).14  The problem with this ligand was later found to be that the linkers were too bulky once ligated to a metal center.  Large linkers, particularly for aziridination, would mean no metal site is open for catalytic transformations to occur.  The other problem with the ligand is that due to the linker length the ligand is not forced to stay in the equatorial plane around the metal center which causes the geometry and therefore the control over the metal electronics to be lost.  
	The goal of my research is to develop a new 18-atom ringed tetraimidazolium ligand precursor.  Utilizing this tetraimidazolium several mononuclear transition metal complexes should be synthesizable and have open metal sites for catalytic transformations to occur at.  The metal complexes should then be screened for catalytic activity as well as attempt to isolate reactive reaction intermediates. 
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Preparation of an 18-Atom Macrocyclic Tetra-Imidazolium as a Tetra N-Heterocyclic Carbene Ligand Precursor
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[bookmark: _Toc289175826][bookmark: _Toc379533740]Abstract	
[bookmark: _Toc289175827]	An 18-atom ringed macrocyclic tetra-imidazolium ligand have been synthesized by a two-step procedure and is the smallest free tetra-imidazolium to date.  The structure of the tetra-imidazolium was characterized by multi-nuclear NMR, high resolution ESI/MS, and single crystal X-ray diffraction to distinguish it from the potential di-imidazolium species.  The tetra-imidazolium ligand forms a monomeric tetra-carbene complex with platinum through in situ deprotonation.
[bookmark: _Toc379533741]Introduction
The stabilization of complexes that contain metal-ligand multiple bonds, such as oxo and nitride ligands, is dependent on the symmetry and donor strength of the auxiliary ligands bound to the transition metal.15  Recent advancements in the preparation of iron oxos and nitrides for bioinorganic models of O2 and N2 activation have employed neutral tetra-dentate weak σ-donors, such as cyclam, as the auxiliary macrocyclic ligand.16  Current research on three-fold symmetry complexes of iron10a, 17 and cobalt18 has demonstrated that increasing the σ-donor strength of the auxiliary ligands stabilizes novel imidos and nitrides complexes.  To our knowledge, few neutral tetra-dentate strong σ-donor ligands have been synthesized.  In fact, few macrocyclic tetra-dentate phosphines have been prepared and isolated, due to their difficult syntheses, instability, and sensitivity to O2.11a-c  Lately, N-heterocyclic carbenes (NHCs) have become a more attractive alternative to phosphines for many catalytic applications.19  In addition to strong σ-donation, NHCs exhibit other beneficial properties, in particular their resistance to degradation in the presence of O2.11d  This chapter presents an easy to synthesize strong σ-donor macrocyclic tetra-NHC that exclusively produces a mononuclear transition metal complex.
Recently synthesized tetra-N-heterocyclic carbene complexes include the classes of tetra-monodentate-carbenes, bis-bidentate-carbenes and macrocyclic tetradentate-carbenes.12  These tetra-carbene complexes have found potential applications as near UV-phosphorescent emitters,20 radiopharmaceuticals,21 and catalyst precursors.22  Yet, of these tetra-NHCs, only three examples of monomeric macrocyclic tetra-carbene complexes have been prepared, and both synthetic approaches are somewhat limited in scope.  Hahn’s synthesis of the first macrocyclic tetra-carbene complex requires a templating reaction on platinum.13  In addition to requiring a tetra-isocyanide complex as a precursor to the monodentate carbene ligands, the synthesis also requires harsh reagents like phosgene.  The other two examples have been prepared from a macrocyclic tetra-imidazolium ligand and, although a few macrocyclic tetra-imidazoliums have been synthesized,23 only one of these species has been employed as a ligand for synthesizing tetra-carbene complexes.  Murphy’s group was able to prepare a 24-atom ringed tetra-imidazolium using 1,3-diiodopropane as the key dielectrophile for ring formation.14b  This tetra-carbene ligand is so large and flexible that some metal complexes are monomeric, such as palladium14b and cobalt,14c but others are dimeric, such as silver14b and copper.14b  Since most NHC-carbene complexes are prepared from imidazoliums, this approach provides a wider-ranging scope than templating.
[bookmark: _Toc379533742]Synthesis and Characterization of Tetra-imidazolium Ligand Precursor
We have synthesized an 18-atom ringed tetra-imidazolium macrocycle that should exclusively favor mononuclear and monomeric complexation.  This imidazolium was synthesized in multi-gram quantities using a simple two-step process starting from commercially available imidazole and without the use of dilute solvent conditions (Scheme 2.1).  We synthesized 1,1'-methylene-bis(4,5-diphenylimidazole) (1) in high yield by adding dibromomethane to a basic solution of 4,5-diphenylimidazole in acetonitrile (Scheme 1).  Although previous syntheses of macrocyclic tetra-imidazolium species have employed dihaloalkanes or dihaloxylenes as the key dielectrophile for ring formation,23,14b we were unsuccessful  in our attempts at similar reactions to produce smaller-sized macrocycles with reagents such as diiodomethane and 1,2-diiodoethane.  However, utilizing the stronger dielectrophile 1,2-bis-(trifoxy)ethane24 allowed us to prepare the 18-atom ringed macrocyclic tetra-imidazolium, (Me,EtTCPh)(OTf)4 (2a) shown in Scheme 1, in greater than 15% yield and within three days.  We were then able to exchange the counteranions from triflates to iodides by mixing 2a with excess (nBu4N)I in an acetonitrile solution to yield (Me,EtTCPh)(I)4 (2b).
[bookmark: _Toc379534173]Scheme 2.1. Synthesis of Macrocyclic Ligand Precursor. 


One challenge in these syntheses is distinguishing between the di-imidazolium species (3) shown in Scheme 1 and the desired macrocyclic species (2a) since they are often synthesized concurrently.23b,14b  1H and 13C NMR for the white solids formed were consistent with imidazolium formation, and although this evidence was not sufficient to distinguish between 2a and 3,25  high resolution ESI/MS conclusively confirmed the formation of 2a, as opposed to 3.  The ESI/MS spectrum exhibited peaks at 369.8 and 1407.2 m/z that are associated with {(Me,EtTCPh)(OTf)}3+ and {(Me,EtTCPh)(OTf)3}+, respectively, and are unique to 2a.  In addition, the peak at 629.2 m/z exhibited isotopomers that were ½ of a mass unit apart, which is consistent with {(Me,EtTCPh)(OTf)2}2+ from 2a and not with the 1+ ion of 3-OTf.  The ratio of the isotopomers at 629.1 m/z is consistent with only 2a and not a mixture of 2a and 3. Furthermore, no peak was found at 240.2 m/z which would match the 2+ ion of 3-2OTf.  Combined, these data demonstrate that only the macrocyclic 18-atom ring, 2a, was isolated from the reaction.
Finally, to further characterize this new ligand we turned to X-ray crystallography.  Single crystals suitable for single crystal X-ray diffraction of 2b were obtained from slow evaporation of an acetonitrile solution.  The X-ray crystal structure confirmed the formation of the desired macrocyclic tetraimidazolium (Figure 2.1).  The structure of 2b (Figure 2.1) shows two adjacent imidazolium rings are hydrogen bonding to an iodide above the plane of the macrocycle and the other 2 imidazoliums are hydrogen bonding to another iodide below the plane.  
[bookmark: _Toc379533743]Synthesis and Characterization of a Platinum(II) Tetracarbene Complex
To test the ability of 2 to form monomeric metal complexes, we synthesized a platinum complex (Scheme 2.2).  Bis-bidentate platinum20,21 and palladium26 carbene complexes that are similar in size to 4 have been prepared previously via in situ deprotonation with a weak base from the free imidazolium ligands.  Thallium(I) hexafluorophosphate was employed in the reaction to remove any iodide ions and prevent anion confusion during purification.  Spectroscopic characterization of 4 was consistent with a tetra-carbene complex.  The ESI/MS of 4 shows peaks at 576.2 and 1297.3 m/z that are associated with 

[image: ]
[bookmark: _Toc379533808]Figure 2.1. Crystal structure of (Me,EtTCPh)(I)4 (2b).  Purple, blue, and grey ellipsoids (50% probability) represent I, N and C, respectively.  White spheres represent H.  Non-hydrogen bonding counteranions and hydrogens, and solvent molecules have been omitted for clarity.


[(Me,EtTCPh)Pt]2+ and {[(Me,EtTCPh)Pt](PF6)}+, respectively.  The geminal AB splitting pattern in the 1H NMR of the protons on the methylene position on 4 demonstrates the rigidity of the ligand in solution,20,26b which is in direct contrast to Murphy’s complex.14b  The 13C NMR of 4a is consistent with NHC formation with the carbene peak at 158 ppm, although the platinum satellites on the carbene carbon in the 13C NMR could not be resolved.13  To confirm the conformation of 4, a single crystal was examined and a structure demonstrating connectivity of the macrocyclic ligand was obtained (Figure 2.2).  
[bookmark: _Toc379534174]Scheme 2.2. Synthesis of [(Me,EtTCPh)Pt](PF6)2.



[image: ]
[bookmark: _Toc379533809]Figure 2.2. Crystal structure of [(Me,EtTCPh)Pt](PF6)2 (4).  Orange, blue, and grey ellipsoids (50% probability) represent Pt, N and C, respectively.  Counteranions, solvent molecules and hydrogens have been omitted for clarity.
[bookmark: _Toc379533744]Conclusion
In conclusion, we have demonstrated a facile, two step synthesis of an 18-atom ringed tetra-imidazolium ligand that employed 1,2-bis-(trifoxy)ethane as the key dielectrophile.  The ligand was prepared on a multi-gram scale quickly and cleanly without the use of dilute solvent conditions.  This 18-atom ringed tetra-imidazolium (2) ligates to form a mononuclear transition metal complex (4).  
[bookmark: _Toc379533745]Experimental
Syntheses of organic compounds were performed under normal atmospheric conditions.  Syntheses of platinum complexes were performed under a dry nitrogen atmosphere with the use of either a dry box or standard Schlenk techniques.  Solvents were dried on an Innovative Technologies (Newburgport, MA) Pure Solv MD-7 Solvent Purification System and degassed by three freeze-pump-thaw cycles on a Schlenk line to remove O2 prior to use.  DMSO-d6, acetonitrile-d3, and chloroform-d were degassed by three freeze-pump-thaw cycles prior to drying over activated molecular sieves.  These NMR solvents were then stored under N2 in a glovebox.  The compound 1,2-diyl-bis(trifluoromethanesulfonate)ethane (also called 1,2-bis-(trifoxy)ethane)24 was prepared as described previously.  All other reagents were purchased from commercial vendors and used without purification.  1H, 13C{1H}, and 19F NMR spectra were recorded at ambient temperature on a Varian Mercury 300 MHz or a Varian INOVA 600 MHz narrow-bore broadband system.  1H and 13C NMR chemical shifts were referenced to the residual solvent.  19F NMR chemical shifts are reported relative to an external standard of neat CFCl3.  All mass spectrometry analyses were conducted at the Mass Spectrometry Center located in the Department of Chemistry at the University of Tennessee.  The DART analyses were performed using a JEOL AccuTOF-D time-of-flight (TOF) mass spectrometer with a DART (direct analysis in real time) ionization source from JEOL USA, Inc. (Peabody, MA).  The ESI/MS analyses were performed using a QSTAR Elite quadrupole time-of-flight (QTOF) mass spectrometer with an electrospray ionization source from AB Sciex (Concord, Ontario, Canada).  All mass spectrometry sample solutions were prepared in acetonitrile.  Infrared spectra were collected on a Thermo Scientific Nicolet iS10 with a Smart iTR accessory for attenuated total reflectance.  Carbon, hydrogen, and nitrogen analyses were obtained from Atlantic Microlab, Norcross, GA.

Synthesis of 1,1'-methylene-bis(4,5-diphenyl-imidazole), (1).  4,5-Diphenylimidazole (13.2 g, 0.0610 mol) and potassium hydroxide powder (5.0 g, 0.089 mol) were added to a 240 mL glass jar with a Teflon lid and dissolved with 100 mL of acetonitrile and stirred for 15 min.  Dibromomethane (5.2 g, 0.030 mol) was then diluted with 3 mL of acetonitrile and this solution was slowly added to the glass jar.  The reaction was then stirred for 72 h.  After the reaction was complete, 16 mL of ice cold water were added to the mixture and stirred for an additional 15 min, which precipitated a white solid.  The white solid was collected over a 150 mL medium sintered‑glass frit and dried under reduced pressure to give the product (12 g, 89% yield).  1H NMR (CDCl3, 300.1 MHz): δ 7.51 (m, 6H), 7.40 (dd, J1 = 7.8 Hz, J2 = 1.8 Hz, 4H), 7.19 (m, 10H), 6.77 (s, 2H), 5.73 (s, 2H).  13C NMR (CDCl3, 75.46 MHz): δ 139.1, 136.7, 133.8, 131.1, 129.8, 129.7, 129.6, 128.3, 127.4, 126.9, 126.6, 53.1.  IR (neat): 3059, 1600, 1500, 1442, 1357, 1304, 1231, 1193, 1072, 1017, 950, 922, 790, 774 cm-1.  DART MS (m/z): [M-H]+ 453.3.  Anal. Calcd for C31H24N4: C, 82.27; H, 5.35; N, 12.38.  Found: C, 82.11; H, 5.21; N, 12.19.

Synthesis of 4,5,10,11,15,16,21,22-octaphenyl-3,9,14,20-tetraaza-1,6,12,17-tetraazoniapentacyclo-hexacosane-1(23),4,6(26),10,12(25),15,17(24),21-octaene tetra-trifluoromethanesulfonate ((Me,EtTCPh)(OTf)4), (2a).  1,1'-methylene-bis(4,5-diphenyl-imidazole) (1) (10.0 g, 0.0222 mol) was added to a 500 mL round bottom flask, dissolved with acetonitrile (175 mL) and stirred for 20 min.  1,2-diyl-bis(trifluoromethanesulfonate)ethane (7.23 g, 0.0222 mol) was diluted with acetonitrile (5 mL) and pipetted into the round bottom flask. The reaction mixture was heated to reflux for 72 h.  After cooling to room temperature, a white solid was collected by slowly pouring the solution over a 150 mL medium sintered-glass frit a few mL at a time.  Each aliquot was filtered through before adding the next one.  This slow filtration yielded the product which was dried under reduced pressure (3.25 g, 18.9% yield). 1H NMR (DMSO-d6, 300.1 MHz): δ 10.02 (s, 4H), 7.46 (m, 16H), 7.29 (t, J = 7.2 Hz, 8H), 7.18 (d, J = 6.0 Hz, 8H), 7.00 (d, J = 6.9 Hz, 8H), 6.61 (s, 4H), 4.68 (s, 8H).  13C NMR (DMSO-d6, 75.46 MHz): δ 136.8, 132.7, 132.3, 131.0, 130.7, 130.2, 129.4, 129.3, 123.2, 122.4, 120.6 (q, JF-C = 322 Hz), 56.0, 46.8.  19F NMR (DMSO-d6, 282.3 MHz): δ -77.8.  IR (neat): 3145, 3067, 1560, 1445, 1372, 1336, 1278, 1254, 1241, 1226, 1177, 1027, 765 cm-1.  ESI MS (m/z): [M-OTf]+ 1407.2, [M-2OTf]2+ 629.2, [M-3OTf]3+ 369.8.  Anal. Calcd for C70H56F12N8O12S4: C, 53.98; H, 3.62; N, 7.19.  Found: C, 53.84; H, 3.47; N, 7.37.

Synthesis of 4,5,10,11,15,16,21,22-octaphenyl-3,9,14,20-tetraaza-1,6,12,17-tetraazoniapentacyclo-hexacosane-1(23),4,6(26),10,12(25),15,17(24),21-octaene tetraiodide ((Me,EtTCPh)(I)4), (2b).  (Me,EtTCPh)(OTf)4 (2a) (9.36 g, 0.00602 mol) was added as a solid to an acetonitrile (300 mL) solution of tetrabutylammonium iodide (8.89 g, 0.0241 mol) in a 500 mL Erlenmeyer flask.  This mixture was stirred overnight and the white solid was collected on a 150 mL medium sintered-glass frit and dried under reduced pressure to yield the pure product (8.84 g, 93.7% yield).  1H NMR (DMSO-d6, 300.1 MHz): δ 10.65 (s, 4H), 7.59 (d, J = 6.6 Hz, 8H), 7.47 (m, 24 H), 7.21 (d, J = 7.5 Hz, 8H), 6.97 (s, 4H), 4.75 (s, 8H).  13C NMR (DMSO-d6, 75.46 MHz): δ 136.0, 133.2, 132.2, 131.7, 131.5, 131.2, 131.1, 129.6, 129.5, 123.8, 123.4, 57.7, 46.5.  IR (neat): 2964, 1561, 1488, 1446, 1373, 1252, 1215, 1030, 759 cm-1.  Anal. Calcd for C66H56I4N8: C, 53.97; H, 3.84; N, 7.63.  Found: C, 52.33; H, 3.89; N, 7.26.

Synthesis of [(Me, EtTCPh)Pt](PF6)2, (4).  (Me,EtTCPh)(I)4 (2b) (0.153 g, 0.104 mmol) was dissolved in benzonitrile (10 mL) in a 20 mL vial.  Dichlorobis(benzonitrile)platinum(II) (0.0492 g, 0.104 mmol) was dissolved in 2 mL of benzonitrile and was added to the (Me,EtTCPh)(I)4 solution.  Triethylamine (0.0528 g, 0.521 mmol) was then added to the reaction mixture.  This solution was heated to 90 °C and stirred for 24 h.  After the reaction mixture was removed from the heat and allowed to cool to room temperature, thallium(I) hexafluorophosphate (0.219 g, 0.626 mmol) was dissolved in benzonitrile (2 mL), added to the reaction mixture, and stirred for 24 h.  The reaction mixture was then filtered over Celite to remove thallium(I) iodide.   Benzonitrile was then removed under reduced pressure to leave the crude solid.  The crude solid was dissolved in acetone (5 mL) and filtered over Celite.  The product was crystallized via vapor diffusion of ether into the acetone solution.  The collected crystals were washed with methylene chloride (2 mL) and diethyl ether (3 x 10 mL) (0.010 g, 6.6% yield).  1H NMR (DMSO-d6, 300.1 MHz): δ 7.45 (m, 16H), 7.39 (t, J = 7.9 Hz, 8H), 7.25 (t, J = 7.7 Hz, 8H), 7.13 (d, J = 7.1 Hz, 8H), 6.14 (d, J = 14.1 Hz, 2H), 5.72 (d, J = 14.2 Hz, 2H), 4.79 (m, 4H), 4.5 (m, 4H). 13C NMR (DMSO-d6, 150.9 MHz): δ 158.8, 132.2, 131.1, 130.9, 130.2, 129.8, 129.7, 128.9, 128.8, 126.0, 125.3, 58.1, 46.8.  19F NMR (DMSO-d6, 282.3 MHz): δ ‑70.1 (d, J = 711 Hz).  IR (neat): 1489, 1467, 1404, 1369, 1235, 828, 786, 766, 735 cm-1.  ESI MS (m/z): [M-PF6]+ 1297.34, [M‑2PF6]2+ 576.19.  Anal. Calcd for C66H52F12N8P2Pt: C, 54.97; H, 3.63; N, 7.77.  Found: C, 54.69; H, 3.54; N, 7.79. 

X-ray Structure Determinations.  X-ray diffraction measurements were performed on single crystals coated with Paratone oil and mounted on Kaptan loops.  Each crystal was frozen under a stream of N2 while data were collected on a Bruker APEX diffractometer.  A matrix scan using at least 20 centered reflections was used to determine initial lattice parameters.  Reflections were merged and corrected for Lorenz and polarization effects, scan speed, and background using SAINT 4.05.  Absorption corrections, including odd and even ordered spherical harmonics were performed using SADABS.  Space group assignments were based upon systematic absences, E statistics, and successful refinement of the structure.  The structure was solved by Patterson maps with the aid of successive difference Fourier maps, and was refined against all data using the SHELXTL 5.0 software package.  The structure of 4 was solved in the space group Cc.  The crystal suffered from twinning, which led to a lower quality structure.  Despite repeated attempts with different solvent combinations, we were unable to grow crystals that did not exhibit twinning.  The carbon, nitrogen, platinum and phosphorous atoms were refined anisotropically, while the disordered fluorine atoms were refined isotropically.  Three of the fluorine atoms (F4, F7, and F11) were split equally over two positions to improve the electron density model of the PF6’s.  The solvent molecules in the unit cell were modeled as ethers.  They are disordered and were refined isotropically.
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Synthesis of Aziridines from Alkenes and Aryl Azides with a Reusable Macrocyclic Tetracarbene Iron Catalyst
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A version of this chapter was originally published by S. Alan Cramer and David M. Jenkins:

Cramer, S. A.; Jenkins, D. M. “Synthesis of Aziridines from Alkenes and Aryl Azides with a Reusable Macrocyclic Tetracarbene Iron Catalyst.” J. Am. Chem. Soc. 2011. 133, 19342-19345.
[bookmark: _Toc379533747]Abstract
A new iron aziridination catalyst supported by a macrocyclic tetra-carbene ligand has been synthesized. The catalyst, [(Me,EtTCPh)Fe(NCCH3)2](PF6)2, was synthesized from the tetra-imidazolium precursor (Me,EtTCPh)(I)4 and was characterized by NMR spectroscopy, ESI mass spectrometry, and single crystal X-ray diffraction. This iron complex catalyzes the aziridination of a wide array of functionalized aryl azides and a variety of substituted aliphatic alkenes, including tetra-substituted, in a “C2 + N1” addition reaction. Finally, the catalyst can be recovered and re-used up to three additional times without significant reduction in yield.
[bookmark: _Toc289175835][bookmark: _Toc379533748]Introduction
Despite the successful development of catalytic epoxidation from alkenes over the last thirty years, the nitrogen analog, catalytic aziridination, has languished behind.1 Part of the reason is the lack of nitrogenous variants of peroxides or dioxygen which are used to form epoxides in conjunction with alkenes.27 Since the aziridine functional group is found in natural products28 and also is used in pharmaceuticals, broadening the scope of the aziridination reaction is significant.29 Today, “C2 + N1” aziridination reactions that combine an alkene and a nitrene fragment typically use iodoimine reagents, such as PhI=NTs (Ts = tosylate),1, 27, 30 chloramine-T,31 or tosylazide,32 as the nitrene reagent. The disadvantage of these reactions is that the tosyl group must be removed before the desired final substituent can be placed on the ring which reduces atom economy and can lead to ring degradation.1 
An alternative to these current nitrene reagents is organic azides. Aryl azides can be easily synthesized in one step from amines33 and are tolerant of a wide variety of functional groups.34 Finally, since the correct functionality on the organic azide can be installed prior to catalysis, using organic azides instead of PhI=NTs will improve the atom economy of these reactions, thereby eliminating the step of removing the tosylate group before installing the desired moiety on the nitrogen atom.35 A catalytic “C2 + N1” aziridination that is successful with a wide variety of substrates, both for alkenes and organic azides, would be a significant advance in chemical synthesis.
A very limited number of catalytic ruthenium and iron porphyrin systems have been developed that perform a “C2 + N1” aziridination with organic azides, but they are limited to strongly electron withdrawing aryl azides (such as p-nitro-phenylazide)9b, 36 and/or styrene derivatives for the alkene.9a This chapter presents a new tetra-carbene iron(II) complex that acts as a catalyst for aziridination with electron donating and withdrawing aryl azides and a variety of substituted aliphatic alkenes. In addition, the catalyst is robust and can be recovered and re-used for multiple aziridination runs.
[bookmark: _Toc379533749]Synthesis and Characterization of an Iron(II) Tetracarbene Complex
[bookmark: _Toc379534175]Scheme 3.1. Synthesis of [(Me,EtTCPh)Fe(NCCH3)2](PF6)2.


We have previously reported the synthesis of the macrocyclic tetra-imidazolium (Me,EtTCPh)(I)4, 1, which can be deprotonated in the presence of divalent transition metals such as Pt to prepare tetra-carbene complexes.37 Unlike our previously reported platinum complex, [(Me,EtTCPh)Pt](PF6)2,37 an iron complex could not be prepared via deprotonation with a weak base. However, an in situ carbene strategy proved successful in ligating the macrocyclic carbene to the iron center (Scheme 3.1).12, 38 Lithium di-isopropylamide deprotonates (Me,EtTCPh)(I)4, 1, at room temperature in THF in five minutes.  Addition of a THF solution of iron(II) iodide to this mixture followed by the addition of thallium hexafluorophosphate in acetonitrile gives the octahedral complex [(Me,EtTCPh)Fe(NCCH3)2](PF6)2, 2. Complex 2 constitutes a tetra-carbene iron complex with easily accessible coordination sites for catalytic reactions.39


[bookmark: _Toc379533810]Figure 3.1. X-ray crystal structure of [(Me,EtTCPh)Fe(NCCH3)2](PF6)2, (2). Red, blue and grey ellipsoids (50% probability) represent Fe, N, and C, respectively. Counteranions, solvent molecules and hydrogens have been omitted for clarity.
Spectroscopic characterization of 2 is consistent with a tetra-carbene complex. The ESI/MS of 2 shows peaks at 506.2 m/z, associated with [(Me,EtTCPh)Fe]2+, and at 1157.3 m/z, associated with {[(Me,EtTCPh)Fe](PF6)}+ with the correct isotopic ratios. 1H NMR demonstrates that the acetonitrile ligands on 2 exchange in CD3CN solution since 2 which has been crystallized from CH3CN solution (see below) shows peaks only for unbound acetonitrile.  13C NMR shows a resonance for the carbene carbon at 196.65 ppm which is consistent with other FeII NHC-carbene complexes.40 In addition, complex 2 is air stable in the solid state.
The X-ray crystal structure of 2 shows that the acetonitrile ligands are bound in the solid state (Figure 3.1) giving an octahedral complex. The average Fe-C bond distance is 2.01 Å which is slightly longer than the only other FeII tetra-carbene which has been previously reported (1.96 Å).39 The trans C-Fe-C angles are 169.7 and 172.2 degrees which demonstrates that there is only a minimal distortion about the equatorial plane formed by the macrocycle.  Unlike four-coordinate Co and Ni complexes which have a 24-atom ringed macrocyclic tetra-carbene ligand,14 2 has space for apical ligands to bind to the metal center.
[bookmark: _Toc379533750]Catalytic Aziridination with Aryl Azides and Aliphatic Alkenes
[bookmark: _Toc379534176]To determine the best catalytic reaction conditions for aziridination with an electron donating aryl azide, a series of test reactions were run with p-tolyl-azide, 1-decene and 2. The best results were obtained by using 0.1 mol% catalyst loading of 2 with 29-fold excess of alkene and no additional solvent (Scheme 3.2). After 18 hours at 90 °C the reaction was complete (all organic azide had reacted) and the reaction mixture was cooled to room temperature and the

Scheme 3.2. Sample catalytic aziridination reaction with [(Me,EtTCPh)Fe(NCCH3)2](PF6)2.


[bookmark: _Toc379533776]Table 3.1. Aziridination reactions with [(Me,EtTCPh)Fe(NCCH3)2](PF6)2.
	Entry
	Alkene
	Azide R‑group
	Catalyst Loading
	Temp
(°C)
	Time
(h)
	Aziridine
	Yielda

	1
	1-decene
	-CH3
	0.1%
	90
	18
	

	70%b

	2
	1-decene
	-CH3
	1%
	90
	18
	

	82%b

	3
	1-octene
	-CF3
	0.1%
	90
	18
	

	37%b

	4
	cis-cyclo-octene
	-CH3
	0.1%
	90
	12
	

	97%

	5
	trans-4-octene
	-CH3
	1%
	90
	144
	

	30%b

	6
	1-methyl-cyclohexene
	-CH3
	1%
	90
	144
	

	39%b

	7
	2,3‑dimethyl-2‑butene
	-CH3
	0.1%
	70
	160
	

	20%b


a all reported yields are isolated yields. b required chromatography.
catalyst was removed by filtration over Celite. Removal of the remaining organics under reduced pressure followed by column chromatography yielded pure 2-octyl-(p-tolyl)-aziridine in 70% isolated yield (Table 3.1, Entry 1). The identity of the product was determined by 1H and 13C NMR spectroscopy, GC/MS, and HR MS. Increasing the catalyst loading to 1% (Table 3.1, Entry 2) improved the isolated yield to 82%. One advantage of this methodology is the ease of catalyst separation from the product since 2 is insoluble in the reaction mixture at room temperature.
To test the effectiveness of the catalytic system, additional azides and alkenes were evaluated (Table 3.1). The catalyst successfully performed aziridination with electron withdrawing azides, such as 1-azido-4-(trifluoromethyl)benzene (Table 3.1, Entry 3), and 1-decene with a slightly higher yield compared to previously reported Ru-porphyrin systems.36a Di-substituted alkenes, including cis and trans substituted examples were both successful (Table 3.1, Entries 4 and 5 respectively). The yield for 9-(p-tolyl)-9-azabicyclo-[6.1.0]nonane (Table 3.1, Entry 4) was almost quantitative (97% yield) with just 0.1% catalyst loading. The reaction with trans-4-octene (Table 3.1, Entry 5) was much slower and lower yielding, probably due to the steric bulk of the propyl groups. Furthermore, tri- and tetra-substituted alkenes, such as 2,3‑dimethyl-2‑butene, were successful (Table 3.1, Entries 6 and 7). The reaction with 2,3‑dimethyl-2‑butene was run at 70° due to its lower boiling point which may have contributed to the lower yield. In contrast, Gallo’s group reported the tri-substituted alkenes did not react with aryl azides and a Ru porphyrin catalyst.9a Likewise, previous examples of similar tetra-substituted aziridines have only been prepared by photolysis of electron-withdrawing organic azides to make the free nitrene prior to reaction with alkene.41 In these two cases (Table 3.1, Entries 5 and 6), we have catalyzed the first example of a “C2 + N1” aziridination between those classes of alkene and an aryl azide.
In order to expand upon this catalytic system the functional group tolerance of 2 needed to be determined.  A “C2+N1” aziridination catalyst has yet to effectively yield aziridines with a wide range of functional groups and non-conjugated alkene.  Following the same approach as seen in Scheme 3.2, 1-decene and 13 additional functional groups (in the para-position with respect to the azide) were screened with 2 at 0.1% catalyst loading (Table 3.2).  In direct contrast to work published by Cenini36a with a Ru-porphyrin catalyst electron donating aryl azides were determined to be higher yielding than electron withdrawing examples.  The chloro, dimethylamine, methoxy, and bromo examples (Table 3.2, Entry 1-4, respectively) were all comparable to the previously discussed electron donating p-tolyl-azide.  An alkynyl variant gave a moderate 57.9% yield (Table 3.2, Entry 5).  The next 6 examples were all electron withdrawing groups which gave relatively similar moderately low yields (Table 3.2, Entry 6-11) but includes synthetically valuable examples such as the boronic ester which can potentially be manipulated in Pd-catalyzed cross coupling reactions (Table 3.2, Entry 8).  Unfortunately, protic examples do not exhibit the formation of aziridine product (Table 3.2, Entry 12 and 13).
Since the catalyst, 2, is insoluble in the reaction mixture at room temperature, we believed that it could be recovered and re-used once the catalysis was complete.  Since the reactions with cis-cyclooctene (Table 3.1, Entry 4) gave the best yields with low catalyst loading, we repeated the reaction three times with the same batch of catalyst. The results demonstrate the catalyst is reusable for this reaction with only a negligible decrease in yield by the fourth run (Table 3.2). In addition to improving the atom economy of the reaction by using aryl azides, the ability to re-use the catalyst without significant loss of yield is quite beneficial.
Based on previously studied aziridination reactions with aryl azides a potential intermediate in this reaction mechanism is an iron(IV) imide, 3 (Scheme 3.3).30 Three-fold symmetric strong σ-donor ligands have been demonstrated to stabilize iron imides in the 2+,42 3+,10a, 43 and 4+44 oxidation states, but these complexes do not react with alkenes to give aziridines. While we have not been able to isolate [(Me,EtTCPh)Fe=NAr](PF6)2, 3, ESI/MS data is consistent with its formation. Addition of 1-azido-4-(trifluoromethyl)benzene to a solution of 2 at room temperature in acetonitrile gives an ESI/MS with a peak at 585.7 m/z, associated with [(Me,EtTCPh)Fe=N(p-CF3-Ph)]2+ (Figure 3.2).


[bookmark: _Toc379533777]Table 3.2. Aziridination of functionalized aryl azides and 1-decene with [(Me,EtTCPh)Fe(NCCH3)2](PF6)2.
	Entry
	Azide R-group
	Cat. Loading
	Temp. (°C)
	Time (h)
	Yielda

	1
	-Cl
	0.1%
	90
	18
	70.8

	2
	-N(CH3)2
	0.1%
	90
	18
	68.1

	3
	-OCH3
	0.1%
	90
	18
	65.3

	4
	-Br
	0.1%
	90
	18
	62.0

	5
	-CCH
	0.1%
	90
	18
	57.9

	6
	-CHO
	0.1%
	90
	18
	42.1

	7
	-OAc
	0.1%
	90
	18
	41.3

	8
	-B(pin)
	0.1%
	90
	18
	40.3

	9
	-COOCH3
	0.1%
	90
	18
	40.1

	10
	-CN
	0.1%
	90
	18
	37.6

	11
	-NO2
	0.1%
	90
	18
	33.3

	12
	-OH
	0.1%
	90
	18
	---

	13
	-COOH
	0.1%
	90
	18
	---


a all reported yields are isolated yields.
[bookmark: _Toc379533778]Table 3.3. Aziridination reaction re-using [(Me,EtTCPh)Fe(NCCH3)2](PF6)2 with cis-cyclooctene.
	Run
	Azide
	Catalyst Loading
	Temp (°C)
	Time (h)
	Aziridine
	Yielda

	1
	p-tolyl azide
	0.1%
	90
	12
	See Table 1,
Entry 4
	97%

	2
	p-tolyl azide
	0.1%
	90
	12
	See Table 1,
Entry 4
	95%

	3
	p-tolyl azide
	0.1%
	90
	12
	See Table 1,
Entry 4
	97%

	4
	p-tolyl azide
	0.1%
	90
	12
	See Table 1,
Entry 4
	89%


a all reported yields are isolated yields.
[bookmark: _Toc379534177]Scheme 3.3. Proposed reaction mechanism for aziridination
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[bookmark: _Toc379533811]Figure 3.2. ESI/MS of [(Me,EtTCPh)Fe=N(p-CF3-Ph)](PF6)2.  The inset shows the highlight for the [(Me,EtTCPh)Fe=N(p-CF3-Ph)]2+ ion.
[bookmark: _Toc379533751]

Conclusion
In conclusion, we have synthesized a new iron aziridination catalyst supported by a macrocyclic tetra-carbene ligand. This tetra-carbene iron complex, [(Me,EtTCPh)Fe(NCCH3)2](PF6)2, was synthesized from the tetra-imidazolium precursor (Me,EtTCPh)(I)4 and characterized by spectroscopy and single crystal X-ray diffraction. This catalyst reacts with aryl azides and a wide variety of substituted aliphatic alkenes to give aziridines in a “C2 + N1” addition reaction. We were able to form 9-(p-tolyl)-9-azabicyclo-[6.1.0]nonane in nearly quantitative yield from cis-cyclooctene  and tolyl-azide. In addition, we were able synthesize aziridines with 2,3-dimethyl-butene, a tetra-substituted alkene. These aliphatic alkenes are generally considered more challenging reagents than styrene variants which have been previously studied. Furthermore, the catalyst can be recovered and re-used up to three additional times with only a nominal reduction in yield. To investigate the potential intermediate in the reaction, mass spectrometry data was collected and is consistent with an Fe(IV) imide. These results showcase a more direct approach to the formation of aziridines from readily available substrates while improving atom economy. 
[bookmark: _Toc379533752]Experimental
All reactions were performed under a dry nitrogen atmosphere with the use of either a drybox or standard Schlenk techniques. Solvents were dried on an Innovative Technologies (Newburgport, MA) Pure Solv MD-7 Solvent Purification System and degassed by three freeze pump-thaw cycles on a Schlenk line to remove O2 prior to use. DMSO-d6, acetonitrile-d3, benzene-d6, and chloroform-d were degassed by three freeze-pump-thaw cycles prior to drying over activated molecular sieves. These NMR solvents were then stored under N2 in a glovebox. The compound (Me,EtTCPh)(I)437 was prepared as described previously. All other reagents except variants of 3 were purchased from commercial vendors and used without purification. 1H, 13C{1H}, and 19F NMR spectra were recorded at ambient temperature on a Varian Mercury 300 MHz or a Varian VNMRS 500 MHz narrow-bore broadband system. 1H and 13C NMR chemical shifts were referenced to the residual solvent. 19F NMR chemical shifts are reported relative to an external standard of neat CFCl3. All mass spectrometry analyses were conducted at the Mass Spectrometry Center located in the Department of Chemistry at the University of Tennessee. The DART analyses were performed using a JEOL AccuTOF-D time-of-flight (TOF) mass spectrometer with a DART (direct analysis in real time) ionization source from JEOL USA, Inc. (Peabody, MA). The ESI/MS analyses were performed using a QSTAR Elite quadrupole time-of-flight (QTOF) mass spectrometer with an electrospray ionization source from AB Sciex (Concord, Ontario, Canada). The GC/MS analyses were performed using a Hewlett Packard 6890 gas chromatography system with Hewlett Packard 5973 mass spectrometer. Mass spectrometry sample solutions of metal complexes were prepared in acetonitrile. Mass spectrometry sample solutions of organic compounds from catalysis reactions were prepared in hexanes. Infrared spectra were collected on a Thermo Scientific Nicolet iS10 with a Smart iTR accessory for attenuated total reflectance. UV-vis measurements were taken inside a dry glovebox on an Ocean Optics USB4000 UV-vis system with 1 cm path length quartz crystal cell. Cyclic voltammetry measurements were made inside a dry glovebox using a BAS Epsilon electrochemical analyzer with a platinum working electrode, platinum wire counter electrode, and Ag/AgNO3 reference electrode. All potentials were measured versus an external standard of ferrocene. Carbon, hydrogen, and nitrogen analyses were obtained from Atlantic Microlab, Norcross, GA.

Synthesis of [(Me,EtTCPh)Fe(NCCH3)2](PF6)2, 2. (Me,EtTCPh)(I)4 (1) (2.570 g, 1.75 mmol)was added to tetrahydrofuran (20 mL) in a 100 mL round bottom flask and stirred for 10 min.  Lithium di-isopropyl amide (0.562 g, 5.25 mmol) was dissolved in 5 mL of tetrahydrofuran and was added to the stirring (Me,EtTCPh)(I)4 mixture. After 3 min, iron(II) iodide (0.542 g, 1.75 mmol) which had been previously dissolved in tetrahydrofuran (20 mL) was added to the reaction mixture. After 10 min, additional solid lithium di-isopropyl amide (0.188g, 1.75 mmol) was added to the reaction mixture and the mixture was allowed to stir for 24 h. All volatiles were removed under reduced pressure and diethyl ether (50 mL) was added to the crude solid and the ether mixture was stirred for 4 h. The slurry was then filtered over Celite and the filtered ether solution was discarded. The remaining solid in the flask was dissolved in methylene chloride (20 mL) and added to the top of the Celite filter flask and the solution was collected and the methylene chloride removed under reduced pressure. The resulting solid was dissolved in acetonitrile (50 mL) and thallium(I) hexafluorophosphate (1.223 g, 3.50 mmol) was added to the solution and allowed to stir for 4 h. The subsequent mixture was then filtered over Celite to remove thallium iodide and the collected acetonitrile solution was reduced in volume to 1 mL. The pure product was crystallized via vapor diffusion of diethyl ether into the acetonitrile solution and the bright red crystals were collected after 5 d (0.279 g, 11.5% yield). 1H NMR (CD3CN, 499.74 MHz): δ 7.41 (m, 8H), 7.33 (m, 16H), 7.21 (t, J = 8.0 Hz, 8H), 7.12 (d, J = 7.0 Hz, 8H), 5.96 (s, 4H), 4.44 (s, 8H). 13C NMR (CD3CN, 125.66 MHz): δ 196.65, 135.44, 133.89, 132.39, 131.52, 130.39, 130.23, 129.83, 129.80, 129.10, 128.21, 57.44, 48.04. 19F NMR (CD3CN, 282.3 MHz): δ -72.9 (d, J = 706 Hz). IR (neat): 2975, 2255, 1979, 1602, 1488, 1445, 1365, 1181, 1075, 829, 769, 698 cm-1. UV-vis (CH3CN) λmax, nm (ε): 357 (33000), 435 (11000). ESI/MS (m/z): [M-PF6]+ 1157.18, [M-2PF6]2+ 506.16. Electrochemistry (vs ferrocene in CH3CN with [TBA][PF6] as supporting electrolyte): FeIII/FeII, +40 mV. Anal. Calcd for C70H58F12N10P2Fe: C, 60.70; H, 4.22; N, 10.11. Found: C, 60.21; H, 4.14; N, 9.88. 

General Procedure for the Preparation of Azides 1a-l.  Previously synthesized azides 3a-m were prepared by diazotization from the commercially available aniline, followed by treatment with sodium azide based on a standard procedure.33  All azides were characterized based on physical and/or spectral data as shown in Figure 3.3(3a,45 3b,46 3c,47 3d,48 3e,45 3f,49 3g,50 3h,51 3i,52 3j53, 3k,54 3l,55 and 3m56).


[bookmark: _Toc379533812]Figure 3.3.  Diagram of organic azides that were prepared.
General Catalytic Reaction. [(Me,EtTCPh)Fe(NCCH3)2](PF6)2 (2) was added to a 20 mL vial (100 mL pressure vial for Table 1 entry 5 and 6) followed by the addition of the alkene. The reaction mixture was heated and stirred for 10 min. The aryl azide was then added to the reaction and allowed to stir at the designated temperature. Once aryl azide was no longer present (as determined by GC/MS) the mixture was removed from heat and [(Me,EtTCPh)Fe(NCCH3)2](PF6)2 was filtered away over Celite. [(Me,EtTCPh)Fe(NCCH3)2](PF6)2 can be recollected for re-use by adding acetonitrile to the filter and collecting the solution. Removal of the acetonitrile under reduced pressure gives (2). The volatiles were removed under reduced pressure and, if needed, the product was purified by column chromatography on silica gel using a 9:1 ratio of hexanes to ethyl acetate as eluent. 

Synthesis of 2-octyl-1-(p-tolyl)aziridine (Table 3.1, Entry 1). 0.1% catalyst loading: p-Tolyl azide (0.240 g, 1.81 mmol), 1-decene (7.410 g, 52.8 mmol), and 2 (0.0025 g, 0.0018 mmol) were used in the General Catalytic Reaction described above yielding 0.312 g, 70.4%. (Table 3.1, Entry 2) 1% catalyst loading: p- Tolyl azide (0.103 g, 0.773 mmol), 1-decene (2.223 g, 15.8 mmol), and 2 (0.0107 g, 0.0077 mmol) were used in the General Catalytic Reaction described above yielding 0.156 g, 82.1%. 1H NMR (CDCl3, 499.74 MHz): δ 7.03 (d, J = 7.5 Hz, 2H), 6.89 (d, J = 7.0 Hz, 2H), 2.28 (s, 3H), 2.03 (m, 3H), 1.59 (m, 4H), 1.40 (m, 2H), 1.31 (m, 8H), 0.91 (t, J = 6.0 Hz, 3H). 13C NMR (CDCl3, 125.66 MHz): δ 152.77, 131.45, 129.51, 120.65, 40.33, 34.17, 33.41, 32.02, 29.74, 29.69, 29.42, 27.85, 22.80, 20.78, 14.24. GC/MS (m/z): 245.2. DART HR MS (m/z): [M+H]+ 246.2211 (found); C17H28N 246.2222 (calcd). 

Synthesis of 2-hexyl-1-(4-(trifluoromethyl)phenyl)aziridine (Table 3.1, Entry 3). 1-azido-4-(trifluoromethyl)- benzene (0.392 g, 2.09 mmol), 1-octene (3.575 g, 31.9 mmol), and 2 (0.0029 g, 0.0021 mmol) were used in the General Catalytic Reaction described above yielding 0.212 g, 37.3%. 1H NMR (CDCl3, 499.74 MHz): δ 7.47 (d, J = 8.0 Hz, 2H), 7.03 (d, J = 8.0 Hz, 2H), 2.13 (m, 2H), 2.09 (d, J = 6.0 Hz, 1H), 1.58 (m, 4H), 1.41 (m, 2H), 1.34 (m, 4H), 0.92 (t, J = 6.5 Hz, 3H). 13C NMR (CDCl3, 125.66 MHz): δ 158.40, 126.27 (q, J = 3.8 Hz), 124.60 (q, J = 270.0 Hz), 124.19 (q, J = 32.7 Hz), 120.83, 40.55, 34.23, 33.16, 31.97, 29.32, 27.71, 22.75, 14.18. 19F NMR (CDCl3, 470.2 MHz): δ -61.7. GC/MS (m/z): 271.1. DART HR MS (m/z): [M+H]+ 272.1609 (found); C15H21F3N 272.1626 (calcd).

Synthesis of 9-(p-tolyl)-9-azabicyclo[6.1.0]nonane (Table 3.1, Entry 4). p-Tolyl azide (0.192 g, 1.44 mmol) and cis-cyclooctene (4.230 g, 38.4 mmol), and 2 (0.0020 g, 0.0014 mmol) were used in the General Catalytic Reaction described above yielding 0.302 g, 97.1%. 1H NMR (CDCl3, 499.74 MHz): δ 7.02 (d, J = 8.5 Hz, 2H), 6.88 (d, J = 8.0 Hz, 2H), 2.32 (dd, J1 = 13.5 Hz, J2 = 2.5 Hz, 2H), 2.28 (s, 3H), 2.05 (d, J = 9.5 Hz, 2H), 1.65 (m, 4H), 1.50 (m, 6H). 13C NMR (CDCl3, 125.66 MHz): δ 153.08, 131.14, 129.41, 120.15, 43.73, 27.36, 27.20, 26.59, 20.77. GC/MS (m/z): 215.1. DART HR MS (m/z): [M+H]+ 216.1748 (found); C15H22N 216.1752 (calcd).

Synthesis of 2,3-dipropyl-1-(p-tolyl)aziridine (Table 3.1, Entry 5). p-Tolyl azide (0.113 g, 0.852 mmol), trans- 4-octene (3.705 g, 33.0 mmol), and 2 (0.0118 g, 0.0085 mmol) were used in the General Catalytic Reaction described above yielding 0.055 g, 30%. 1H NMR (CDCl3, 499.74 MHz): δ 7.02 (d, J = 7.5 Hz, 2H), 6.80 (d, J = 8.5 Hz, 2H), 2.28 (s, 3H), 2.03 (t, J = 5.5 Hz, 2H), 1.62 (m, 2H), 1.53 (m, 4H), 1.10 (m, 2H), 0.96 (t, J = 7.0 Hz, 6H) 13C NMR (CDCl3, 125.66 MHz): δ 148.10, 130.91, 129.36, 120.95, 44.99, 33.29, 21.11, 20.80, 14.18. GC/MS (m/z): 217.2. DART HR MS (m/z): [M+H]+ 218.1901 (found); C15H24N 218.1909 (calcd).

Synthesis of 1-methyl-7-(p-tolyl)-7-azabicyclo[4.1.0]heptane (Table 3.1, Entry 6). p-Tolyl azide (0.100 g, 0.751 mmol), 1-methyl-cyclohexene (4.055 g, 42.2 mol), and 2 (0.0104 g, 0.0075 mmol) were used in the General Catalytic Reaction described above yielding 0.059 g, 39%. 1H NMR (CDCl3, 499.74 MHz): δ 7.02 (d, J = 7.5 Hz, 2H), 6.75 (d, J = 6.5 Hz, 2H), 2.28 (s, 3H), 2.15 (m, 1H), 2.02 (m, 1H), 1.99 (m, 2H), 1.64 (m, 1H), 1.55 (m, 2H), 1.35 (m, 1H), 1.25 (m, 1H), 0.99 (s, 3H) 13C NMR (CDCl3, 125.66 MHz): δ 148.74, 130.52, 129.27, 120.49, 44.17, 41.60, 32.41, 24.62, 21.16, 20.85, 20.81, 20.65. GC/MS (m/z): 201.1. DART HR MS (m/z): [M+H]+ 202.1594 (found); C15H22N 202.1596 (calcd).

Synthesis of 2,2,3,3-tetramethyl-1-(p-tolyl)aziridine (Table 3.1, Entry 7). p-Tolyl azide (0.231 g, 1.73 mmol), 2,3-dimethyl-2-butene (3.540 g, 42.1 mmol), and 2 (0.0024 g, 0.0017 mmol) were used in the General Catalytic Reaction described above yielding 0.067 g, 20%. 1H NMR (CDCl3, 499.74 MHz): δ 7.00 (d, J = 8.0 Hz, 2H), 6.62 (d, J = 8.0 Hz, 2H), 2.27 (s, 3H), 1.25 (s, 12H). 13C NMR (CDCl3, 125.66 MHz): δ 145.46, 129.54, 129.24, 120.50, 44.14, 20.80, 20.55. GC/MS (m/z): 189.1. DART HR MS (m/z): [M+H]+ 190.1601 (found); C13H20N 190.1596 (calcd).

Control Reactions. Selected control reactions following the method of the General Catalytic Reaction were attempted but without 2. These reactions either gave lower yields for aziridines or almost no isolable aziridine. Two example cases are shown. 2-octyl-1-(ptolyl)aziridine. p-Tolyl azide (0.096 g, 0.72 mmol) and 1-decene (1.853 g, 13.2 mmol) were used in the General Catalytic Reaction described above yielding 0.078 g, 43% yield. 1-methyl-7-(p-tolyl)-7-azabicyclo[4.1.0]heptane. p-Tolyl azide (0.203 g, 1.53 mmol) and 1-methylcyclohexene (4.055 g, 42.2 mol) were used in the General Catalytic Reaction described above yielding 0.007 g, 2% yield.

General Functional Group Tolerance Catalytic Reaction.  The catalyst was added to a 20 mL vial followed by the addition of 5 mL of 1-decene.  The reaction mixture was heated and stirred for 10 min.  The aryl azide was then added to the reaction mixture and allowed to stir at 90°C.  Once the aryl azide was no longer present (as determined by GC/MS) the mixture was cooled to room temperature and the catalyst was removed by filtering over Celite.  The volatiles were removed under reduced pressure. The product was purified by flash chromatography on silica gel using 9:1 ratio of hexanes to ethyl acetate as eluent in all reactions at 0.1% catalyst loading with 2 for characterization. 

Synthesis of 1-(4-chlorophenyl)-2-octylaziridine (Table 3.2, Entry 1). 0.1% catalyst loading: 1-azido-4-chlorobenzene (0.2993 g, 1.949 mmol) and 2 (0.0027 g, 0.0020 mmol) were used in the General Catalytic Reaction described above yielding 0.3662 g, 70.7%. 1H NMR (CDCl3, 499.74 MHz): δ 7.15 (d, J = 8.8 Hz, 2H), 6.88 (d, J = 8.7 Hz, 2H), 2.06 (d, J = 3.5, 1H), 2.03 (m, 1H), 1.99 (d, J = 6.2, 1H), 1.55 (m, 4H), 1.40 (m, 2H), 1.30 (m, 8H), 0.90 (t, J = 7.0 Hz, 3H). 13C NMR (CDCl3, 125.66 MHz): δ 153.80, 128.82, 126.97, 121.93, 40.47, 34.17, 33.15, 31.94, 29.65, 29.60, 29.34, 27.70, 22.73, 14.16. GC/MS (m/z): 265.1. DART HR MS (m/z): [M+H]+ 266.16658 (found); C16H25Cl1N1 266.16755 (calcd).

Synthesis of N,N-dimethyl-4-(2-octylaziridin-1-yl)aniline (Table 3.2, Entry 2). 0.1% catalyst loading: 4-azido-N,N-dimethylaniline (0.2576 g, 1.588 mmol) and 2 (0.0022 g, 0.0016 mmol) were used in the General Catalytic Reaction described above yielding 0.2972 g, 68.1%. 1H NMR (CDCl3, 499.74 MHz): δ 6.93 (d, J = 8.9 Hz, 2H), 6.69 (d, J = 8.9 Hz, 2H), 2.89 (s, 6H), 2.01 (m, 3H), 1.59 (m, 4H), 1.44 (m, 2H), 1.34 (m, 8H), 0.94 (t, J = 7.0 Hz, 3H). 13C NMR (CDCl3, 125.66 MHz): δ 146.58, 121.20, 113.90, 41.35, 40.25, 34.10, 33.37, 31.92, 29.66, 29.60, 29.32, 27.80, 22.70, 14.14. GC/MS (m/z): 274.2. DART HR MS (m/z): [M+H]+ 275.24756 (found); C18H31N2 275.24872 (calcd).*HMBC shows both quaternary aryl carbons are overlapping at 146.58 ppm

Synthesis of 1-(4-methoxyphenyl)-2-octylaziridine (Table 3.2, Entry 3). 0.1% catalyst loading: 1-azido-4-methoxybenzene (0.4200 g, 2.816 mmol) and 2 (0.0039 g, 0.0028 mmol) were used in the General Catalytic Reaction described above yielding 0.4810 g, 65.3%.  1H NMR (CDCl3, 499.74 MHz): δ 6.89 (d, J = 9.0 Hz, 2H), 6.75 (d, J = 9.0 Hz, 2H), 3.71 (s, 3H), 1.98 (m, 3H), 1.56 (m, 4H), 1.40 (m, 2H), 1.32 (m, 8H), 0.91 (t, J = 7.0 Hz, 3H). 13C NMR (CDCl3, 125.66 MHz): δ 154.83, 148.43, 121.25, 114.08, 55.27, 40.27, 34.04, 33.23, 31.85, 29.58, 29.53, 29.26, 27.69, 22.63, 14.05. GC/MS (m/z): 261.2. DART HR MS (m/z): [M+H]+ 262.21623 (found); C17H28N1O1 262.21709 (calcd).

Synthesis of 1-(4-bromophenyl)-2-octylaziridine (Table 3.2, Entry 4). 0.1% catalyst loading: 1-azido-4-bromobenzene (0.4146 g, 2.094 mmol) and 2 (0.0029 g, 0.0021 mmol) were used in the General Catalytic Reaction described above yielding 0.4026 g, 62.0%.  1H NMR (CDCl3, 499.74 MHz): δ 7.29 (d, J = 8.7 Hz, 2H), 6.83 (d, J = 8.7 Hz, 2H), 2.06 (d, J = 3.5, 1H), 2.02 (m, 1H), 1.98 (d, J = 6.2, 1H), 1.55 (m, 4H), 1.39 (m, 2H), 1.31 (m, 8H), 0.90 (t, J = 6.9 Hz, 3H). 13C NMR (CDCl3, 125.66 MHz): δ 154.26, 131.72, 122.39, 114.43, 40.40, 34.10, 33.11, 31.91, 29.63, 29.57, 29.32, 27.67, 22.71, 14.16. GC/MS (m/z): 309.1. DART HR MS (m/z): [M+H]+ 310.11613 (found); C16H25Br1N1 310.11704 (calcd).

Synthesis of 1-(4-ethynylphenyl)-2-octylaziridine (Table 3.2, Entry 5). 0.1% catalyst loading: 1-azido-4-ethynylbenzene (0.2791 g, 1.949 mmol) and 2 (0.0027 g, 0.0020 mmol) were used in the General Catalytic Reaction described above yielding 0.2885 g, 57.9%. 1H NMR (CDCl3, 499.74 MHz): δ 7.34 (d, J = 8.6 Hz, 2H), 6.89 (d, J = 8.6 Hz, 2H), 2.99 (s, 1H), 2.07 (m, 2H), 2.03 (m, 1H), 1.57 (m, 4H), 1.41 (m, 2H), 1.3 (m, 8H), 0.90 (t, J = 7.0 Hz, 3H). 13C NMR (CDCl3, 125.66 MHz): δ 155.72, 132.90, 120.62, 115.45, 83.89, 76.03, 40.37, 34.06, 33.12, 31.92, 29.62, 29.57, 29.32, 27.66, 22.71, 14.14. GC/MS (m/z): 255.2. DART HR MS (m/z): [M+H]+ 256.20561 (found); C18H26N1 256.20652 (calcd).

Synthesis of 4-(2-octylaziridin-1-yl)benzaldehyde (Table 3.2, Entry 6). 0.1% catalyst loading: 4-azidobenzaldehyde (0.2125 g, 1.444 mmol) and 2 (0.0020 g, 0.0014 mmol) were used in the General Catalytic Reaction described above yielding 0.1580 g, 42.1%. 1% catalyst loading: p-Tolyl azide (0.103 g, 0.773 mmol), 1-decene (2.223 g, 15.8 mmol), and 2 (0.0107 g, 0.0077 mmol) were used in the General Catalytic Reaction described above yielding 0.156 g, 82.1%. 1H NMR (CDCl3, 499.74 MHz): δ 9.82 (s, 1H), 7.71 (d, J = 8.5 Hz, 2H), 7.02 (d, J = 8.5 Hz, 2H), 2.15 (m, 2H), 2.10 (m, 1H), 1.56 (m, 4H), 1.37 (m, 2H), 1.27 (m, 8H), 0.86 (t, J = 7.0 Hz, 3H). 13C NMR (CDCl3, 125.66 MHz): δ 190.83, 161.09, 131.20, 131.04, 120.93, 40.54, 34.19, 32.99, 31.89, 29.59, 29.54, 29.29, 27.59, 22.69, 14.14. GC/MS (m/z): 259.2. DART HR MS (m/z): [M+H]+ 260.20059 (found); C17H26N1O1 260.20144 (calcd).

Synthesis of 1-(4-(2-octylaziridin-1-yl)phenyl)ethanone (Table 3.2, Entry 7). 0.1% catalyst loading: 1-(4-azidophenyl)ethanone (0.2909 g, 1.804 mmol) and 2 (0.0025 g, 0.0018 mmol) were used in the General Catalytic Reaction described above yielding 0.2041 g, 41.3%. 1H NMR (CDCl3, 499.74 MHz): δ 7.82 (d, J = 8.6 Hz, 2H), 6.96 (d, J = 8.6 Hz, 2H), 2.49 (s, 3H), 2.12 (m, 2H), 2.08 (m, 1H), 1.56 (m, 4H), 1.38 (m, 2H), 1.29 (m, 8H), 0.87 (t, J = 7.0 Hz, 3H). 13C NMR (CDCl3, 125.66 MHz): δ 196.68, 159.75, 131.42, 129.75, 120.39, 77.41, 76.91, 40.39, 34.08, 33.01, 31.87, 29.58, 29.52, 29.27, 27.59, 26.29, 22.67, 14.11. GC/MS (m/z): 273.2. DART HR MS (m/z): [M+H]+ 274.21615 (found); C18H28N1O1 274.21709 (calcd).

Synthesis of 2-octyl-1-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)aziridine (Table 3.2, Entry 8). 0.1% catalyst loading: 2-(4-azidophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (0.6370 g, 2.60 mmol) and 2 (0.0036 g, 0.0026 mmol) were used in the General Catalytic Reaction described above yielding 0.3742 g, 40.3%. 1H NMR (CDCl3, 499.74 MHz): δ 7.70 (d, J = 8.4 Hz, 2H), 6.98 (d, J = 8.4 Hz, 2H), 2.11 (m, 2H), 2.04 (m, 1H), 1.59 (m, 4H), 1.41 (m, 2H), 1.32 (m, 20H), 0.91 (t, J = 7.0 Hz, 3H). 13C NMR (CDCl3, 125.66 MHz): 158.04, 135.83, 120.11, 83.49, 40.16, 33.96, 33.21, 31.93, 29.65, 29.59, 29.34, 27.65, 24.90, 22.72, 14.17. GC/MS (m/z): 358.2. DART HR MS (m/z): [M+H]+ 358.29033 (found); C22H37B1N1O2 358.29173 (calcd).

Synthesis of methyl 4-(2-octylaziridin-1-yl)benzoate (Table 3.2, Entry 9). 0.1% catalyst loading: methyl 4-azidobenzoate (0.3710 g, 2.094 mmol) and 2 (0.0029 g, 0.0021 mmol) were used in the General Catalytic Reaction described above yielding 0.2432 g, 40.1%. 1H NMR (CDCl3, 499.74 MHz): δ 7.89 (d, J = 8.6 Hz, 2H), 6.95 (d, J = 8.6 Hz, 2H), 3.84 (s, 3H), 2.12 (m, 2H), 2.07 (m, 1H), 1.56 (m, 4H), 1.38 (m, 2H), 1.27 (m, 8H), 0.87 (t, J = 7.0 Hz, 3H). 13C NMR (CDCl3, 125.66 MHz): δ 166.89, 159.59, 130.83, 123.81, 120.37, 51.80, 40.41, 34.11, 33.09, 31.92, 29.63, 29.57, 29.32, 27.63, 22.72, 14.15. GC/MS (m/z): 289.2. DART HR MS (m/z): [M+H]+ 290.21091 (found); C18H28N1O2 290.21200 (calcd).

Synthesis of 4-(2-octylaziridin-1-yl)benzonitrile (Table 3.2, Entry 10). 0.1% catalyst loading: 4-azidobenzonitrile (0.2394 g, 1.166 mmol) and 2 (0.0023 g, 0.0016 mmol) were used in the General Catalytic Reaction described above yielding 0.1601 g, 37.6%.  1H NMR (CDCl3, 499.74 MHz): δ 7.47 (d, J = 8.6 Hz, 2H), 6.98 (d, J = 8.7 Hz, 2H), 2.17 (m, 1H), 2.13 (m, 1H), 2.09 (m, 1H), 1.58 (m, 4H), 1.38 (m, 2H), 1.27 (m, 8H), 0.87 (t, J = 7.0 Hz, 3H). 13C NMR (CDCl3, 125.66 MHz): δ 159.30, 133.20, 121.28, 119.41, 104.98, 40.65, 34.25, 32.94, 31.91, 29.60, 29.54, 29.30, 27.61, 22.71, 14.16. GC/MS (m/z): 256.2. DART HR MS (m/z): [M+H]+ 257.21081 (found); C17H25N2 257.20177 (calcd).

Synthesis of 1-(4-nitrophenyl)-2-octylaziridine (Table 3.2, Entry 11). 0.1% catalyst loading: 1-azido-4-nitrobenzene (0.4266 g, 2.599 mmol) and 2 (0.0036 g, 0.0026 mmol) were used in the General Catalytic Reaction described above yielding 0.2394 g, 33.3%.  1H NMR (CDCl3, 499.74 MHz): δ 8.05 (d, J = 9.1 Hz, 2H), 6.97 (d, J = 9.1 Hz, 2H), 2.19 (m, 2H), 2.13 (m, 1H), 1.55 (m, 4H), 1.35 (m, 2H), 1.26 (m, 8H), 0.85 (t, J = 7.0 Hz, 3H). 13C NMR (CDCl3, 125.66 MHz): δ 161.33, 142.36, 125.05, 120.57, 40.81, 34.37, 32.83, 31.86, 29.55, 29.49, 29.26, 27.52, 22.67, 14.10.  GC/MS (m/z): 276.2. DART HR MS (m/z): [M+H]+ 277.19241 (found); C16H25N2O 277.19160 (calcd).

X-ray Structure Determinations. X-ray diffraction measurements were performed on single crystals coated with Paratone oil and mounted on glass fibers. Each crystal was frozen under a stream of N2 while data were collected on a Bruker APEX diffractometer. A matrix scan using at least 12 centered reflections was used to determine initial lattice parameters. Reflections were merged and corrected for Lorenz and polarization effects, scan speed, and background using SAINT 4.05. Absorption corrections, including odd and even ordered spherical harmonics were performed using SADABS, if necessary. Space group assignments were based upon systematic absences, E statistics, and successful refinement of the structure. The structures were solved by direct methods with the aid of successive difference Fourier maps, and were refined against all data using the SHELXTL 5.0 software package.  The structure of 2 has two types of disorder. First, one of the PF6 counteranions has fluorine atoms that are split over multiple positions to improve the electron density map. Second, one of the solvent positions is disordered between one ether molecule and two acetonitrile molecules. This was modeled including each of these moieties (1 CH3CH2OCH2CH3 or 2 CH3CN) at 50% weighting. All of the solvent molecules were refined isotropically. 
[bookmark: _Toc379533753] 
Development of a Silver Transmetallating Reagent to Synthesize Macrocyclic Tetracarbene Complexes




A version of this chapter was originally published by Zheng Lu, S. Alan Cramer, and David M. Jenkins:

Lu, Z.; Cramer, S. A.; Jenkins, D. M. “Exploiting a Dimeric Silver Transmetallating Reagent to Synthesize Macrocyclic Tetracarbene Complexes.” Chem. Sci. 2012. 3, 3081-3087.

All work presented in this chapter was altered from the original publication to only include work completed by S. Alan Cramer unless otherwise noted within the text.
[bookmark: _Toc379533754]Abstract	
A dimeric macrocyclic tetra-N-heterocyclic carbene (NHC) silver complex was synthesized and shown to successfully extend transmetallation of polydentate NHCs beyond bidentate NHCs.  The silver complex was utilized in the preparation of a variety of monomeric tetra-NHC complexes ranging from early first row to late third row transition metals in moderate to high yield for a total of nine examples of transmetallation.  Among these complexes are rare examples of silver transmetallation with first row transition metals: chromium, iron, and cobalt.  Additionally, the first examples of tetracarbenes on chromium and gold are reported.  All compounds were characterized by single crystal X-ray diffraction, ESI-MS, and spectroscopic techniques.
[bookmark: _Toc379533755]Introduction
The facile synthesis of bidentate57 and tridentate57-58 N-heterocyclic carbenes (NHCs) coupled with their resistance to oxidation11d has made these chelating ligands a complementary choice to phosphines for many applications.  Bidentate NHCs have been employed as auxiliary ligands for catalysts ranging from Pd catalysed coupling59 to olefin hydrogenation.60  In addition to their use in catalysis,61 tridentate NHCs have been utilized in the stabilization of novel metal ligand multiple bonds, such as iron nitrides17b, 43d, 62 and cobalt imidos.18b  Despite numerous uses for these strong -donor ligands, one class of chelating NHCs that has not been as thoroughly investigated is tetradentate carbenes.63  Macrocyclic tetradentate carbenes would be structurally similar to, but electronically distinct from, other important tetradentate macrocycles such as cyclam16a or porphyrin.64
The lack of research with these tetradentate ligands is primarily due to the limited number of metal complexes which have been synthesized.  Since Hahn’s elegant templated synthesis of the first macrocyclic tetracarbene on Pt in 2005,13 there have only been five other examples of monomeric macrocyclic tetracarbene complexes, all of which were prepared by in situ deprotonation of imidazoliums.14, 37, 65  Despite the very limited number of examples with this ligand motif, these complexes have been quite significant for systems such as electron transfer reactions14a, 14c and catalytic aziridination.65  While the ability to prepare sufficient quantities of the precursor macrocyclic tetraimidazoliums is now well known,14b, 37 no general methodology for complexing these ligands to form tetracarbenes has been demonstrated prior to this work.
The development of a silver transmetallating reagent for tetracarbenes would have many advantages from a synthetic perspective.66  Reactions with metal halide salts typically only give silver halide by-products.  Furthermore, since the carbene is already formed, reaction conditions can often be much milder since no base is required during the reaction.38  Transmetallation reactions have been successful in yielding monomeric metal complexes with mono67 and bidentate68 NHC ligands.69  However, a disilver tetracarbene complex prepared by Murphy and Spicer, using a 24-atom ringed macrocycle has not been demonstrated to transmetallate the NHCs to other metals from the silver.14b  Another concern with polydentate carbenes is that, with rare exceptions, transmetallation of NHCs from silver is limited to the late transition metals Ru, Rh, Ir, Ni, Pd, Pt, Cu, and Au.66  This communication presents a general synthetic methodology for preparing macrocyclic tetracarbenes with first, second, and third row transition metals from both sides of the periodic table by utilizing a dimeric silver transmetallating reagent
[bookmark: _Toc379533756]Synthesis and Characterization of Silver Complex
We have previously reported the synthesis of the macrocyclic tetraimidazolium (Me,EtTCPh)(OTf)4 and (Me,EtTCPh)(I)4.37  As iodides are undesireable for the synthesis of a transmetallation reagent a counteranion exchange was performed by adding 4 equivalents of TlPF6 to (Me,EtTCPh)(I)4, to yield (Me,EtTCPh)(PF6)4.  Addition of two equivalents of Ag(X), 1 and NEt3 in DMSO at 90 ºC gave the dimeric, tetranuclear silver complex, [{(Me,EtTCPh)Ag}2Ag2](X)4 (2a) in 90% yield (Scheme 4.1).  This work was performed in collaboration with Dr. Zheng Lu, a postdoctoral researcher in the Jenkins lab, where he synthesized the triflate variant 2b.  Like many silver NHC complexes, the metal ion is two coordinate.66  Although Ag2O is often used to prepare transmetallating reagents,66 we found the yield of 2 to be lower under similar conditions.
[bookmark: _Toc379534178]Scheme 4.1. Synthesis of silver complexes from (Me,EtTCPh)(X)4.


Spectroscopic characterization of 2a was consistent with this novel dimeric structure.  Electrospray ionization mass spectrometry (ESI-MS) analysis of 3a showed peaks at m/z 586.37 associated with [{(Me,EtTCPh)Ag}2Ag2]4+, 829.82 associated with {[{(Me,EtTCPh)Ag}2Ag2](PF6)}3+, and 1317.70 associated with {[{(Me,EtTCPh)Ag}2Ag2](PF6)2}2+.  13C NMR for 2a shows two resonances for the carbene carbons at 182.83 and 176.85 ppm.  These two peaks are both split into pairs of doublets due to the coupling to both 107Ag and 109Ag.  By comparing the 13C NMR of a mononuclear silver complex prepared by Dr. Zheng Lu which only has a resonance at 178.38 ppm for the carbene carbon, we can conclude that the carbene bound to the inter-macrocycle bridging silver gives the peak at 183.18 ppm in 2a.  The 13C NMR and the ESI-MS demonstrate that 2a maintains its geometry in solution.  Complexes 2a and 2b are both air and moisture stable.
The X-ray crystal structure of 2a shows the dimeric structure of the tetrasilver complex (Figure 4.1).  The intra-macrocycle C1-Ag1-C3 and C67-Ag2-C69 bond angles are 162.7º and 161.8º, respectively, while the bridging inter-macrocycle C2-Ag3-C68 and C4-Ag4-C70 bond angles are 170.0º and 173.3º, respectively.  These relatively linear bond angles suggest that there is little distortion due to the size of the macrocycle.  The Ag1-C and Ag2-C bond distances average 2.14 Å while the Ag3-C and Ag4-C bond distances average 2.09 Å.  The bond distances and angles are typical for two coordinate Ag-NHC complexes.69a, 70  
[bookmark: _Toc379533757]Synthesis of Tetracarbene Complexes
Since there is a stoichiometric ratio of two AgI ions per macrocyclic ligand, we believed that the preferred metal salts for the formation of monomeric tetracarbene complexes would be di or trivalent metals with two or more halides.  To canvass the periodic table, we decided to use commercially available di and trivalent metal salts with particular attention paid to metals which had few or no examples of NHCs prepared via silver transmetallation.  Addition of 2 to these metal salts in a 50/50 mixture of THF and CH2Cl2 yielded nine examples of macrocyclic tetracarbene complexes in moderate to high yield (Scheme 4.2 and 


[bookmark: _Toc379533813]Figure 4.1. X-ray crystal structure of [{(Me,EtTCPh)Ag}2Ag2](PF6)4 (3a).  Light yellow, blue, grey, and white ellipsoids (50% probability) represent Ag, N, C, and H, respectively.  Counteranions, solvent molecules, and H atoms  have been omitted for clarity.  Bond distances (Å) and angles (deg): Ag1-C1, 2.143(3); Ag1-C3, 2.144(3); Ag4-C4, 2.092(3); Ag4-C70, 2.077(3); C1-Ag1-C3, 162.7(1); C4-Ag4-C70, 173.3(1).


Table 4.1).  In each case, the tetracarbene ligand binds to the four sites in the equatorial plane around the metal.  As this work was completed in a collaborative effort, metal complexes 5, 6, 8, 9, and 12 were all isolated and characterized by Dr. Zheng Lu.  As the synthesis of these complexes demonstrate the importance of 2, yields of new metal complexes are shown in Table 2 but these new complexes will not be discussed beyond comparing to similar complexes prepared myself.
[bookmark: _Toc379534179]Scheme 4.2. Synthesis of metal complexes from [{(Me,EtTCPh)Ag}2Ag2](X)4.


Since group 10 metals are excellent candidates for silver transmetallation of carbenes,66 we synthesized the platinum, palladium, and nickel complexes.  The platinum complex, [(Me,EtTCPh)Pt](PF6)2 (3), was previously synthesized via an alternate synthetic strategy.37  While the imidazolium deprotonation approach with NEt3 led to a 7% isolated yield, however, transmetallation led to an 82% yield of 3.  ESI-MS of 3 showed two peaks at m/z 576.19, associated with [(Me,EtTCPh)Pt]2+, and 1297.34, associated with {[(Me,EtTCPh)Pt](PF6)}+.  The isostructural palladium and nickel complexes, [(Me,EtTCPh)Pd](OTf)2 (5) and [(Me,EtTCPh)Ni](OTf)2 (3), can be synthesized be synthesized similarly and also in 
[bookmark: _Toc379533779]Table 4.1. Transmetallation results for metal complexes.
	Complex
	LnM
	M
	L1
	L2
	(X)n
	Yield

	3
	Pt(NCPh)2Cl2
	Pt
	–
	–
	PF6
	82%

	4
	PdI2
	Pd
	–
	–
	(OTf)2
	70%

	5
	Ni(PPh3)2Cl2
	Ni
	–
	–
	(OTf)2
	87%

	6
	RhI3
	Rh
	I
	I
	PF6
	72%ab

	7
	CoCl2
	Co
	OTf
	–
	OTf
	68%

	8
	FeI2
	Fe
	CH3CN
	CH3CN
	(PF6)2
	92%c

	9
	Ru(DMSO)4Cl2
	Ru
	DMSO
	DMSO
	(OTf)2
	40%b

	10
	CrCl2
	Cr
	Cl
	Cl
	PF6
	58%d

	11
	HAuCl4
	Au
	–
	–
	(OTf)3
	47%e


a Reaction performed in THF and DMSO;  b Reaction heated to 60 ºC; c CH3CN added during work-up; d Excess CrCl2 used in reaction; e An additional equivalent of Ag(OTf) was used.

high yields.  All three group ten complexes show a geminal AB splitting pattern in the 1H NMR of the protons on the methylene and ethylene bridges which demonstrates the rigidity of the ligand in solution.20, 26b, 37
To demonstrate that the transmetallation strategy for these macrocyclic tetracarbenes is more general, we chose to expand the reaction to group 8 and 9 metals.  Addition of 2a to RhI3 in THF and DMSO yielded [(Me,EtTCPh)Rh(I)2](PF6) (6).  Unexpectedly, the Ag ion failed to remove one of the bound iodides from the rhodium; however, this result is consistent with a previous example of a silver transmetallation yielding a tetracarbene rhodium complex with bound halides by Youngs.71  Complex 6 shows a doublet carbene peak in the 13C NMR at 167.4 ppm (JRh-C = 33.2 Hz).  In direct contrast to 6 is another group 9 metal complex prepared by Dr. Lu which is instead a 5 coordinate cobalt tetracarbene (7) that only has one of its two anions bound to the metal center. 
The iron complex, [(Me,EtTCPh)Fe(NCCH3)2](PF6)2 (8), was synthesized in 92% yield from 2a and FeI2.  While 8 has been demonstrated to be an excellent aziridination catalyst,65 one of the limitations of this catalyst’s development was that it could only be synthesized in 11% yield using an in situ deprotonation of the imidazoliums with lithium diisopropyl amide.  Complex 8 is the second example of a tetracarbene on iron39 and the second case of successful transmetallation of an NHC to iron from silver.72  An isostructural ruthenium tetrcarbene, [(Me,EtTCPh)Ru(DMSO)2](OTf)2 (9), was prepared by Dr. Lu albeit in significantly lower yield.  The yield is likely a result of decreased solubility.  The lessened solubility of 9 is likely due to slow exchange of tightly bound solvent molecules as evidenced by ESI/MS and 1H NMR data.  Unlike complex 9 which exchanges the DMSOs over a period of days, the solvent ligands of 8 exchange rapidly in solution which accounts for the lack of geminal splitting in the 1H NMR.  
To further establish the transmetallation of these macrocyclic NHCs, we examined whether this reaction would be successful with metals on which no examples of tetracarbene complexes have previously been reported.  The two test metals that we evaluated were chromium and gold.  Dr. Lu found the transmetallation reagent to be effective at preparing a tricationic gold tetracarbene.  In the chromium case, the transmetallation reagent 2a was non-innocent and the silver behaved as an oxidant which was confirmed by powder X‑ray diffraction of the solid precipitate.  Similar non-innocent silver NHC transmetallation was observed by Peris73 for Rh and Ir and Arnold74 for Ru.  By adding five equivalents of the metal instead of two equivalents used in the general methodology, after work-up, the reaction yielded [(Me,EtTCPh)Cr(Cl)2](PF6) (10) (See below of X-ray structure).  ESI-MS characterization confirmed the trivalent oxidation state of the complex as m/z peaks at 336.15 ([(Me,EtTCPh)Cr]3+), 521.66 ([(Me,EtTCPh)Cr(Cl)]2+), and 1078.25 ([(Me,EtTCPh)Cr(Cl)2]+) were observed.  Complex 10 is the first example of a tetracarbene on chromium and, to our knowledge, just the second example of silver transmetallation of a NHC to a group 7 or earlier metal.75
[bookmark: _Toc379533758]Structural Characterization of Tetracarbene Complexes
Due to the ease of synthesis of a wide variety of monomeric complexes of the tetracarbene ligand Me,EtTCPh, we have been able to collect crystal structures from metals across the periodic table.  In each case, the tetracarbene ligand binds to four equatorial positions around the metal center.  The trans-NHC bond angles in each case are between 170º and 180º.  This minimization of distortion suggests that the 18-atom ring size of the macrocycle comfortably fits a variety of metals with different ionic radii while also allowing additional ligands to bind to the metal center.  The transition metal complexes from group 10 and 11 form square planar structures while the complexes formed from group 8 and earlier have an octahedral geometry.  
Structurally characterized tetracarbenes are much rare on group 9 metals.  Despite multiple crystallization conditions, we were unable to obtain a high quality X-ray crystal structure of complex 6, but it is possible to determine the connectivity about the rhodium.  The crystal structure of 6 clearly shows two bound iodide ligands (Figure 4.2) which is consistent with Youngs’s similar rhodium tetracarbene.71 
Since the chromium complex, 10, is the first examples of a tetracarbene on chromium, the X-ray structure is of particular importance (Figure 4.3).  Complex 10 has an octahedral geometry about the metal center and the Cr-C bonds are all between 2.09 and 2.14 Å showing a modest distortion in the chromium carbene bonds (Table 2).  These bond distances are comparable to Cr-C bond distances in the rare CrIII dicarbene complexes that have been structurally characterized.76  The C1-Cr-C3 and C2-Cr-C4 bond angles of 11 are 172.6 and 170.6, respectively, which again show a modest distortion from an idealized equatorial plane about the metal center. 


[bookmark: _Toc379533814]Figure 4.2. Graphical representation of [{(Me,EtTCPh)Rh(I)2]PF6 (6) based on X-ray analysis. Light blue, purple, blue, and gray spheres represent Rh, I, N, and C, respectively. Counteranions, solvent molecules and H atoms have been omitted for clarity.






[bookmark: _Toc379533815]Figure 4.3. X-ray crystal structure of [(Me,EtTCPh)Cr(Cl)2](PF6) (10).  Orange, blue, grey, and light green ellipsoids (50% probability) represent Cr, N, C, and Cl, respectively.  Counteranions, solvent molecules, and H atoms have been omitted for clarity.  Bond distances (Å) and angles (deg): Cr-C1, 2.135(5); Cr-C2, 2.101(5); Cr-C3, 2.142(5); Cr-C4, 2.094(6); Cr-Cl1, 2.340(2); Cr-Cl2, 2.356(2); C1-Cr-C3, 172.6(2); C2-Cr-C4, 170.6(2).


[bookmark: _Toc379533759]Conclusion
In conclusion, we have synthesized a dimeric silver NHC transmetallating reagent that reacts with a wide variety of di and trivalent metal halides to give mononuclear tetracarbene complexes.  These silver complexes were characterized by 1H and 13C NMR spectroscopy, ESI-MS and single crystal X-ray diffraction, all of which demonstrate that they are dimeric in the solid state and in solution.  These silver reagents transmetallate NHCs to nine different metal salts from the first to third row on the periodic table in moderate to high yield.  All of the metal tetracarbene complexes were structurally characterized by single crystal X-ray diffraction, as well as, ESI-MS and other spectroscopic techniques.  The X-ray crystal structures demonstrate that the ligand only undergoes minimal distortions to bind each site on the equatorial plane of the metal.  The complexes formed for the three first row metals, chromium, iron and cobalt, are rare examples of silver NHC transmetallation to these metals.  The redox active transmetallation to chromium is particularly significant since early metal NHC chemistry is underdeveloped and this complex is the first tetracarbene on this metal.  Likewise, the gold complex is the first example of a tetracarbene on gold.  Given the importance of the few macrocyclic tetracarbenes that have been previously synthesized, this transmetallation strategy demonstrates that macrocyclic tetracarbenes can be prepared on metals across the periodic table.

[bookmark: _Toc379533760]Experimental
All reactions were performed under a dry nitrogen atmosphere with the use of either a drybox or standard Schlenk techniques. Solvents were dried on an Innovative Technologies (Newburgport, MA) Pure Solv MD-7 Solvent Purification System and degassed by three freeze-pump-thaw cycles on a Schlenk line to remove O2 prior to use. DMSO-d6, acetonitrile-d3, and chloroform-d were degassed by three freeze-pump-thaw cycles prior to drying over activated molecular sieves. These NMR solvents were then stored under N2 in a glovebox. (Me,EtTCPh)(OTf)4 and (Me,EtTCPh)(I)4,37 were prepared as described previously. Characterization of [(Me,EtTCPh)Pt](PF6)4 and [(Me,EtTCPh)Fe(NCCH3)2](PF6)4 have been previously reported.37, 65  All other reagents were purchased from commercial vendors and used without purification. 1H, 13C{1H}, and 19F NMR spectra were recorded at ambient temperature, unless otherwise noted, on a Varian Mercury 300 MHz or a Varian VNMRS 500 MHz narrow-bore broadband system. 1H and 13C NMR chemical shifts were referenced to the residual solvent. 19F NMR chemical shifts are reported relative to an external standard of neat CFCl3. All mass spectrometry analyses were conducted at the Mass Spectrometry Center located in the Department of Chemistry at the University of Tennessee. The ESI/MS analyses were performed using a QSTAR Elite quadrupole time-of-flight (QTOF) mass spectrometer with an electrospray ionization source from AB Sciex (Concord, Ontario, Canada). Mass spectrometry sample solutions of metal complexes were prepared in acetonitrile. Infrared spectra were collected on a Thermo Scientific Nicolet iS10 with a Smart iTR accessory for attenuated total reflectance. UV-vis measurements were taken inside a dry glovebox on an Ocean Optics USB4000 UV-vis system with 1 cm path length quartz crystal cell. Cyclic voltammetry measurements were made inside a dry glovebox using a BAS Epsilon electrochemical analyzer with a platinum working electrode, platinum wire counter electrode, and Ag/AgNO3 reference electrode. All potentials were measured versus an external standard of ferrocene. Carbon, hydrogen, and nitrogen analyses were obtained from Atlantic Microlab, Norcross, GA.  

Synthesis of (Me,EtTCPh)(PF6)4 (1a).  (Me,EtTCPh)(I)4 (2.9330g, 1.997 mmol) and thallium hexafluorophosphate (2.7903g, 7.987 mmol) were added to a 100 mL round bottom flask followed by the addition of 10 mL of DMSO and 60 mL of acetonitrile.  The slurry was allowed to stir for 24 hours.  The mixture was then filtered over celite into a 500 mL Erlenmeyer flask.  Water (200 mL) was added to the solution to yield a white precipitate which was collected on a fine sintered frit as the pure white powder product (2.6118 g, 85% yield). 1H NMR (DMSO-d6, 499.74 MHz): δ 10.04 (s, 4H), 7.44 (m, 16H), 7.26 (t, J = 7.5 Hz, 8H), 7.17 (d, J = 7.5 Hz, 8H), 6.98 (d, J = 7.5 Hz, 8H), 6.63 (s, 4H), 4.67 (s, 8H). 13C{1H} NMR (DMSO-d6, 125.66 MHz): δ 136.7, 132.7, 132.5, 131.0, 130.6, 130.2, 129.4, 123.1, 122.2, 55.9, 46.8. 19F NMR (DMSO-d6, 470.39 MHz): δ -70.55 (d, J = 705.6 Hz). IR (neat): 3145, 3067, 1560, 1445, 1372, 1336, 1278, 1254, 1241, 1226, 1177, 1027, 765 cm-1. ESI/MS (m/z): [M-PF6]+ 1395.36, [M-2PF6]2+ 625.19, [M-3PF6]3+ 368.48. Anal. Calcd for C66H56F24N8P4: C, 51.44; H, 3.66; N, 7.27. Found: C, 50.64; H, 3.78; N, 7.17.

Synthesis of [{(Me,EtTCPh)Ag}2Ag2](PF6)4. (2a).  (Me,EtTCPh)(PF6)4 (1.455 g, 0.944mmol) (1a) and silver(I) hexafluorophosphate (0.477 g, 1.89 mmol) were added to a 20mL vial wrapped in aluminum foil and dissolved in 15 mL of DMSO while stirring and heating to 90 °C. After 10 min, triethylamine (0.477 g, 4.72 mmol) was added and allowed to stir for 48 h. The reaction mixture was cooled to rt and brought out of the glovebox. The solution was added to a 200 mL beaker and quenched with 150 mL of water to yield a white precipitate. The white powder was collected on a 60 mL fine sintered glass frit. The powder was then purified by dissolving in (40 mL) acetone in the sintered frit, filtering, and triturating with excess water (200 mL). The resulting fine powder was collected on a 60 mL fine sintered glass frit which yielded the pure white powder product (1.238 g, 90% yield). Single crystals suitable for X-ray diffraction can be grown by layering an acetone solution of 2a with water to give colorless needles. 1H NMR (CD3CN, 499.74 MHz): δ 7.65 (t, J = 7.5 Hz, 4H), 7.58 (t, J = 6.5 Hz, 4H), 7.48 (t, J = 8.0 Hz, 8H), 7.41 (t, J = 7.5 Hz, 4H), 7.36 (t, J = 8.0 Hz, 4H), 7.26 (t, J = 8.0 Hz, 8H), 7.19 (m, 16H), 7.09 (s, 8H), 6.96 (d, J = 7.0 Hz, 8H), 6.79 (s, 8H), 6.62 (d, J = 14.5 Hz, 4H), 6.10 (d, J = 7.5 Hz, 8H), 6.02 (d, J = 13.5 Hz, 4H), 5.05 (td, J1 = 13.5 Hz, J2 = 3.5 Hz, 4H), 4.82 (dd, J1 = 15.5 Hz, J2 = 2.0 Hz, 4H), 4.44 (m, 4H), 4.03 (d, J = 14.0 Hz, 4H). 13C NMR (CD3CN, 125.66 MHz): δ 182.83 (J109Ag-C = 214.9 Hz, J107Ag-C = 181.0 Hz), 176.85 (J109Ag-C = 218.7 Hz, J107Ag-C = 188.5 Hz), 137.00 (d, JAg-C = 5.8 Hz), 135.91 (d, JAg-C = 5.3 Hz), 135.21 (d, JAg-C = 5.3 Hz), 133.95 (d, JAg-C = 5.0 Hz), 132.25, 131.99, 131.81, 131.71, 131.62, 131.47, 131.28, 131.11, 130.55, 130.20, 130.09, 126.91, 126.30, 125.53, 125.48, 61.85, 51.06, 49.16. 19F NMR (CD3CN, 470.39 MHz): δ -72.81 (d, J = 705.6 Hz). IR (neat): 2950, 2917, 2868, 2837, 1709, 1488, 1447, 1376, 1359, 1321, 1261, 1221, 1168, 1074, 1019, 827, 761, 739, 696 cm-1. ESI/MS (m/z): [M-2PF6]2+ 1317.70, [M-3PF6]3+ 829.82, [M-4PF6]4+ 586.37. Electrochemistry (vs. ferrocene in CH3CN with (TBA)(PF6) as supporting electrolyte): -1848 mV (rev.), -2005 mV (rev.). Anal. Calcd for C132H104N16F24P4Ag4: C, 54.19; H, 3.58; N, 7.66. Found: C, 53.20; H, 3.83; N, 7.59..  

General Transmetallation Reaction.  [{(Me,EtTCPh)Ag}2Ag2](X)4 (2) and the corresponding metal salt was added to a 20 mL vial followed by 4 mL of methylene chloride and 4 mL of tetrahydrofuran.  The reaction mixture was stirred and heated at the designated temperature overnight.  After allowing the reaction to cool to room temperature the silver halide was filtered away over celite.  The remainder of the work-up for each complex is described separately below.

Synthesis of [(Me,EtTCPh)Pt](PF6)2 (3).  The general transmetallation reaction was followed using platinum(II)bisbenzonitrile chloride (0.0318 g, 0.067 mmol) and 2a (0.0986 g, 0.034 mmol) in acetonitrile (10 mL) at room temperature.  Removal of volatiles under reduced pressure yielded the pure product as a white powder (0.0798 g, 0.055 mmol, 82% yield).

Synthesis of [(Me,EtTCPh)Rh(I)2](PF6) (6). The general transmetallation reaction was followed using rhodium(III) iodide (0.0146 g, 0.0301 mmol) and 2a (0.0441 g, 0.0151 mmol) in THF (5 mL) and DMSO (1 mL) and was heated to 60 ºC. The volatiles were removed from the resulting solution under reduced pressure to yield the pure red powder (0.0315 g, 72% yield). Crystals suitable for single crystal X-ray diffraction were obtained by layering water into a solution of 6 in acetonitrile to yield red plates. 1H NMR (CD3CN, 599.77 MHz): δ 7.43 (m, 10H), 7.37 (m, 10H), 7.29 (t, J = 7.8 Hz, 4H), 7.22 (d, J = 7.2 Hz, 6H), 7.17 (t, J = 7.8 Hz, 6H), 7.09 (d, J = 7.8 Hz, 4H), 6.40 (s, 4H), 4.58 (s, 8H). 13C NMR (150.83 MHz, CD3CN): δ 167.37 (JRh-C = 33.2 Hz), 135.09, 132.31, 132.12, 131.75, 130.44, 129.79, 129.74, 128.38, 127.33, 50.57, 41.37. 19F NMR (470.39 MHz, CD3CN): δ -72.74 (d, J = 705.6 Hz). IR (neat) 3053, 2923, 2853, 1979, 1557, 1489, 1445, 1402, 1367, 1228, 1182, 1076, 1017, 833, 766, 740, 697 cm-1. ESI/MS (m/z): [M-PF6]+ 1313.10, [M-2I-PF6]3+ 353.12; UV-vis (CH2Cl2) λmax, nm (ε): 463 (740). Anal. Calcd for C66H52N8I2PF6Rh: C, 54.34; H, 3.59: N, 7.68. Found: C, 53.23; H, 4.07; N, 7.31.
Synthesis of [(Me,EtTCPh)Fe(NCCH3)2](PF6)2 (8).  The general transmetallation reaction was followed using iron(II) iodide (0.0302 g, 0.097 mmol) and 2a (0.1425 g, 0.049 mmol).  Addition of acetonitrile followed by removal of volatiles under reduced pressure yielded the pure product as a red powder (0.1243 g, 0.090 mmol, 92% yield).  The product can be crystallized by slow evaporation of diethyl ether into an acetonitrile solution of 8 to afford red crystals.

Synthesis of [(Me,EtTCPh)Cr(Cl)2]PF6 (10).  The general transmetallation reaction was followed using chromium(II) chloride (0.0232 g, 0.0189 mmol) and 3b (0.111 g, 0.00378 mmol) at room temperature. The product was purified by crystallization via vapor diffusion of diethyl ether into the filtered reaction mixture to afford blue crystals (0.0532 g, 58% Yield). Crystals suitable for X-ray diffraction can be grown by slow evaporation of an acetonitrile solution of 10 to yield blue plates. IR (neat) 2952, 1488, 1446, 1358, 1340, 1314, 1265, 1161, 1059, 1020, 836, 764, 735, 698 cm-1. UV-vis (CH3CN) λmax, nm (ε): 570 (17). ESI/MS (m/z): [M-PF6]+ 1078.31, [M-PF6-Cl]2+ 521.67, [M-PF6-2Cl]3+ 336.12. Electrochemistry (vs. ferrocene in CH3CN with (TBA)(PF6) as supporting electrolyte): +1314 mV (irr.), -1995 mV (irr.). Anal. Calcd for C67H54N8F6Cl4PCr (11·CH2Cl2): C, 61.43; H, 4.15; N, 8.55. Found: C, 61.41; H, 4.20; N, 8.66.

X-ray Structure Determinations. X-ray diffraction measurements were performed on single crystals coated with Paratone oil and mounted on glass fibers or mounted on nylon CryoLoops (Hampton Research). Each crystal was frozen under a stream of N2 while data were collected on a Bruker APEX diffractometer. Initial scans of each specimen were taken to obtain preliminary unit cell parameters and to assess the mosaicity (i.e. breadth of spots between frames) of the crystal to select the required frame width for data collection. For all cases frame widths of 0.5º were judged to be appropriate and full hemispheres of data were collected using the Bruker APEX2 software suite to carry out overlapping ɸ and ω scans at detector setting of 2θ = 28o. Following data collection, reflections were sampled from all regions of the Ewald sphere to redetermine unit cell parameters for data integration. Following exhaustive review of collected frames the resolution of the dataset was judged, and, if necessary, regions of the frames where no coherent scattering was observed were removed from consideration for data integration using Bruker SAINTplus software. Data was integrated using a narrow frame algorithm and were subsequently corrected for absorption. Absorption corrections were performed for both samples using the SADABS program. Space group determination and tests for merohedral twinning were carried out using XPREP. In all cases, the highest possible space group was chosen.
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Characterization and Reactivity of an Fe(IV) Tetrazene Complex


[bookmark: _Toc379533762]Abstract
A new iron(IV) complex supported by both a tetra-NHC and a tetrazene ligand has been explored as an additional reactionary intermediate from starting aziridination catalyst [(Me,EtTCPh)Fe(NCCH3)2](PF6)2.  The tetrazene complex, [(Me,EtTCPh)Fe(ArN4Ar)](PF6)2 (Ar = tolyl), has been characterized by NMR spectroscopy, mass spectrometry, Mössbauer spectroscopy, single crystal X-ray diffraction, and other spectroscopic techniques.  [(Me,EtTCPh)Fe(ArN4Ar)](PF6)2 has been shown to be able to decompose back to starting catalyst [(Me,EtTCPh)Fe(NCCH3)2](PF6)2 at 85 oC and even be able to perform nitrene transfer to an alkene source for aziridination.
[bookmark: _Toc379533763]Introduction
The synthesis of late transition metal imido complexes has been of considerable interest recently due to the expected reactivity from the metal ligand multiple bond.77  Unlike early transition metals that favor high oxidation states, late transition metals usually do not favor metal ligand multiple bonds or higher oxidation states and therefore these reactive species are likely to be reactive transfer intermediates in processes such as amination or aziridination.78  However, many efforts to prepare late transition metal imidos result in systems which are not capable of performing the nitrene transfer in a catalytic manner.  The incapability to perform nitrene transfer catalysis from an imido is generally problematic for one of 3 reasons: either the prepared imido complex has been stabilized by sterics and therefore cannot transfer to an external molecule,10b the imido complex is too stable as compared to the starting material,18a or the imido complex can perform a single transfer reaction but cannot regenerate the reactive imido intermediate.10c  
Organic azides are particularly desirable nitrene sources for the preparation of transition metal imido complexes due to the ‘green’ byproduct of N2 that would result from following ‘N-R’ transfer catalytic reactions.65, 79  Although several imido complexes have been prepared with organic azides, most examples of metallo-tetrazene complexes were prepared from the attempted synthesis of imido complexes with organic azides.80  The resulting tetrazene has been suggested to be a product of cycloaddition of an additional equivalent of organic azide to a reactive metal imido.  Tetrazene ligands present different bonding modes depending on the electrophilicity of the metal that it is bound to.  Gade defined these binding modes in three categories (Figure 5.1): a neutral donor ligand (Figure 5.1A), a delocalized π system including the metal atom (Figure 5.1B) and a dianionic ligand with a single localized N=N double bond (Figure 5.1C).81  Types A and B are common for late transition metals (M = Fe, Co, etc.) and type C is regarded as binding mode for early transition metals (M = Zr, Cr, etc.).  Outside of thermal decomposition to produce the respective diazene fragment and N2,82 the group transfer reactivity of these ligands remains largely unexplored.  We wanted to ask the question if a tetrazene is synthesized during a catalytic cycle, is it an end point or an additional side step in the cycle?


[bookmark: _Toc379533816]Figure 5.1. Gade’s classes of N4 binding modes found in tetrazene ligands.
Recently, our group has reported an FeII-tetracarbene that performs catalytic “C2+N1” aziridination with aryl azides and mono-, di-, tri-, and tetrasubstituted aliphatic alkenes.65  Although we were unable to isolate the reactionary intermediate, we proposed the intermediate was an Fe(IV) imido as it was evidenced by ESI/MS.  Although Fe(IV) is very relevant biologically,83 the synthesis of Fe(IV) complexes is still in its infancy.16d, 17c, 84  One of these rare examples is a terminal Fe(IV)-oxo supported by a macrocyclic tetracarbene ligand similar to the ligand used for catalytic aziridination.84b  Herein we report the isolation of the first 6-coordinate low spin (S = 0) Fe(IV) complex, which is supported by both a tetracarbene and tetrazene ligand, and report its group transfer capabilities.
[bookmark: _Toc379533764]Characterization and Reactivity of Fe(IV) Tetrazene
We previously reported the synthesis of [(Me,EtTCPh)Fe(NCCH3)2](PF6)2 (1) which performs aziridination with organic azides and aliphatic alkenes.65  As previously reported 1 forms [(Me,EtTCPh)Fe=NAr](PF6)2 with the addition aryl azide which was evidenced by ESI/MS; however, addition of excess tolyl azide in acetonitrile yields [(Me,EtTCPh)Fe(ArN4Ar)](PF6)2 (2) (Ar = tolyl) in 2 hours at room temperature (Scheme 5.1).  As previously reported with other tetrazene complexes,80 it is likely this complex is formed by a 1,3-cycloaddition of an additional equivalent of tolyl azide to [(Me,EtTCPh)Fe=NAr](PF6)2.
[bookmark: _Toc379534180]Scheme 5.1. Synthesis of [(Me,EtTCPh)Fe(ArN4Ar)](PF6)2.


Spectroscopic characterization of 2 was consistent with the formation of a tetrazene.  ESI/MS of 2 showed a peak at m/z 625.68 associated with of [(Me,EtTCPh)Fe(ArN4Ar)]2+ and a peak at m/z 1395.43 associated with {[(Me,EtTCPh)Fe(ArN4Ar)](PF6)}+, both of which had the expected isotopic distribution ratios.  Diastereotopic splitting on the macrocyclic ligand of 2 is observable in 1H NMR, which is indicative of the rigidity of 2 in solution.  13C NMR is also consistent with the addition of a tetrazene ligand.  The FeIV-NHC chemical shift (169.79 ppm) is shifted significantly upfield from the starting FeII-NHC, 1 (196.65 ppm).  Since 2 is the first diamagnetic FeIV-NHC complex, a valid comparison of 13C NMR chemical shifts to literature values is not possible.  Additional characterization of 2 included electrochemical analysis, which showed a reversible one electron oxidation wave at -1055 mV in an acetonitrile solution, which can be assigned as FeIV/FeIII.  Complex 2 is also air stable in solution and solid state.
The X-ray crystal structure of 2 confirms the addition of the tetrazene ligand to 1 (Figure 5.2).  Interestingly, the six-coordinate complex adopts a distorted trigonal prismatic geometry (φAve = 10.4o) over an octahedral geometry as seen in the starting material, 1 (trigonal prismatic, φ = 0o; octahedral, φ = 60o).85  This unusual coordination geometry is most likely due to the tetracarbene ligand not being flexible enough to adopt an octahedral geometry.  Notably, the crystal structure provides a hint as to the process of the aziridination reaction.  The alkene must be present near the metal imide prior to group transfer and the tetracarbene ligand is flexible enough to accommodate an additional ligand in a cis position.  The average Fe-NHC bond length is 1.98 Å, which is slightly shorter than the average bond length for 1, but is in line with Meyer’s octahedral FeIV–oxo tetracarbene.84b  The shorter bond length of N10-N11 versus N9-N10 or N11-N12 is indicative of a dianionic tetrazene (Figure 5.1, Type C).  If in fact the tetrazene ligand is dianionic, then the metal center must formally be Fe(IV).  Typically iron tetrazenes have adopted the Type B binding mode but a dianionic binding mode (Type C) has been prepared by reduction of the tetrazene ligand.80c  

In order to confirm the presence of a low spin (S = 0) FeIV complex, Mössbauer spectroscopy of 2 was necessary.  For comparative purposes, the Mössbauer of the starting FeII tetracarbene complex, 1, was collected (Figure 5.3A).  The Mössbauer spectra collected for 1 contained a small impurity which has been modeled and is indicated by the modeled green line.  The Mössbauer isomer shift and quadruple splitting of 1 (δ =0.21 mm/s and |ΔEQ| = 1.98 mm/s, 
[bookmark: _Toc379533817]Figure 5.2. X-ray crystal structure of [(Me,EtTCPh)Fe(ArN4Ar)](PF6)2 (2).  Structure shown as labeled crystal structure (A) and with selected parts of the macrocycle omitted for clarity (B).  Orange, blue and grey ellipsoids (50% probability) represent Fe, N and C, respectively.  Solvent molecules and H atoms have been omitted for clarity.  Selected bond distances (Å) and angles (deg.) are as follows: Fe-C1,1.953(4) ; Fe-C2, 1.986(4); Fe-C3, 1.951(4); Fe-C4, 2.008(4); Fe-N9, 1.894(3); N9-N10, 1.350(4); N10-N11, 1.286(5); N11-N12, 1.343(5); C1-Fe-N9, 88.4(2); C1-Fe-C4, 85.8(2); N9-Fe-N12, 77.2(1).


respectively) are in agreement with Meyer’s octahedral FeII tetracarbene (δ=0.23 mm/s and |ΔEQ| = 2.10 mm/s, respectively).84b  Mössbauer spectroscopy of 2 (Figure 5.3B) identifies the iron metal center as a low spin (S = 0) FeIV based on its reported isomer shift, quadruple splitting (δ =-0.01 mm/s and |ΔEQ| = 0.62 mm/s, respectively) and due to apparent diamagnetism observed from NMR.  
[image: ]
[bookmark: _Toc379533818]Figure 5.3. Mössbauer spectra of complexes [(Me,EtTCPh)Fe(CH3CN)2](PF6)2 (left) and [(Me,EtTCPh)Fe(ArN4Ar)](PF6)2 (right).
While a number of examples of tetrazene complexes have now been prepared,80 with the exception of decomposition products,82 reactivity of these ligands have largely been unexplored.  Complex 2 was initially tested to determine if the tetrazene fragment does in fact decompose to form the corresponding azobenzene derivative as reported by other previously reported tetrazene complexes.  As determined by NMR and TGA analysis, at 85 oC, N2 is evolved and the azobenzene derivative was detected by 1H NMR and DART/MS.  We wanted to take the process a step further and determine if the tetrazene complex is a side product or also an intermediate in the original aziridination catalytic cycle.  In order to determine this, the tetrazene complex was added to cyclooctene, and heated while stirring overnight.  Removal of volatiles followed by 1H NMR and DART/MS analysis revealed the presence of both dimethylazobenzene and the aziridine product in approximately a 2:1 ratio, respectively.  Not only is the formation of 2 not an end point in the catalytic cycle, but it too acts as an aziridination intermediate in the updated catalytic cycle (Figure 5.4).  


[bookmark: _Toc379533819]Figure 5.4. Modified proposed aziridination mechanism with catalyst [(Me,EtTCPh)Fe(CH3CN)2](PF6)2.
[bookmark: _Toc379533765]Conclusion
In conclusion, we have synthesized the first 6-coordinate low spin (S = 0) iron(IV) complex, [(Me,EtTCPh)Fe(ArN4Ar)](PF6)2, supported by both a tetrazene and tetracarbene ligand.  The complex was synthesized by addition of excess tolyl azide to aziridination catalyst, [(Me,EtTCPh)Fe(CH3CN)2](PF6)2.  The clean conversion of [(Me,EtTCPh)Fe(ArN4Ar)](PF6)2 to [(Me,EtTCPh)Fe(CH3CN)2](PF6)2 was confirmed by NMR spectroscopy and mass spectrometry.  13C NMR shows a significant upfield chemical shift compared to (Me,EtTCPh)Fe(CH3CN)2](PF6)2, and notably it is the first reported 13C NMR FeIV-NHC chemical shift.  Single crystal X-ray diffraction confirmed the addition of the tetrazene ligand and that [(Me,EtTCPh)Fe(ArN4Ar)](PF6)2 was in a distorted trigonal prismatic geometry.  The crystal structure suggests the tetrazene ligand was bond in a dianionic manner based which is indicative of an iron(IV) metal center.  The metal center was confirmed an iron(IV) (S = 0) by Mössbauer spectroscopy.  Finally, reactivity studies suggest that [(Me,EtTCPh)Fe(ArN4Ar)](PF6)2 decomposes to form 4,4’-dimethylazobenzene and 1-methyl-7-(p-tolyl)-7-azabicyclo[4.1.0]heptane in neat cyclooctene which shows [(Me,EtTCPh)Fe(ArN4Ar)](PF6)2 is also an acceptable nitrene transfer source for aziridination.
[bookmark: _Toc379533766]Experimental
All reactions were performed under a dry nitrogen atmosphere with the use of either a drybox or standard Schlenk techniques.  Solvents were dried on an Innovative Technologies(Newburgport, MA) Pure Solv MD-7 Solvent Purification System and degassed by three freezepump-thaw cycles on a Schlenk line to remove O2 prior to use.  Acetonitrile-d3, and chloroform-d were degassed by three freeze-pump-thaw cycles prior to drying over activated molecular sieves.  These NMR solvents were then stored under N2 in a glovebox.  [{(Me,EtTCPh)Fe(CH3CN)2](PF6)2 and tolyl azide were prepared as described previously.45, 65  All reagents were purchased from commercial vendors and used without purification. 1H, 13C{1H}, and 19F NMR spectra were recorded at ambient temperature on a Varian VNMRS 500 MHz narrow-bore broadband system. 1H and 13C NMR chemical shifts were referenced to the residual solvent.  19F NMR chemical shifts are reported relative to an external standard of neat CFCl3.  57Fe Mössbauer spectra were measured with a constant acceleration spectrometer (SEE Co., Minneapolis, MN).  Isomer shifts are quoted relative to Fe foil at room temperature.  Data was analyzed and simulated with Igor Pro 6 software (WaveMetrics, Portland, OR) using Lorentzian Fitting function.  Thermogravimetric analysis data was collected on a TA instruments TGA Q50 under N2.  All mass spectrometry analyses were conducted at the Mass Spectrometry Center located in the Department of Chemistry at the University of Tennessee.  The DART analyses were performed using a JEOL AccuTOF-D time-of-flight (TOF) mass spectrometer with a DART (direct analysis in real time) ionization source from JEOL USA, Inc. (Peabody, MA).  The ESI/MS analyses were performed using a QSTAR Elite quadrupole time-of-flight (QTOF) mass spectrometer with an electrospray ionization source from AB Sciex (Concord, Ontario, Canada).  Mass spectrometry sample solutions of metal complexes were prepared in acetonitrile. Infrared spectra were collected on a Thermo Scientific Nicolet iS10 with a Smart iTR accessory for attenuated total reflectance.  UV-vis measurements were taken inside a dry glovebox on an Ocean Optics USB4000 UV-Vis system with 1 cm path length quartz crystal cell.  Cyclic voltammetry measurements were made inside a dry glovebox using a BAS Epsilon electrochemical analyzer with a platinum working electrode, platinum wire counter electrode, and Ag/AgNO3 reference electrode.  All potentials were measured versus an external standard of ferrocene.  Carbon, hydrogen, and nitrogen analyses were obtained from Atlantic Microlab, Norcross, GA.

Synthesis of [(Me,EtTCPh)Fe(ArN4Ar)](PF6)2, (2). [(Me,EtTCPh)Fe(CH3CN)2](PF6)2 (0.0154 g, 0.0112 mmol) was added to a 20 mL vial with acetonitrile (10 mL) and stirred (450 rpm) with heating at 40 °C for 20 minutes. Tolyl azide (50 μL) was then added to the reaction mixture and continued to be heated and stirred overnight.  The volatiles were then removed en vacuo.  The sample was then washed with diethyl ether (3x10 mL) and residual solvent was removed under reduced pressure.  The sample was dissolved in acetonitrile (4 mL) and filtered over Celite.  The filtrate was collected.  The pure product was collected as red crystals by vapor diffusion of diethyl ether into the acetonitrile solution (0.0127g, 74.1%). 1H NMR (CD3CN, 499.74 MHz): δ  7.35 (m, 28H), 7.16 (m, 12H), 6.97 (d, J = 7.4 Hz, 8H), 6.06 (d, J = 12.6 Hz, 2H), 5.15 (d, J = 13.4 Hz, 2H), 3.52 (q, J = 6.2 Hz, 4H), 2.41 (d, J = 12.6 Hz, 4H), 2.40 (s, 6H). 13C NMR (CD3CN, 125.66 MHz): δ 169.79, 154.89, 139.16, 136.41, 134.35, 131.09, 131.00, 130.72, 130.70, 130.67, 129.76, 129.56, 126.52, 125.95, 124.56, 57.56, 44.85, 20.61. 19F NMR(CD3CN, 470.23 MHz): δ -72.42 (d, J = 706.6 Hz). IR (neat): 3061, 1594, 1500, 1489, 1444, 1414, 1375, 1338, 1225, 1184, 1100, 177, 1008, 926, 829, 788, 764, 696 cm-1. UV-vis (CH3CN) λmax, nm (ε): 420 (9300).  ESI/MS (m/z): [M-PF6]+ 1395.43, [M-2PF6]2+ 625.68.  Electrochemistry (vs ferrocene in CH3CNwith [TBA][PF6] as supporting electrolyte): FeIV/FeIII, -1055 mV. Anal. Calcd for C80H66F12FeN12P2: C, 62.34; H, 4.32; N, 10.91. Found: C, 61.43; H, 4.67; N, 11.62.

Decomposition Experiment.  Complex 2 was dissolved in CD3CN and placed into an NMR tube which was sealed with Parafilm.  1H NMR was taken initially and then heated to 75 oC overnight.  1H NMR was then taken at 12 hour intervals at which time the heat was raised by 5 oC until all 2 was converted back to complex 1 (Figure 5.5).  At 85 oC all of 2 had been converted back to 1 and both 1H NMR and DART/MS confirmed the presence of 4,4’-dimethylazobenzene as compared to an external standard.  Thermogravimetric analysis of pure crystals of 2 corroborated this result with a 95.7% weight loss at 90 oC as compared to the expected 95.6% weight loss (2 -CH3CN -N2). DART/MS (m/z): [M+H]+ 211.1.
 
Nitrene transfer experiment.  Complex 2 was added to a 20 mL vial and 5 mL of cyclooctene was added, heated to 90 oC and stirred for 12 hours.  After 12 hours the reaction was cooled to room temperature and all volatiles were removed under reduced pressure.  Benzene was then added to the vial (4 mL), stirred for ten minutes, and filtered over Celite.  The volatiles of the filtrate were again removed and dissolved in CDCl3.  The chemical shifts of 9-(p-tolyl)-9-azabicyclo[6.1.0]nonane were previously reported and an external standard revealed the shifts of 4,4’-dimethylazobenzene in CDCl3.  Direct integration of the doublets in the ‘aryl region’ of the 1H NMR spectra determined a 2.3:1 ratio of 4,4’-dimethylazobenzene to 9-(p-tolyl)-9-azabicyclo[6.1.0]nonane (Figure 5.6).
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[bookmark: _Toc379533820]Figure 5.5. Decomposition of 2 as followed by 1H NMR at room temperature (red), 75 oC (green), 80 oC (blue), and 85 oC (purple).  
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[bookmark: _Toc379533821]Figure 5.6. 1H NMR of the extracted organic products from the decomposition of [(Me,EtTCPh)Fe(ArN4Ar)](PF6)2 in the presence of excess cyclooctene.
X-ray Structure Determinations. X-ray diffraction measurements were performed on single crystals coated with Paratone oil and mounted on glass fibers.  Each crystal was frozen under a stream of N2 while data were collected on a Bruker APEX diffractometer.  A matrix scan using at least 12 centered reflections was used to determine initial lattice parameters.  Reflections were merged and corrected for Lorenz and polarization effects, scan speed, and background using SAINT 4.05.  Absorption corrections, including odd and even ordered spherical harmonics were performed using SADABS, if necessary.  Space group assignments were based upon systematic absences, E statistics, and successful refinement of the structure.  The structures were solved by direct methods with the aid of successive difference Fourier maps, and were refined against all data using the SHELXTL 5.0 software package.


[bookmark: _Toc379533767] 
Overcoming NHCs Neutrality: Installing Tetracarbenes on  Group 13 and 14 Metals


[bookmark: _Toc379533768]Abstract
The first tetracarbene complexes of Group 13 and 14 metals have been synthesized by employing dianionic macrocyclic tetracarbene ligands.  The tin, indium, and aluminium tetracarbene complexes are structurally analogous to their porphyrin or salen analogues.  The aluminium complex is the first example of multiple NHCs bound to this metal centre.
[bookmark: _Toc379533769]Introduction
Tetradentate ligands that bind in an equatorial manner about the metal centre are a mainstay for developing successful main group catalysts.86  Although a plethora of examples abound, perhaps the most important auxiliary ligands of this type are salen and porphyrin derivatives (Figure 6.1A).86b-e  Aluminium complexes that feature both of these classes of ligand are highly reactive Lewis acids that can efficiently perform ring opening polymerization and phospho- transfer catalysis.86c, 87  In a similar manner, gallium and indium salen complexes have been used for ring opening polymerization of cyclic esters.86b,88  Finally, although tin porphyrin complexes are primarily used for scaffolding,89 due to increased durability, tin salen complexes have found utility as catalysts for propylene carbonate formation90 and for ring opening polymerization.91  Consequently, the establishment of a new electron-rich tetradentate equatorial framework would be a significant development that may allow for enhanced catalytic activity on main group complexes.
Despite the fact that N-heterocyclic carbene (NHC) ligands have been key auxiliary ligands for the discovery of new main group multiple bonds on B,92 Si,93 and P,94 only four examples of main group metal complexes have been synthesized with more than two NHCs.95  Each of these four complexes produced cationic main group complexes.  With the exception of two cationic tricarbene complexes, group 13 and 14 metals, have been limited to a maximum of two NHCs per metal centre (Figure 6.1B-C).  One rationalisation for this deficiency of polydentate NHC complexes is the cationic charge on the resulting complex, which is not the case for porphyrin and salen complexes.


[bookmark: _Toc379533822]Figure 6.1. Contrasting Group 13 and 14 metal complexes.  Tetradentate salen and porphyrin ligands (A) versus typical complex geometries with NHC ligands on group 13 metals (B) and group 14 metals (C).
One approach to mitigating the problem of excess change is to develop polydentate NHC ligands that are anionic.  Smith has previously reported anionic bidendate and tridentate NHC ligands with borates in the backbone, but he has not reported any main group complexes with these ligands.96  Our group recently reported the first borate-containing macrocyclic tetracarbene ligand and its associated nickel and palladium complexes.97  In this communication, we describe the first examples of main group complexes with anionic polydentate NHC ligands.  Our synthetic strategy is viable for a variety of coordination geometries and main group metals from groups 13 and 14.  These tetracarbene complexes are isostructural to complexes with salen and porphyrin as the tetradentate auxiliary ligand.
[bookmark: _Toc379533770]Synthesis and Characterization of Tetracarbene Main Group Complexes
We initially tested the macrocyclic tetraimidazolium (Me,EtTCPh)(OTf)4 (1) in our efforts to prepare group 13 and 14 tetracarbene complexes (Scheme 1).  Ligand precursor 1, which yields neutral NHCs when deprotonated, has been effectively ligated to a wide variety of transition metals either through direct deprotonation or via transmetallation from its dimeric silver complex.98  Although these methods are effective for preparing transition metal complexes from Cr to Au, we were unsuccessful in synthesizing a group 13 or 14 metal complex with 1 (Scheme 6.1).
Since ligand precursor 1 was ineffective,  we turned to the recently reported dianionic tetraimidazolium (BMe2,EtTCH)(Br)2 (2) (Scheme 6.1) that yielded mononuclear square planar metal complexes with Ni and Pd.97  In situ deprotonation of 2 with n-butyllitium at -30 C followed by the addition of the a main group metal bromide salt was successful for the synthesis of (BMe2,EtTCH)Sn(Br)2 (3a), (BMe2,EtTCH)InBr (3b), and (BMe2,EtTCH)AlBr (3c).  All three complexes bind the ligand to form an equatorial plane around the metal ion and are air sensitive in both solution and the solid state.
[bookmark: _Toc379534181]Scheme 6.1. Synthesis of tetracarbene main group metal complexes.


All three metal complexes were characterized with ESI/MS, multi-nuclear NMR, and single crystal X-ray crystallography.  Even though the complexes are all neutral, high quality ESI/MS could be collected for each one.  ESI/MS data for 3a shows a peak at m/z 608.09 associated with {(BMe2,EtTCH)SnBr}+ with the correct isotopic distribution.  Similarly 3b and 3c show peaks attributed to the loss of one bromide at m/z 517.11 and 429.20 associated with {(BMe2,EtTCH)In}+ and {(BMe2,EtTCH)Al}+, respectively.
Since all of the main group complexes were diamagnetic, NMR data was collected for each complex.  1H NMR of 3a indicates that the 6-coordinate complex exhibits fluxional behaviour in solution, which is in direct contrast to 3b and 3c that show diastereotopic proton splitting for the ethyl protons.  The fluxional behaviour is consistent with other octahedral complexes that our group has prepared,98b, 98c while the more rigid 3b and 3c are consistent with square planar examples.97-98, 98c  Since these complexes are the first examples of tetracarbenes on these metals, the carbene peak position is of great interest.  Although 13C NMR data was collected for both 3b and 3c, neither carbene carbon could be resolved.  This result was not unexpected since almost no carbene resonances have been previously reported for In-NHCs, and reported Al-NHCs resonances are either non-existent or broad.99  This lack of reported resonances is presumably due to the high quadrupole moment of these metals (115In {95%, I = 9/2}, 113In {5%, I = 9/2}, and 27Al {99%, I = 5/2}).  More encouragingly, a 13C NMR spectra of 3a shows a resonance for the carbene carbon at 166.86 ppm that is consistent with other Sn-NHC complexes.100  To probe the electronic effect of having four NHCs bound to the tin centre, we collected 119Sn NMR, which showed a chemical shift of -1099.35 ppm.  This resonance is shifted drastically upfield when compared to a previously prepared octahedral Sn(IV) dicarbene complex that has a chemical shift of -662.99 ppm.100  The large upfield chemical shift may be attributed to increased shielding effects from the strong σ-donor ligand.101
The X-ray crystal structure of 3a (Figure 6.2) provided a potential clue for the observed 1H NMR fluxional behaviour, as two conformations of the ligand around the Sn metal centre were found in the unit cell.  The first conformation shows significant bending of one of the bromide ligands from an ideal octahedral geometry due to the steric repulsion from the borate methyl substituents (Figure 6.2A).  In order to accommodate both borate moieties below the ligand plane, two of the carbene ligands (C2 and C3) are planar with the Sn.  The second conformation of 3a shows an almost undistorted octahedral geometry (Figure 6.2B).  In this conformation, the borate moieties are on opposite planes of the macrocycle.  Both conformations have Sn-C bond lengths that are slightly longer than a previously published octahedral Sn dicarbene.100  To our knowledge, 3a is the first structurally confirmed polydentate NHC on Sn.
The group 13 metal complexes were also structurally characterized with single crystal X-ray diffraction, which revealed five coordinate complexes.  The X-ray crystal structure of 3b (Figure 6.3A) indicates a distorted square pyramidal geometry (τ = 0.37).102  The trans C-In-C bond angles are highly divergent with C1-In-C3 at 151.7(4) and C2-In-C4 at 173.7(4).  Likewise, the In-C2 and In-C4 bond distances are approximately 0.05 Å shorter than In-C1 and In C3.  3b is a rare example of a polydentate NHC ligand bound to In and the first example of a tetracarbene on indium.103  Despite several attempts to obtain high quality crystals of 3c, we were only able to obtain a disordered X-ray structure that allowed us to determine 
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[bookmark: _Toc379533823]Figure 6.2. X-ray crystal structure of (BMe2,EtTCH)Sn(Br)2 (3a, shown in two different conformations).  Green, olive, blue, and grey ellipsoids (50% probability) represent Sn, B, N, and C, respectively. H atoms and solvent molecules have been omitted for clarity.  Selected bond distances (Å) and angles (deg.) are as follows: Sn1-C1, 2.295(4); Sn1-C2, 2.276(4); Sn1-C3, 2.284(5); Sn1-C4, 2.282(4); Sn1-Br1, 2.6643(5); Sn1-Br2, 2.6255(5); Sn2-C21, 2.307(4); Sn2-C22, 2.293(4); Sn2-Br3, 2.6074(5); C1-Sn1-C3, 176.2(2); C2-Sn1-C4, 175.9(2); Br1-Sn1-Br2, 172.11(2); C1-Sn1-C2, 96.1(2); C1-Sn1-C4, 80.8(2); C21-Sn2-C21', 180.0; C22-Sn2-C22', 180.0; Br3-Sn2-Br3', 180.0; C21-Sn2-Br3, 92.3(1); C22-Sn2-Br3, 91.4(1); C21'-Sn2-Br3, 87.8(1); C22'-Sn2-Br3, 88.6(1).


connectivity about the Al centre (see experimental section below, Figure 6.4).  In order to crystallographically characterize an Al tetracarbene complex, we modified the synthesis by substituting AlCl3 for AlBr3.  Unfortunately, this change led to a mixture of 3c and (BMe2,EtTCH)AlCl (3d).  Nonetheless, a single crystal of 3d was isolated for single crystal X-ray diffraction (Figure 6.3B).  The crystal structure of 3d reveals it is isostructural to both 3b and 3c and also has a distorted square pyramidal geometry (τ = 0.32).  The distortion of the trans C-Al-C bond angles is similar to what is observed for 3b.  Complex 3d has similar bond lengths to previously published Al carbene complexes.104  The Al complexes 3c and 3d are particularly novel complexes as they are the first examples with more than one NHC ligand on Al and the first example of a 5-coordinate Al complex with an NHC ligand.  Complex 3c and 3d clearly exemplify the need for an anionic ligand in order to easily prepare polydentate NHC Al complexes.
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[bookmark: _Toc379533824]Figure 6.3. X-ray crystal structure of (A) (BMe2,EtTCH)InBr (3b) and (B) (BMe2,EtTCH)AlCl (3d).  Pink, burgundy, teal, lime green, olive, blue, and grey ellipsoids (50% probability) represent In, Br, Al, Cl, B, N, and C, respectively.  H atoms have been omitted for clarity.  Selected bond distances (Å) and angles (deg.) are as follows. For 3b: In-C1, 2.28(1); In-C2, 2.22(1); In-C3, 2.28(1); In-C4, 2.23(1); In-Br, 1.594(2); C1-In-C3, 151.7(4); C2-In-C4, 173.7(4); C1-In-C2, 92.4(4); C1-In-C4, 86.2(4). For 3d: Al-C1, 2.130(5); Al-C2, 2.080(5); Al-Cl, 2.275(3); C1-Al-C1', 146.1(3); C2-Al-C2', 165.1(3); C1-Al-C2, 87.0(2); C1-Al-C2', 88.6(2); C1-Al-Cl, 107.0(1); C2-Al-Cl, 97.5(1).


[bookmark: _Toc379533771]Conclusion
In conclusion, we have synthesized the first tetracarbene complexes on group 13 and 14 metals.  The aluminium example is the first example of a poly-NHC complex on this metal.  Employing an anionic macrocycle proved crucial since a neutral variation of our ligand was unsuccessful in complexing main group metals.  The dianionic macrocyclic tetracarbene ligand binds to the metal centres forming a distorted equatorial plane.  Proton NMR demonstrated that the Sn complex is fluxional in solution, while the In and Al complexes are rigid.  119Sn NMR suggests a high degree of shielding from the tetracarbene ligand.  Future research will focus on catalytic reactions with the aluminium and indium complexes.
[bookmark: _Toc379533772]Experimental
All reactions were performed under a dry nitrogen atmosphere with the use of either a drybox or standard Schlenk techniques.  Solvents were dried on an Innovative Technologies (Newburgport, MA) Pure Solv MD-7 Solvent Purification System and degassed by three freeze-pump-thaw cycles on a Schlenk line to remove O2 prior to use.  Acetonitrile-d3, benzene-d6, and tetrahydrofuran-d8 were degassed by three freeze-pump-thaw cycles prior to drying over activated molecular sieves.  These NMR solvents were then stored under N2 in a glovebox.  (B(Me)2,EtTCH)(Br)2 was prepared as described previously.97  All reagents were purchased from commercial vendors and used without purification.  1H and 13C{1H} were recorded at ambient temperature on a Varian VNMRS 500 MHz narrow-bore broadband system.  119Sn NMR spectra was recorded at ambient temperature on a Bruker Avance 400 MHz NMR.   1H and 13C NMR chemical shifts were referenced to the residual solvent.  119Sn NMR chemical shifts are reported relative to an external standard of Sn(Me)4 in acetonitrile-d3.  All mass spectrometry analyses were conducted at the Mass Spectrometry Center located in the Department of Chemistry at the University of Tennessee.  The ESI/MS analyses were performed using a QSTAR Elite quadrupole time-of-flight (QTOF) mass spectrometer with an electrospray ionization source from AB Sciex (Concord, Ontario, Canada).  Mass spectrometry sample solutions of metal complexes were prepared in acetonitrile.  Infrared spectra were collected on a Thermo Scientific Nicolet iS10 with a Smart iTR accessory for attenuated total reflectance.  Carbon, hydrogen, and nitrogen analyses were obtained from Atlantic Microlab, Norcross, GA.

Synthesis of (B(Me)2,EtTCH)Sn(Br)2 (3a).  (B(Me)2,EtTCH)(Br)2 (300 mg, 0.530 mmol) was added to a 20 mL vial with tetrahydrofuran (10 mL) and stirred at room temperature (450 rpm) for 5 min.  The resulting slurry was cooled to -30 ˚C.  nBuLi (2.50 M, 0.849 mL, 2.12 mmol) was added to the slurry and allowed to stir until the white slurry became an orange-yellow solution (~15 min.).  Tin(IV) bromide (232 mg, 0.530 mmol) was then added to the resulting solution and allowed to stir at room temperature overnight.  The reaction mixture was then filtered over Celite and the resulting solution was concentrated to 3 mL under reduced pressure.  The colorless product was crystallized by vapor diffusion of pentane into this solution (25.9 mg, 7.2% yield).  1H NMR (CD3CN, 499.74 MHz): δ 7.29 (d, J = 1.8 Hz, 4H), 7.16 (d, J = 1.7 Hz, 4H), 4.78 (s, 8H), 0.25 (s, 12H).  13C NMR (CD3CN, 125.66 MHz): δ 166.86, 124.86, 122.89, 51.24, 23.04, 14.32.  119Sn NMR (CD3CN, SnMe4 ext., 149.16 MHz): δ -1099.35.  IR (neat): 3378, 3132, 3008, 2943, 2932, 1631, 1545, 1418, 1400, 1299, 1288, 1206, 1155, 1119, 1071, 1031, 942, 828, 798, 743, 708, 669 cm-1.  ESI/MS (m/z): [M-Br]+ 608.09.  Anal. Calcd for C22.5H34N8B2Br2Sn (3a·½C5H12): C, 37.71; H, 4.78; N, 15.63. Found: C, 37.03; H, 4.51; N, 15.31.

Synthesis of (B(Me)2,EtTCH)InBr (3b).   (B(Me)2,EtTCH)(Br)2 (214 mg, 0.377 mmol) was added to a 20 mL vial with tetrahydrofuran (10 mL) and stirred at room temperature (450 rpm) for 5 min.  The resulting slurry was cooled to -30 ˚C.  nBuLi (2.50 M, 0.604 mL, 1.5 mmol) was added to the slurry and allowed to stir until the white slurry became an orange-yellow solution (~15 min.).  Indium(III) bromide (134 mg, 0.377 mmol) was then added to the resulting solution and allowed to stir at room temperature overnight.  The reaction mixture was then filtered over Celite and the resulting solution was concentrated to 3 mL under reduced pressure.  The colorless product was crystallized by vapor diffusion of pentane into this solution (21.5 mg, 10% yield).  1H NMR (C6D6, 499.74 MHz): δ 7.14 (d, J = 1.6 Hz, 4H), 5.96 (d, J = 1.6 Hz, 4H), 4.66-4.59 (m, 4H), 3.13-3.07 (m, 4H), 0.82 (s, 6H), 0.59 (s, 6H). 13C NMR (C6D6, 125.66 MHz): δ 188.03, 133.92, 132.37, 132.22, 131.47, 130.23, 130.09, 129.78, 129.71, 129.00, 128.17, 57.77, 48.35. IR (neat): 3390, 3115, 2929, 1630, 1546, 1455, 1415, 1394, 1371, 1291, 1260, 1217, 1150, 1109, 1078, 1038, 1019, 966, 946, 839, 797, 750, 736, 727, 697, 670, 635 cm-1. ESI/MS (m/z): [M-Br]+ 517.11.  Anal. Calcd for C20H28N8B2BrIn: C, 40.25; H, 4.73; N, 18.77. Found: C, 60.21; H, 4.14; N, 9.88.

Synthesis of (B(Me)2,EtTCH)AlBr (3c).  (B(Me)2,EtTCH)(Br)2 (146 mg, 0.259 mmol) was added to a 20 mL vial with tetrahydrofuran (10 mL) and stirred at room temperature (450 rpm) for 5 min.  The resulting slurry was cooled to -30 ˚C.  nBuLi (2.50 M, 0.413 mL, 1.03 mmol) was added to the slurry and allowed to stir until the white slurry became an orange-yellow solution (~15 min.).  Aluminum(III) bromide (68.9 mg, 0.259 mmol) was then added to the resulting solution and allowed to stir at room temperature overnight.  The reaction mixture was then filtered over Celite and the volatiles were removed under reduced pressure resulting in a white powder.  The powder was extracted with benzene (10 mL), filtered over Celite and the volatiles were again removed under reduced pressure yielding the pure white powder product (22.1 mg, 16.8% yield).  Crystals suitable for single crystal X-ray diffraction were grown by vapor diffusion of pentane into a concentrated solution of 3c in tetrahydrofuran.  1H NMR (CD3CN, 499.74 MHz): δ 7.13 (d, J = 1.6 Hz, 4H), 7.03 (d, J = 1.6 Hz, 4H), 5.53-5.43 (m, 4H), 4.37-4.31 (m, 4H), 0.25 (s, 6H), -0.20 (s, 6H). 13C NMR (CD3CN, 125.66 MHz): δ 123.04, 121.78, 48.79, 15.63, 14.32. IR (neat): 3379, 3132, 2932, 1631, 1545, 1467, 1418, 1399, 1375, 1288, 1244, 1206, 1155, 1119, 1032, 971, 958, 942, 848, 797, 742, 730, 708, 669 cm-1.  ESI/MS (m/z): [M-Br]+ 429.20.  Anal. Calcd for C20H28N8AlB2Br: C, 47.19; H, 5.54; N, 22.01. Found: C, 46.45; H, 6.18; N, 21.05.

Synthesis of (B(Me)2,EtTCH)AlCl (3d).  (B(Me)2,EtTCH)(Br)2 (294 mg, 0.520 mmol) was added to a 20 mL vial with tetrahydrofuran (10 mL) and stirred at room temperature (450 rpm) for 5 min.  The resulting slurry was cooled to -30 ˚C.  nBuLi (2.50 M, 0.832 mL, 2.08 mmol) was added to the slurry and allowed to stir until the white slurry became an orange-yellow solution (~15 min.).  Aluminum(III) chloride (69.3 mg, 0.520 mmol) was then added to the resulting solution and allowed to stir at room temperature overnight.  The reaction mixture was then filtered over Celite and the volatiles were removed under reduced pressure resulting in a white powder.  The powder was extracted with benzene (10 mL) and filtered over Celite.  Crystals suitable for single crystal X-ray diffraction were grown by vapor diffusion of pentane into a concentrated solution of 3d in benzene.

X-ray Structure Determinations.  X-ray diffraction measurements were performed on single crystals coated with Paratone oil and mounted on glass fibers.  Each crystal was frozen under a stream of N2 while data were collected on a Bruker APEX diffractometer.  A matrix scan using at least 12 centered reflections was used to determine initial lattice parameters.  Reflections were merged and corrected for Lorenz and polarization effects, scan speed, and background using SAINT 4.05.  Absorption corrections, including odd and even ordered spherical harmonics were performed using SADABS, if necessary.  Space group assignments were based upon systematic absences, E statistics, and successful refinement of the structure.  The structures were solved by direct methods with the aid of successive difference Fourier maps, and were refined against all data using the SHELXTL 5.0 software package. 

Structure 3c exhibited positional disorder on the macrocyclic ligand.  The macrocycle was refined using the PART instruction by splitting the macrocycle over two positions.  Poor data prevented the anisotropic refinement of all atoms.  Structure 3a contains a disordered pentane which was unable to be refined anisotropically.

[image: ]
[bookmark: _Toc379533825]Figure 6.4. Graphical representation of (B(Me)2,EtTCH)AlBr (3c).  Both the disordered structure (left) and with only one representative macrocycle (right) based on X-ray analysis are shown.  Teal, burgundy, olive, blue, and grey spheres represent Al, Br, B, N, and C.  H atoms have been removed for clarity.
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Conclusion
Prior to this work only a few examples of macrocyclic tetracarbenes ligands had been prepared.  However, each of these tetracarbene complexes were either electronically saturated or had a ligand which was too large to allow other ligands access to the metal center for potential catalytic transformations.  We have found that in order to prepare a variety potential catalysts supported by a macrocyclic tetracarbene two characteristics are necessary: the macrocycle must have a small ring size of no more than 18 atoms and the ligand needs to be prepared from a free tetraimidazolium ligand precursor. 
First, we demonstrated a facile, two step synthesis of an 18-atom ringed tetra-imidazolium ligand that employed 1,2-bis-(trifoxy)ethane as the key dielectrophile to close the macrocycle.  The ligand precursor was prepared on a multi-gram scale quickly and cleanly without the use of dilute solvent conditions.  Ligand precursor ((Me,EtTCPh)(OTf)4) can be installed on platinum by a weak base deprotonation strategy to form [(Me,EtTCPh)Pt](PF6)2.  Both the (Me,EtTCPh)(OTf)4 and [(Me,EtTCPh)Pt](PF6)2 can be characterized by multi-nuclear NMR, mass spectrometry, single crystal X-ray diffraction, and other spectroscopic techniques.
Next, the tetracarbene ligand was installed on iron and was found to be a particularly effective aziridination catalyst. The tetra-carbene iron complex, [(Me,EtTCPh)Fe(NCCH3)2](PF6)2, was synthesized from the tetra-imidazolium precursor, (Me,EtTCPh)(I)4, via an in situ strong base deprotonation strategy.  [(Me,EtTCPh)Fe(NCCH3)2](PF6)2 was characterized by multi-nuclear NMR spectroscopy and single crystal X-ray diffraction. This catalyst reacts with aryl azides and a wide variety of substituted aliphatic alkenes to give aziridines in a “C2 + N1” addition reaction. We were even able to form 9-(p-tolyl)-9-azabicyclo-[6.1.0]nonane in nearly quantitative yield from cis-cyclooctene  and tolyl-azide.  In addition, we were able synthesize aziridines with 2,3-dimethyl-butene, a tetra-substituted alkene. These aliphatic alkenes are generally considered more challenging reagents than styrene variants which have been previously studied.  [(Me,EtTCPh)Fe(NCCH3)2](PF6)2 also shows exceptional functional group tolerance with functionalized aryl azides and 1-decene, only decomposing when protic functional groups are present.  The catalyst can also be recovered and re-used up to three additional times with only a nominal reduction in yield.  This new aziridination catalyst showcases a ‘green’ approach to prepare aziridines, while also performing examples of aziridination never possible before.
Although the aziridination intermediate could not be isolated, mass spectrometry data suggested an Fe(IV) imide, [(Me,EtTCPh)Fe=NAr](PF6)2, is the likely intermediate.  By adding excess aryl azide we have synthesized an iron(IV) complex, [(Me,EtTCPh)Fe(ArN4Ar)](PF6)2, supported by both a tetrazene and tetracarbene ligand.  The clean conversion of [(Me,EtTCPh)Fe(ArN4Ar)](PF6)2 to [(Me,EtTCPh)Fe(CH3CN)2](PF6)2 was confirmed by NMR spectroscopy and mass spectrometry.  13C NMR shows a significant upfield chemical shift of the tetrazene complex compared to [(Me,EtTCPh)Fe(CH3CN)2](PF6)2.  The FeIV-NHC 13C NMR chemical shift is the first reported example.  Single crystal X-ray diffraction confirmed the addition of the tetrazene ligand and that [(Me,EtTCPh)Fe(ArN4Ar)](PF6)2 was in a distorted trigonal prismatic geometry.  The metal center of [(Me,EtTCPh)Fe(ArN4Ar)](PF6)2 was confirmed to be an iron(IV) (S = 0) by Mössbauer spectroscopy.  Finally, reactivity studies suggest that [(Me,EtTCPh)Fe(ArN4Ar)](PF6)2 decomposes to form 4,4’-dimethylazobenzene and to 9-(p-tolyl)-9-azabicyclo[6.1.0]nonane in neat cyclooctene indicating [(Me,EtTCPh)Fe(ArN4Ar)](PF6)2 is also an acceptable nitrene transfer source for aziridination.
In order to institute a general synthetic method to prepare tetracarbene complexes with several transition metals and improve upon poor tetracarbene yields, we have synthesized a dimeric silver NHC transmetallating reagent, [{(Me,EtTCPh)Ag}2Ag2](PF6)4.  This reagent reacts with a wide variety of di and trivalent metal halides to give mononuclear tetracarbene complexes.  These silver complexes were characterized by multi-nuclear NMR spectroscopy, Mass spectroscopy, single crystal X-ray diffraction as well as other spectroscopic techniques.  The silver reagents transmetallate the tetracarbene ligands to nine different metal halides from the first to third row on the periodic table in moderate to high yield.  All of the metal tetracarbene complexes were characterized similarly to [{(Me,EtTCPh)Ag}2Ag2](PF6)2.    The complexes formed for the three first row metals, chromium, iron and cobalt, are rare examples of silver NHC transmetallation to these metals.  The redox active transmetallation to chromium is particularly significant since early metal NHC chemistry is underdeveloped and this complex is the first tetracarbene on this metal.  Given the importance of the few macrocyclic tetracarbenes that have been previously synthesized, this transmetallation strategy demonstrates that macrocyclic tetracarbenes can be prepared on metals across the periodic table 
[bookmark: _Toc289175845]In an attempt to move toward improving solubility of the tetracarbene catalysts, a second generation tetracarbene ligand with two borate moieties in the ligand backbone was prepared.  Utilizing (B(Me)2,EtTCH)(Br)2, the first tetracarbene complexes of Group 13 and 14 metals were synthesized.  The aluminium example, (B(Me)2,EtTCH)AlBr, is the first example of a poly-NHC complex on this metal.  Employing an anionic macrocycle proved crucial since the neutral tetracarbene ligand, (Me,EtTCPh)(OTf)4, was unsuccessful in complexing main group metals.  Proton NMR demonstrated that the Sn complex, (B(Me)2,EtTCH)Sn(Br)2, is fluxional in solution, while the In and Al complexes are rigid.  119Sn NMR suggests a high degree of shielding from the tetracarbene ligand. 
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