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Abstract
     Synthesis of Zr[MeC(NiPr)2]2(NMe2)2 (10) was carried out by three different routes, two salt metathesis and one by aminolysis. When the reaction was carried out by aminolysis the yield of the final product was the highest. An amidine 2 has an active proton which reacts with 1 and releases HNMe2. After perfecting the reaction conditions of 10, the same conditions were carried out and 7, 9, 11 and 12 were characterized by 1H, 13C NMR and 2D spectroscopies. Compounds 10 and 12 were also characterized by elemental analysis and mass spectrometry. Through the salt metathesis reactions, compound 8 was made and characterized by 1H and 13C NMR spectroscopies and mass spectrometry.


2.1.Introduction
      Reactions of metal complexes with O2 have been in existence for a very long time. One important reaction is when O2 binds to hemoglobin in blood. Hemoglobin contains an iron center which has valance electrons (dn) and its role is to deliver O2 throughout the body. On the contrary, metal complexes particularly early transition metals with no valance electrons (d0) have not been actively studied and are of importance because they react differently towards O2 and their products are critical in several processes.1
     Metal oxides (MOn) are of importance in catalysis, biological functions and for gate insulating materials. They are often intermediates in these processes and it is of interest to study the reactivity of early transition metal complexes that have no valence electrons d0 with O2. 
     The microelectronic industry has a high demand for faster, more powerful devices with an extended battery life. One area to achieve this challenge is by changing the gate insulating material. Currently, SiO2 has been used as a gate insulating material and It has a dielectric constant of k = 3.9, which causes devices to overheat due to current leakage and decompose. To overcome this issue it has been stated that any material with a dielectric constant higher than k = 10 may replace SiO2 as the gate material.2
     Hafnium oxide (HfO2) has a dielectric constant of k = 25.  Several companies; such as, Apple, Intel, and Samsung have replace SiO2 by HfO2. In 2007, the current size of the transistor was 45nm and the transistor shrunk by 40 percent in 2009 by this switch.  
     Metal amides have been extensively studied since synthesized by Bradley and Thomas.3 They have been used in C-H activation, precursors or catalyses for hydroanimoalkylation, and ???.  M(NR2)4 (R = Me,Et) and mixed amide M(NMe,Et)4 (M = Zr,Hf) are common precursors to metal nitride and metal oxide thin films through chemical vapor deposition (CVD) or atomic layer deposition (ALD).REF They are very reactive towards an oxygen source (O-source) such as O2, O3, NO, H2O and H2O2. In this dissertation the O-sources are O2, H2O, and H2O2.    
      Early transition metal complexes and their reactions with a “green” oxidant, O2, is very different from late transition metal complexes. The incorporation of an O atom can be very unusual in early transition metal complexes and their reactions with O2. Previous studies of the reactions between early transition metal complexes and O24 focused on O insertion into Zr-Si in Cp2Zr(SiMe3)Cl,4a and M-C bonds in Cp2ZrRCl/Cp2ZrR2 (R = alkyl),4b (RO)2TiMe2,4c (ArO)2TaMe3,4d and (ArN=)2MoMe2.4e Also, a Zr(IV) bisperoxo complex was characterized as a product in the reaction of O2 with a Zr(IV) complex that contains redox-active bis(enediamide) ligands.5
     The preparation of d0 complexes have also been prepared using O2 as a reactant. One example, Mo(NMe2)6, a d0 complex was prepared from Mo(NMe2)4 a d2 complex and adventitious O2.6 Another example is the rapid autoxidation of M(CH2R)4 by O2.7 Our group has revealed unusual reactivities with Groups 4 and 5 d0 complexes and O2 which yield unusual compounds.8-10
     Our group reported that the reactions between M(NMe2)4 (M = Zr, Hf) and O2 give unusual oxo aminoxides M3(NMe2)6(µ-NMe2)3(µ3-O)(µ3-ONMe2) and Me2NNMe2 (Scheme 2.1).10 The studies were carried out because homoleptic Groups 4 and 5 amide complexes M(NR2)n are readily used as precursors in making MOn thin films.  These reactions provide insight in the formation of metal oxides and the incorporation of O atoms into early transition metal complexes. Density functional theory (DFT) studies reveal that the O2 reactions are radical in nature. These studies were started after we prepared TiO2 thin films from Ti(NMe2)4 and O2 through a CVD process.11
     Our group has also studied the reactions of M(NMe2)5 (M = Nb, Ta) with O2 and several products were isolated.8,9 Three products from the reaction of Nb(NMe2)5 with O2 are given in Scheme 2.2. DFT calculations reveal that O2 insertion into a M-N bond in M(NMe2)5 to give a peroxide ligand is a key step in the formation of the products.






Scheme 2.1. Reactions of M(NMe2)4 M = Zr, Hf with O2.



 
Scheme 2.2. Reaction of Nb(NMe2)5 with O2.

Metal amide compounds are very reactive and has been demonstrated when Ta(NMe2)5 reacts with O2 at -25 oC.9 Bidentate ligands such as amidinates, β-diketiminatos, and guanidinates (Figure 2.1) can be introduce as ancillary ligands in order to make complexes more stable or less reactive towards an O-source.


      
                    
Figure 2.1. Bidentate nitrogen donor ligands

     Transition-metal amidinates are very versatile ligands used in catalysis,12 N2 activation,13 Si-H/Si-Cl bond actication,14 and chemical vapor deposition (CVD).15 They bond to a metal in a bidentate fashion, in which one bond is covalent while the other is a dative bond. The amidinate ligand is a three atom conjugated system and is considered sterically equivalent to η5-cyclopentadienyl but isoelectronic with π-allyl ligands.
    In chemical vapor deposition (CVD) and atomic layer deposition (ALD), Groups 4 and 5 amide complexes M(NMe2)n are widely used precursors to yield metal-based materials. These complexes are very moisture and oxygen sensitive and in return are very difficult to handle.16 To help overcome this problem, an amidinate ligand was introduced as an ancillary ligand making them very attractive for CVD/ALD precursors. Vahlas et al. has used a copper amidinate dimer  in CVD, in which the final product was a copper film (Scheme 2.3).15a



Scheme 2.3. Copper amidinate dimer used as a CVD precursor.

     Our group has also prepared several Group 4 amidinate complexes. These reactions were carried out by starting with the respective MCl4 (M = Ti, Zr, or Hf). TiCl4 was carried out by adding two equivalents of LiNMe2 followed by two equivalents of the lithium amidinate salt. However, for M = Zr and Hf, the reaction proceeded in the reverse order. Two equivalents of the lithium amidinate salt was added to the MCl4, M = Zr and Hf, followed by two equivalents of lithium amide (Scheme 2.4).17


Scheme 2.4. Salt metathesis for Group 4 bis amidinate bis amide complexes
     
     We have also reported the aminolysis of 1 with one and two equivalents of the guanidine 2 (Scheme 2.5).18 It is very hard to control the aminolysis with one equivalent because the reaction is in favor to release HNMe2. Several Group 4 amidinate amide complexes have been prepared through aminolysis in order to study their reactions with H2O and O2 in Chapter 3.  Our syntheses and characteraztion of these complexes are reported here.



Scheme 2.5. Preperation of 3 and 4 through aminolysis.

     
2.2. Results and Discussion
2.2.1. Synthesis of iPrN(H)C(Me)=NiPr (6)
     Amidines or 6 are usually prepared by the reaction of an amine and nitrile in the presence of a lanthanide catalysis.19 In the current work, 6 is prepared by reacting one equivalent MeLi with a carbodiimide iPr-N=C=N-iPr to give its salt, Li[MeC(NiPr)2] (5). Li[MeC(NiPr)2] (5) is then acidified with H2O to give 6 which is a liquid and has a boiling point of 115 oC at a reduce pressure of ~0.1 mmTorr.  
     The 1H NMR spectrum in toluene-d8 showed broad signals for all peaks at room temperature. The methyls on the isopropyl appeared at 1.04 ppm. The methyl on the quaternary carbon was seen at 1.43 ppm. Two broad peaks were assigned to the CH and NH protons at 3.33 and 3.74ppm, respectivily.  
     The 13C{1H} NMR spectrum also showed broad peaks at room temperature. Compound 6 was also characterized by mass spectrometry with a m/z = 143.15488 [6+H+] .
     Since all the peaks were broad at room temperature a variable temperate NMR experiment was performed. A 1H and 13C{1H} NMR spectrum was collected from 203 K to 298 K in 5 K intervals. We hoped to be able to get its rate of exchange and be able to calculate its activation parameters. However, due to peak overlap in the 1H NMR these values were not achieved.  
Add 13C VT data?

2.2.2. Synthesis of Ti[MeC(NiPr)2](NMe2)3 (7)
     Ti[MeC(NiPr)2](NMe2)3 (7) was prepared through the aminolysis of Ti(NMe2)4 in a pentane/toluene solution with one equivalent of iPrN(H)C(Me)=NiPr (6) at -30 oC to release HNMe2. Our targeted compound was Ti[MeC(NiPr)2]2(NMe2)2, in order to achieved this compound another equivalent of 6 was added and even heated at 65 oC in order to release the second equivalent of HNMe2. To our surprise the reaction did not follow since there have been a few Ti(IV) bisamidinate bisamide compounds published.17,20   
     The 1H NMR spectrum of 7 in benzene-d6 showed a dublet at 1.02 ppm for the methyl groups on the isopropyl (CHMe2) groups.  A multiplet was seen at 3.37 ppm which corresponds to the CH protons on the isopropyl groups. Two singlets were observed at 1.57 and 3.26 ppm for the Me on the amidinate and amide (NMe2), respectively. 
     The 13C{1H} NMR spectrum of 7 in benzene-d6 showed the methyl carbon on the isopropyl groups at 25.03 ppm.  The CHMe2 was seen at 48.67 ppm.  The NMe2 appeared at 46.42 ppm. The methyl on the amidinate ligand was seen at 10.42 ppm.  The quaternary carbon NC(Me)C was observed at 173.96 ppm.

2.2.3. Mass Spectrometric Studies of Zirconium Complexes
     Zirconium has five stable isotopes (90Zr, 91Zr, 92Zr, 94Zr, and 96Zr; Table 2.1).  In a mass spectrum, it is very easy to see the isotope splitting of a monomer Zr center.  If a Zr dimer is present the isotope splitting becomes even more unique.  In Chapter 3, the spectra of two different Zr dimers are presented.
     Solid powders of 8 and 11 were added to a heated (200 oC) He stream by the sealed end of a capillary tube.  Their spectra can be seen in Figures 2.2 and 2.3.











Table 2.1.  Stable isotopes of zirconium

	Isotope
	Accurate Mass
	% Natural Abundance

	90Zr
	89.9047026(26)
	51.45(2)

	91Zr
	90.9056439(26)
	11.22(2)

	92Zr
	91.9050386(26)
	17.15(1)

	94Zr
	93.9063148(28)
	17.38(2)

	96Zr
	95.908275(4)
	2.80(1)




2.2.4. Synthesis and Mass Spectrum of Zr[MeC(NiPr)2]2Cl2 (8)
          Zr[MeC(NiPr)2]2Cl2 (8) was prepared by reacting two equivalents of 5 with freshly sublimed ZrCl4 in a hexanes solution at -30 oC and then refluxed at 70 oC for six hours. After purification, the raw product was a neon green solid. 
     The 1H NMR spectrum of 8 in benzene-d6 showed a dublet at 1.30 ppm for the methyl groups on the isopropyl groups. A multiplet for the CH groups on the isopropyl groups appeared at 3.34 ppm. A singlet was seen for the methyl on the amidinate ligand at 1.39 ppm.
     The 13C{1H} NMR spectrum showed the methyl groups on the isopropyl groups at 24.51 ppm. The CH atom on the isopropyl groups at 48.63 ppm. The methyl on the amidinate appeared at 10.52 ppm. The quaternary carbon was seen at 178.27 ppm. Devi and coworkers have prepared the Hf analog of 8 and the 1H and 13C{1H} NMR spectra are consistent with what they reported.21
     8 was also characterized by mass spectrometry with a m/z = 443.09 [8+H+].  This compound’s mass spectrum was unique because zirconium has five abundant isotopes and chlorine has three which gives a unique isotope splitting pattern for 8. The predicted spectrum is seen in top of Figure 2.2 and the actual is seen in the bottom of Figure 2.2.

[image: C:\Users\Adam C. Lamb\Documents\Figure Zr[]2Cl2.tif]
Figure 2.2. (Top) Calculated and (Bottom) Observed MS for [8+H+].

2.2.5. Synthesis of Zr[MeC(NiPr)2](NMe2)3 (9)
     Zr[MeC(NiPr)2](NMe2)3 (9) was prepared by adding one equivalent of 6 to 1 and one equivalent of HNME2 was released. This reaction was kept at -50 oC for 4 hours, 6 and 1 were also diluted with pentane and addition of 6 to 1 was very slow because compound 10 would form. After purification, the yield of the raw product was 53%.
     The 1H NMR spectrum of 9 in benzene-d6 showed a doublet for the methyls on the isopropyl group at 1.04 ppm. Two singlets were seen at 1.52 and 3.09 ppm for the methyl on the amidinate and the methyl on the amide, respectively.  A mulitiplet was seen for the CH of the isopropyl groups at 3.34 ppm.
     The 13C{1H} NMR spectrum showed a peak at 10.48 ppm which was assigned to the methyl on the amidinate. The peak at 25.02 ppm accounts for the methyls on the isopropyl group. The amide methyls appear at 42.62 ppm. The quarternary carbon was seen at 175.42 ppm.

2.2.6. Synthesis of Zr[MeC(NiPr)2]2(NMe2)2 (10)
     Zr[MeC(NiPr)2]2(NMe2)2 (10) has been prepared by three different routes with increasing yields.  The first route was prepared by reacting ZrCl4 with two equivalents of LiNMe2 followed by two equivalents of Li[MeC(NiPr)2] (5).  The byproducts for both reaction steps were two equivalents of LiCl (Scheme 2.5).  This route was very messy with lots of impurity peaks and 10 was characterized by 1H NMR.  The yield was less than 5% according to 1H NMR integration.



Scheme 2.5. First route to prepare 10.

     In route two, the order of the reactants were switched. First, two equivalents of 5 was added to ZrCl4 to make the intermediate compound Zr[MeC(NiPr)2]2Cl2 (8) followed by two equivalents of LiNMe2. Purification of 10 by route two led to a 22% yield. The byproducts for both reaction steps were two equivalents of LiCl Scheme 2.6).  



Schem 2.7. Second route to prepare 10.

     Route three was prepared by reacting four equivalents of LiNMe2 with freshly sublimed ZrCl4 to give Zr(NMe2)4 (1).21 Two equivalents of compound 6 was added to 1 and two equivalents of HNMe2 were released as a byproduct (Scheme 2.7). After purification of the raw product the yield was >95% and the solid product passed elemental analysis. This is the route chosen throughout this dissertation. 
     The 1H NMR spectrum of 10 in benzene-d6 shows a doublet at 1.18 ppm for the methyl groups on the isopropyl group of the amidinate. Two singlets appear at 1.58 and 3.23 ppm for the methyl group on the quatnery carbon and the methyl groups on the amide ligand, respectively. A multiplet appears at 3.45 ppm for the CH atoms on the isopropyl group. These observations sugest that 10 is exchanging very rapidly at room temperature and undergoes exchange by the Bailar twist mechanism.22 The Bailar twist mechanism occurs when two enantiomers exchange very rapidly at room temperature and goes through a trigonal-prismatic intermediate (Scheme 2.9) and in this case all the isopropyl groups are equivalent. Our group has studied this twisting mechanism with a similar Zr(IV) bisamidinate bisamide, Zr[MeC(NCy)2]2(NMe2)2, by performing a variable-temperature NMR spectroscopy.17 The exchange in 10 was not studied further.
     The 13C{1H} NMR spectrum shows a peak at 11.31 ppm for the methyl group on the quatnery carbon of the amidinate ligand. The methyl groups on the isopropyl appear at 25.61 ppm. The methyl groups of the amide ligand are seen at 46.10 ppm. The CH atom on the isopropyl groups appear at 48.34 ppm. The quartnery carbon of the amidinate ligand appears at 175.07 ppm.


Scheme 2.8. Third route to prepare 10 and 12.



Scheme 2.9. Bailar twist mechanism for the exchange in 10.
  


2.2.7. Synthesis of Zr[MeC(NiPr)2](NEt2)3 (11)
     Zr[MeC(NiPr)2](NEt2)3 (11) was made by reacting one equivalent of 6 with Zr(NEt2)4 and HNMe2 was released as a byproduct.  Unlike its NMe2 analog 9, this reaction was carried out at room temperature.  After purification, the crude product was a yellow solid and the yield was 91%.
    The 1H NMR spectrum of 11 in benzene-d6 showed a doublet at 1.12 ppm for the methyls on the isopropyl group. A triplet appeared for the methyls of the amide at 1.20 ppm. A singlet appeared at 1.53 ppm was assigned to the methyl on the amidinate. A multiplet was seen for the CH of the isopropyl group at 3.37 ppm. A quintet was seen for the CH2 of the amide at 3.46 ppm.
      The 13C{1H} NMR spectrum shows a peak at 10.89 ppm for the methyl on the amidinate ligand. The peak at 15.90 ppm was assigned to the methyls on the amide. The isopropyl group methyls appeared at 25.22 ppm. The CH2 carbon of the amide appeared at 44.49 ppm. The CH carbon of the isopropyl group appeared at 47.82 ppm. The quartneray carbon of the amidinate appeared at 175.08 ppm.

2.2.8. Synthesis of Zr[MeC(NiPr)2]2(NEt2)2 (12)
     Zr[MeC(NiPr)2]2(NEt2)2 (12) was prepared like its NMe2 analog 10 seen in Scheme 2.8.  After purification, the yield was 92% and the raw product passed elemental analysis. At room temperature, the 1H NMR spectrum of 12 in benzene-d6 showed broad peaks for N(CH2CH3)2, CHMe2, and CHMe2. In the 13C{1H} NMR spectrum there are two broad peaks which account for CHMe2 and CHMe2.  Mass spectrometry was also used to characterize 12 and a m/z = 444.26 [12-NEt2+] in which 12 was ionized and lost an ethyl amide.  
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Figure 2.3. (Top) Calculated and (Bottom) Observed MS for [12-NEt2+].

2.2.9. Variable-Temperature NMR studies of Zr[MeC(NiPr)2]2(NEt2)2 (12)
     Since at room temperature some peaks were broad, it was of interest to see at what temperature these peaks would split into their respective splitting patterns. Once they have split we could also see at what temperature coalescence occurs and calculate the activation parameters of compound 12.
     One contributing factor to the fluxionality is the bulky NEt2 groups which slow down the rotation compared to its NMe2 analog 10. To help clarify this fluxional behavior, a variable-temperature 1H NMR experiment was carried out for 12. As the temperature was lowered to 213 K, decoalesce of all peaks occurred. At 213 K, four doublets appear for the isopropyl (CHMe2) groups at 25.93, 25.91, 25.52, 23.52 ppm. Two signals for CHMe2 appear at 3.47 and 3.32 ppm. Two signals for NCH2CH3 appear at 3.96 and 3.64 ppm. 
     To our surprise, the methyls on CHMe2 separated out to four dublets and two of them were overlapping with the methyls on N(CH2CH3)2. This was also confirmed by 13C{1H} NMR spectrum in which we see four peaks for CHMe2 and low temperature 2D NMR (HMBC, HSQC) experiments, discussed in Section 2.2.10.   
     The coalescence temperature was 303 K and the ΔG‡303 K value was calculated to be ?.??(?.?) kcal mol-1 which is very close to a similar Zr(IV) complex containg two bis(cyclohexyl)amidinate and two NEt2 ligands.17  The rate constants of this interconversion of 12 at various temperatures were calculated from Eq. 2.1:



Eq 2.1. Used to calculate the rate constant of interconversion of 12.

(where 0 and  are frequency differences (Hz) between the site of the slow exchange limit and the exchange-broadened sites at temperature T, respectively.), and are given in Table 2.2. The frequency differences (Hz) were taken from the two CHMe2 on the isopropyl group and used in Eq 2.1. Partial VT 1H NMR spectra of CHMe2 and N(CH2CH3)2 can be seen in Figure 2.5. The activation parameters of the exchange was determined with an Erying plot (Figure 2.4) to give: ΔH‡ = 11.4(1.1) kcal mol-1 and ΔS‡ = 9.7(3.7) eu. This fluxional along with the activation parameters can be explained by the Bailar twist mechanism.23  
     At 23oC, the 13C{1H} NMR spectrum of 12 in toluene-d8 also show a dynamic feature in which the CH and CHMe2 resonances are broad at 48.27 and 25.67 ppm, respectively where as at 213 K two sharp CH peaks at 48.14 and 47.55 ppm and four sharp CHMe2 appear at 25.93, 25.91, 25.52, 23.52 ppm.    
     






Table 2.2. Rate constants of interconversions in 12.

	T (K)
	 (Hz)
	k (s-1)

	303
	0
	280

	298
	33.8
	237

	293
	50.7
	166

	288
	57.8
	112

	283
	60.4
	80

	278
	62.2
	45




[image: ]
Figure 2.4. Erying Plot of 12 to determine its activation parameters of the exchange.


[image: ]
Figure 2.5. Partial VT 1H spectra of 12 in toluene-d8.



2.2.10. 2D NMR studies of Zr[MeC(NiPr)2]2(NEt2)2 (12)
     After integration of the 1H NMR spectrum of 12 at 213 K, the integration values for the methyls on the isopropyl group and amide did not match what was expexted (Figure 2.6).  Also, in the 13C{1H} NMR spectrum four peaks appear in the CHMe2 range which suggests there is peak overlap for the methyls on the isopropyl groups. A similar Zr(IV) guandinate complex, (Et2N)2Zr[iPrNC(NEt2)NiPr]2,30 the 1H NMR spectrum at room temperature shows four doublets for the methyls on the isopropyl groups.  With this knowledge, a HMBC and HSQC NMR experiments were conducted at 213 K.  In the HSQC, the four isopropyl groups in the 13C{1H} NMR spectrum relates to their corresponding protons in the 1H NMR (Figure 2.7). In the HMBC, two different methyl groups on the isopropyl groups are connected to its respective CH of the isopropyl group (Figure 2.8).


Figure 2.6. 1H NMR spectrum of 12 in toluene-d8 at 213 K.


Figure 2.7. HSQC of 12 in toluene-d8 at 213 K. Relates the corresponding protons to their respective carbon for the methyl groups on the isopropyl group.

Figure 2.8. HMBC of 12 in toluene-d8 at 213 K. (I need to talk to Carlos, the file I have doesn’t make sense with the spectra he gave me.)

2.3. Concluding Remarks
     Several Group 4 amidinate amide complexes have been discussed in this section. Zr[MeC(NiPr)2]2(NMe2)2 (10) has been synthesized by three different routes. The route that had the highest yield was through the aminolysis of an amidine and metal amide. This route was used to make all other Group 4 amidinate amide complexes. It would be interesting to study the reactivity of these compounds towards O2 and potentially see if any unusual products form. Compounds 10 and 12 and their reactivity towards O2 and water will be discussed in Chapter 3.
     Also, compound 12 revealed interesting structural features and several NMR techniques were used to characterized 12. A variable temperature NMR experiment was conducted and its activation parameters were calculated to give ΔH‡ = 11.4(1.1) kcal mol-1 and ΔS‡ = 9.7(3.7) eu.  

2.4. Experimental Section
	All manipulations were carried out under a dry nitrogen atmosphere with the use of either a glovebox or standard Schlenk techniques. All glassware was flamed dried under vacuum. N,N’-Diisopropylcarbodiimide, LiNMe2 and MeLi (1.6M in Et2O) were purchased from Acros and used without further purification. Solvents were purified by distillation from a potassium benzophenone ketyl. NMR solvents were dried and stored over 5 Å molecular sieves. TiCl4 was purchased from ??? and distilled before use.   ZrCl4 was purchased from Strem and sublimed before use. Ti(NMe2)4, Zr(NMe2)4, Hf(NMe2)4 and Zr(NEt2)4 were prepared according to literature.21,22 Deionized H2O was degassed and stored in a Schlenk flask. 1H and 13C{1H} NMR spectra were recorded on a  AMX-400 FT or Varian VNMRS-500 spectrometer. Elemental analyses were conducted by Complete Analysis Laboritories, Inc., Parsippany, NJ. Mass spectra were recorded on a JEOL AccuTOF™ DART Mass Spectrometer.  

2.4.1. Calculating error in Variable-Temperature NMR studies
          The activation parameters determined from the Eyring plot, were obtained by using the average rate constants which were obtained through two separate experiments at a given temperarute and their averages are listed in Table 2.2. The enthalpy ΔHo and enthropy ΔSo were derived from -RT lnKeq = ΔHo - T ΔSo. The maximum random uncertainty in the equilibrium constants was combined with the estimated systematic uncertainty of 5%. The total uncertainties in the equilibrium constants Keq were used in the ln(Keq/T) vs. 1000/T plot  in Figure 2.4 and error calculations. The NMR probe temperature measurements contribute to an estimated uncertainty of 1 K. The uncertainties in ΔH‡ and ΔS‡ were calculated from the following error formulas which were derived from Rln(kh/kbT) = - ΔH‡/T + ΔS‡.






where ΔL = [ln(kmax/Tmax) – ln(kmin/Tmin)] and ΔT = (Tmax – Tmin).

2.4.1. Synthesis of Li[MeC(NiPr)2] (5)
     Compound 5 was prepared by the addition of MeLi ( 33.5 mL, 1.6M in Et2O, 53.70 mmol) to iPrN=C=NiPr ( 6.7654 g, 53.61 mmol) and 40 mL of Et2O at room temperature. The solution was allowed to stir overnight and the volatiles were removed in vacuo at room temperature affording a white solid.  The solid was washed with pentane and volatiles were removed in vacuo to afford , Li[MeC(NiPr)2] (5) ( 5.8944 g,  39.78 mmol,  74.21% yield). Compound 5 is not soluble in benzene-d6. 1H NMR (tetrahydrofuran-d8, 499.73 MHz, 23 oC): δ 3.45 (m, 2H, CHMe2), 1.75 (s, 3H, NC(Me)N), 0.95 (d, 12H, CHMe2);  13C{1H} NMR (tetrahydrofuran-d8, 125.67 MHz, 23 oC) δ 168.97 (NC(Me)N), 47.96 (CHMe2), 27.63 (CHMe2), 10.79 (NC(Me)N). 1H and 13C{1H} NMR assignments were confirmed by DEPT and HSQC experiments.

2.4.2. Synthesis of iPrN(H)C(Me)=NiPr (6)
      Li[MeC(NiPr)2] (5) (5.8932 g, 39.77 mmol) was dissolved in THF (50 mL) and H2O (0.80 mL, 0.80 g, 44.42 mmol ) was added via syringe. The solution was allowed to stir for 20 minutes and Et2O (100 mL) was added. Na2SO4 was added to the solution and stirred for 12 h, followed by distillation. 1H NMR (benzene-d6, 400.17 MHz, 23 oC): δ 3.85 (br, 2H, CHMe2), 3.01 (br, 1H, NH), 1.36 (s, 3H, NC(Me)N), 1.13 (d, 12H, CHMe2);  13C{1H} NMR (benzene-d6, 100.62 MHz, 23 oC) δ 151.58 (NC(Me)N), 45.29 (br, CHMe2), 24.22 (CHMe2), 15.71 (NC(Me)N).  1H NMR (toluene-d8, 400.17 MHz, 23 oC): δ 3.74 (br, 1H, NH), 3.33 (br, 2H, CHMe2), 1.43 (s, 3H, NC(Me)N), 1.04 (d, 12H, CHMe2);  13C{1H} NMR (toluene-d8, 100.62 MHz, 23 oC) δ 151.55 (NC(Me)N), 45.18 (br, CHMe2), 24.18 (CHMe2), 15.47 (NC(Me)N).  1H NMR (toluene-d8, 400.17 MHz, -65 oC): δ 4.71 (br, 1H, NH), 4.28 (m, 1H, CHMe2), 3.47 (m, 1H, CHMe2), 1.60 (s, 3H, NC(Me)N), 1.23-1.21 (d, 6H, CHMe2), 1.11 (d, 6H, CHMe2);  13C{1H} NMR (toluene-d8, 100.62 MHz, -65 oC) δ 152.11 (NC(Me)N), 49.04 (CHMe2), 41.10 (CHMe2), 25.58 (CHMe2), 22.54 (CHMe2), 15.79 (NC(Me)N).  DART-MS: Calculated m/z = 143.15482 [6+H+], Found m/z = 143.15488 [6+H+]; 0.419ppm difference. Bp: 115 oC at ~0.1 Torr. 

2.4.3. Synthesis of Ti[MeC(NiPr)2](NMe2)3 (7) 
     Ti(NMe2)4 (2.5965 g, 11.58 mmol) was dissolved in toluene (50 mL) and cooled to -30 oC.  Compound  6 (1.4856 g, 10.44 mmol) was dissolved in THF (50 mL) and added dropwise to the toluene solution of Ti(NMe2)4.  The solution was stirred for 12 h and volatiles removed in vacuo affording a red-orange liquid (3.3497 g, 10.42 mmol, 90.00% yield). 1H NMR (benzene-d6, 400.17 MHz, 23 oC): δ 3.37 (m, 4H, CHMe2), 3.26 (s, 18H, NMe2), 1.58 (s, 6H, NC(Me)N), 1.04,1.02 (d, 24H, CHMe2);  13C{1H} NMR (benzene-d6, 100.62 MHz, 23 oC): δ 173.97 (NC(Me)N), 48.67 (CHMe2), 46.42 (NMe2), 25.02 (CHMe2), 10.42 (NC(Me)N). 1H and 13C{1H} NMR assignments were confirmed by DEPT experiments.  

2.4.4. Synthesis of Zr[MeC(NiPr)2]2Cl2 (8)
     A hexanes and freshly sublimed ZrCl4 (3.436 g, 14.74 mmol) slurry was cooled to -35 oC. Li[MeC(NiPr)2] (5) (4.2264 g, 28.52 mmol) was dissolved in hexanes and added dropwise to the hexanes slurry of ZrCl4. The solution was refluxed for 6 h. The solution was filtered and volatiles removed in vacuo affording a bright green solid (4.4897 g, 10.10 mmol 68.49 % yield). 1H NMR (benzene-d6, 400.17 MHz, 23 oC): δ 3.34 (m, 2H, CHMe2), 1.39 (s, 3H, NC(Me)N) 1.31,1.29 (d, 12H, CHMe2); 13C{1H} NMR (benzene-d6, 100.63 MHz, 23 oC): δ 178.06 (NC(Me)N), 48.42 (CHMe2), 24.29 (CHMe2), 10.33 (NC(Me)N). 1H and 13C{1H} NMR assignments were confirmed by HSQC experiments. DART-MS: m/z = 443.09 [8+H+].

2.4.5. Synthesis of Zr[MeC(NiPr)2](NMe2)3 (9)
     Zr(NMe2)4 (1.1043 g, 4.1278 mmol) was dissolved in 50 mL pentane and cooled to -50 oC. Compound  6 (0.5847 g, 4.1105 mmol) was dissolved in 50 mL pentane and added dropwise to the pentane solution of Zr(NMe2)4 (1) and kept cooled for 4 h.  The solution was warmed to room temperature and stirred for an additional 12 h and volatiles removed in vacuo affording a yellow solid (0.8047 g, 2.2066 mmol 53.46% yield). 1H NMR (benzene-d6, 399.17 MHz, 23 oC): δ 3.34 (m, 4H, CHMe2), 3.09 (s, 18H, NMe2), 1.52 (s, 3H, NC(Me)N), 1.04 (d, 12H, CHMe2); 13C{1H} NMR (benzene-d6, 100.63 MHz, 23 oC): δ 175.42 (NC(Me)N), 47.87 (CHMe2), 42.62 (NMe2), 25.02 (CHMe2), 10.48 (NC(Me)N). 1H and 13C{1H} NMR assignments were confirmed by DEPT experiments.  

2.4.6. Synthesis of Zr[MeC(NiPr)2]2(NMe2)2 (10)
     Zr(NMe2)4 (1) (1.6011 g, 5.984 mmol) was dissolved in 50 mL pentane and cooled to -30 oC. Compound  6 (1.7583 g, 12.36 mmol) was dissolved in 50 mL pentane and added dropwise to the pentane solution of Zr(NMe2)4 (1). The solution was stirred for 12 h and volatiles removed in vacuo affording a yellow solid (2.7640 g, 5.985 mmol 95.64% yield). 1H NMR (benzene-d6, 399.17 MHz, 23 oC): δ 3.45 (m, 4H, CHMe2), 3.23 (s, 12H, NMe2), 1.58 (s, 6H, NC(Me)N), 1.19,1.16 (d, 24H, CHMe2); 13C{1H} NMR (benzene-d6, 100.63 MHz, 23 oC): δ 175.07 (NC(Me)N), 48.34 (CHMe2), 46.10 (NMe2), 25.61 (CHMe2), 11.31 (NC(Me)N). 1H and 13C{1H} NMR assignments were confirmed by DEPT, HMBC and HSQC experiments. Anal. Calcd: C, 52.01; H, 10.04. Found: C, 51.86; H, 9.98.

2.4.7. Synthesis of Zr[MeC(NiPr)2](NEt2)3 (11)
     This reaction was followed in a J. Young’s tube and carried out in the glovebox. Zr(NEt2)4 (0.0280 g, 0.0737 mmol) was dissolved in 1 mL of benzene-d6. Compound 6 (0.0102 g, 0.0717 mmol) was added to a vial and dissolved in 1 mL of benzene-d6 and added dropwise via pipette to the solution of Zr(NEt2)4. The solution was  allowed to be mixed and volatiles removed in vacuo affording a yellow solid (0.0302g, 0.0673 mmol,  91.30% yield). 1H NMR (benzene-d6, 499.73 MHz, 23oC): δ 3.46 (q, 12H, N(CH2CH3)2), 3.37  (m, 2H, CHMe2), 1.53 (s, 3H, NC(Me)N), 1.20 (t, 18H, N(CH2CH3)2), 1.13,1.12 (d, 12H, CHMe2).  13C{1H} NMR (benzene-d6, 125.67 MHz, 23oC): δ 175.08 (NC(Me)N), 47.82 (CHMe2), 44.49 (N(CH2CH3)2), 25.22 (CHMe2), 15.90 (N(CH2CH3)2), 10.89 (NC(Me)N). 1H and 13C{1H} NMR assignments were confirmed by a HSQC experiment.  Anal. Calcd: C, 46.36; H, 8.57. Found: C, ??.??; H, ??.??.

2.4.8. Synthesis of Zr[MeC(NiPr)2]2(NEt2)2 (12)
     Zr(NEt2)4 (2.3435 g, 6.171 mmol) was dissolved in 50 mL of pentane and cooled to -30 oC. Compound 6 (1.7608 g, 12.38 mmol) was dissolved in 50 mL of pentane and added dropwise to the pentane solution of Zr(NEt2)4. The solution was stirred for 12 h and volatiles removed in vacuo affording a yellow solid (2.9536 g, 5.702 mmol  92.4% yield). 1H NMR (benzene-d6, 400.17 MHz, 23oC): δ 3.71 (br, 8H, N(CH2CH3)2), 3.46  (br, 4H, CHMe2), 1.59 (s, 6H, NC(Me)N), 1.20 (br, 24H, CHMe2), 1.10 (t, 12H, N(CH2CH3)2). 13C{1H} NMR (benzene-d6, 100.62 MHz, 23oC): δ 173.35 (NC(Me)N), 48.04 (CHMe2), 41.67 (N(CH2CH3)2), 25.62 (CHMe2), 13.69 (N(CH2CH3)2), 11.90 (NC(Me)N). 1H NMR (toluene-d8, 400.08 MHz, 23 oC): δ 3.68 (br, 8H, N(CH2CH3)2), 3.46  (br, 4H, CHMe2), 1.61 (s, 6H, NC(Me)N), 1.26 (br, 24H, CHMe2), 1.09 (t, 12H, N(CH2CH3)2). 13C{1H} NMR (toluene-d8, 100.60 MHz, 23 oC): δ 172.64 (NC(Me)N), 48.27 (br, CHMe2), 41.65 (N(CH2CH3)2), 25.67 (br, CHMe2), 13.68 (N(CH2CH3)2), 11.81 (NC(Me)N). 1H NMR (toluene-d8, 400.08 MHz, -60 oC): δ 3.95 (m, 4H, N(CH2CH3)2), 3.62 (m, 4H, N(CH2CH3)2), 3.47 (m, 2H, CHMe2), 3.32 (m, 2H, CHMe2),  1.53 (s, 6H, NC(Me)N), 1.42-1.43 (d, 6H, CHMe2), 1.36-1.37 (d, 6H, CHMe2), 1.14-1.15 (d, 6H, CHMe2), 1.13-1.14 (d, 6H, CHMe2), 1.13 (t, 12H, N(CH2CH3)2). 13C{1H} NMR (toluene-d8, 100.60 MHz, -60 oC): δ 173.14 (NC(Me)N), 48.15 (CHMe2), 47.55 (CHMe2), 41.11 (N(CH2CH3)2), 25.93 (CHMe2), 25.91 (CHMe2), 25.53 (CHMe2), 23.52 (CHMe2), 13.30 (N(CH2CH3)2), 11.27 (NC(Me)N). 1H and 13C{1H} NMR assignments were confirmed by HMBC and HSQC experiments. Anal. Calcd: C, 55.65; H, 10.51; N, 16.23. Found: C, 55.49; H, 10.40; N, 16.17. 
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