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Abstract 

Multidentate oxazoline based ligands have played a critical role in transition metal 

chemistry. They have several key advantages over many other ligands: (i) strong chelating 

ability, (ii) chiral versions readily synthesized from commercially available amino acids, (iii) 

the chirality is in close proximity to the metal center. With this in mind, we set out to design 

new bis(oxazoline) ligands that would cyclometalate with late-metal centers and 

tris(oxazoline) ligands for d0 metal centers. 

We synthesized new achiral [bis(4,4-dimethyl-2-oxazolinyl)propane], ProboxMe2, and 

chiral [bis(4R-phenyl-2-oxazolinyl)propane], ProboxPh, ligands for use as pincer complex 

proligands. While the isopropyl derivative, ProboxiPr, was known, no transition metal 

complexes containing these ligands have been reported. We attempted to synthesize 

palladium pincer complexes with ProboxMe2 and ProboxiPr but isolated thermally robust 

dipalladium(II) macrocycles of the form [(Probox)PdCl2]2. Attempts with rhodium provided a 

similar rhodium(I) macrocycle with ProboxPh. Finally, a rhodium(III) pincer complex is 

obtained with ProboxMe2. The spectroscopic and structural characteristics along with their 

reactivity are described. 

Since cyclometalation of Probox based ligands proved to be much more difficult than 

anticipated, we changed gears to tris(oxazolinyl)phenylborate ligands. Our group had 

reported the synthesis of achiral tris(4,4-dimethyl-2-oxazolinyl)phenylborate, ToM, and chiral 

tris(4S-isopropyl-2-oxazolinyl)phenylborate, ToP, along with the synthesis of several metal  

complexes containing these ligands. Unfortunately, we found that the isopropyl group in ToP, 

when coordinated to a metal, rotates away from the metal center, presumably to avoid steric 

interactions with the metal center, thus lessening the stereochemical control during 

asymmetric transformations. We decided to design a new chiral tris(oxazolinyl)phenylborate 
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ligand with tert-butyl groups at the 4-position on the oxazoline ring with the anticipation that 

the tert-butyl group will remain in close proximity to the metal center. Magnesium and 

calcium complexes bearing this ligand have been prepared and used as catalysts for the 

asymmetric hydroamination/cyclization of aminoalkenes with moderate success. We 

observed high conversion to the corresponding pyrrolidines with % ee’s that were 

significantly higher than any other group 2-catalyst system to date. 

ToMMgMe was found to be an efficient precatalyst for the cross-dehydrocoupling of 

amines and silanes. With evidence gathered through kinetic investigations, including a 

Hammett plot, a new mechanism was proposed that involves a nucleophilic attack of the 

magnesium amide on the silane followed by hydrogen transfer to magnesium and 

displacement of the newly formed silazanes. Rapid protonolysis of the magnesium hydride 

with amine completed the catalytic cycle. Additionally, kinetic studies on the action of 

ToMMgMe with PhSiH3 were also conducted. These included Eyring analysis, isotope effect, 

and a Hammett plot; these data provided evidence that this process is very similar to the Si–

N bond forming reactions catalyzed by ToMMgMe. Additionally, preliminary studies on 

catalytic hydrosilylation using ToMMgMe and ToMMgMe with B(C6F5)3 as precatalysts are 

reported. 
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Chapter 1: Ligand effects on organomagnesium compounds 

General Introduction 

The design of new ligands for catalytic reactions is a continuous process 

because of the need to improve existing transformations while developing new reactions 

for organic synthesis. The synthesis of a single ligand class that can be easily modified 

to control the steric and electronic features of the metal complexes would be ideal. 

Additionally, a ligand that can stabilize reactive metal compounds (i.e. reaction 

intermediates) would be beneficial for mechanistic studies. In this vein, we have worked 

to synthesize new oxazoline based ligands for late transition metal and alkaline earth 

metal complexes. This thesis describes the synthesis of a new class of bis(oxazoline) 

ligands and their reactivity with palladium and rhodium metal centers; as well as the 

design of a new chiral tris(oxazolinyl)phenylborate ligand for magnesium and calcium 

and the action of these alkaline earth metal complexes in the hydroamination/cyclization 

of aminoalkenes. The design of these two ligands is centered on their ability to facially 

coordinate to the metal center.  

Ever since Parkin and co-workers published their first work on isolated single site 

magnesium complexes containing the bulky tris(pyrazolyl)hydroborate ligands (Eq. 1-1),1 

a multitude of reports investigating the reactivity of well defined magnesium species 

have appeared.2-23  
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(Eq. 1-1) 

 Grignard reagents are very important tools in organic and organometallic 

chemistry; however, the development of new organomagnesium mediated reactions is 

complicated by the uncertainty of the active species in solution.1, 24 Several monometallic 

solid state structures of Grignard reagents began to appear in the literature in the 

1960’s,24 but the structure of Grignards in the solution state are more ambiguous for 

several reasons. First is the existence of the Schlenk equilibrium (Eq. 1-2)25 and the 

several factors (e.g. solvent, temperature, and additional donor ligands)26-27 that control 

the position of the equilibrium. Grignard reagents have a tendency to aggregate to form 

multimetallic complexes in donor solvents (e.g. Et2O or THF), and form ‘ate’ complexes 

when mixed with alkali metal compounds (e.g. n-butyllithium).  

 

(Eq. 1-2) 

The strong influence of the chelating ligand on the position of the Schlenk 

equilibrium is exemplified by the TpRMg chemistry. The very bulky TptBuMgMe (TptBu = 

tris(3-tert-butylpyrazolyl)hydroborate) exists as a monomer in solution and in the solid 

state. Thermolysis of TptBuMgMe at 120 °C for 7 days results in isolation of only starting 

material. In contrast, Tp*MgMe (Tp* = tris(3,5-dimethylpyrazolyl)hydroborate) is isolated 

as a monomer but can be converted to (Tp*)2Mg and MgMe2 upon heating to 80 °C.  
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 Parkin’s first reports were focused on the synthesis of TptBuMgR (R = CH3, 

CH2CH3, CH2(CH2)2CH3, CH(CH3)2, C(CH3)3, CH2Si(CH3)3, CH=CH2, C6H5)4 followed by 

reports focused on the stoichiometric reactivity of TptBuMgR.1-3, 5 As shown in (Eq. 1-3), 

TptBuMgMe undergoes alkane elimination with a variety of protic reagents. Interestingly, 

TptBuMgMe does not react with ketones (with α-protons) via 1,2-addition as is typical for 

Grignard reagents, but deprotonates the α-carbon on the ketone to generate the 

magnesium enolate complex.5  

 

(Eq. 1-3) 

 Magnesium has been used as a catalyst for many decades, but its use was 

limited to heterogeneous catalysts generally consisting of magnesium oxide28-30 and 

silica/alumina supported magnesium.31-33 Remarkably, there was little development in 

the catalytic chemistry of isolated magnesium species until the work by Chisholm and 

co-workers. Using TptBuMgOEt, they were able to achieve very high activity in the area of 
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ring-opening polymerization (ROP) of L-, rac- and meso-lactide such that only lanthanide 

alkoxides reported by scientists at DuPont were more active.8-11, 34-35 

 Concurrently, a different type of ligand was being used to isolate group 2 metal 

complexes. β-diketiminates with differing N-substituents were utilized to synthesize 

heteroleptic and homoleptic magnesium complexes (Eq. 1-4).16, 36-37 β-diketiminate and 

similar aminotroponiminate16, 38 ligands have been used to synthesize numerous group 2 

metal complexes.11, 17-19, 39 

 

(Eq. 1-4) 

 Recently, Hill and co-workers reported the first example of group 2-catalyzed 

cyclization of aminoalkenes via hydroamination using β-diketiminate ligands on 
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recent years include hydrophosphination (Ca, Sr, Ba)41-42, dearomatization of pyridine 

and pyridine derivatives (Mg),13, 15 hydroboration (Mg),14 dehydrocoupling of ammonia-

borane (Mg, Ca),22-23, 43-44 and hydrosilylation (Ca).45 

 Until very recently, calcium was the primary metal center for group 2-catalyzed 

transformations. However, the recent developments previously mentioned has prompted 

us to investigate magnesium-catalyzed transformations containing 

tris(oxazolinyl)phenylborate ligands developed in our research group.  

Recently our group reported the synthesis of an achiral tris(4,4-dimethyl-

oxazolinyl)phenylboratomagnesium methyl compound (ToMMgMe) that is active for the 

catalytic hydroamination/cyclization of aminoalkenes.46 Based on kinetic studies and the 

isolation of magnesium amide intermediates, a concerted, non-insertive mechanism 

involving a six-membered transition state was favored over the proposed mechanism for 

rare earth/early metal catalyzed hydroamination/cyclization that consists of olefin 

insertion into the magnesium amide bond.47 

Based on these developments, we began working on the synthesis of a new 

monoanionic bis(oxazoline) ligand that contained an aliphatic backbone. Upon 

cyclometalation, this ligand can adopt a fac-coordination geometry similar to ToM. 

Additionally, our group had synthesized a chiral version of ToM that contained isopropyl 

groups on the oxazoline ring; however, racemic pyrrolidines were obtained when 

ToPY(CH2SiMe3)2 (ToP = tris(4S-isopropyl-2-oxazolinyl)phenylborate) was used as the 

precatalyst for the hydroamination/cyclization of aminoalkenes.48 Crystal structures of 

ToPM(CO)3 (M = Re, Mn) revealed that the isopropyl groups are oriented such that the 

methine CH and not a methyl group on each oxazoline ring was directed toward the 

metal center.49  
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Therefore, we embarked on the synthesis of a tert-butyl substituted 

tris(oxazolinyl)phenylborate ligand for magnesium and calcium mediated 

enantioselective cyclization of aminoalkenes via hydroamination. Finally, the ability to 

isolate single site magnesium compounds bearing the ToM ligand allows us to study the 

reactions of magnesium alkyl and amide species with silanes and develop a mechanism 

for the Si–N and Si–C bond formation. 

Thesis outline 

This thesis is comprised primarily of a discussion of new oxazoline-based ligands 

and their transition metal and alkaline earth metal chemistry. Because the thesis 

contains a wide variety of topics, relevant literature is reviewed at the beginning of each 

chapter. 

Chapter 2 examines the synthesis of new bis(oxazoline) ligands and attempts to 

synthesize pincer complexes of palladium and rhodium. The structural details of the 

metal complexes and their reactivity are discussed. Chapter 3 examines the difficulties 

encountered while attempting to synthesize a new chiral tris(oxazolinyl)phenylborate 

ligand and the method that is ultimately successful. Magnesium and calcium alkyl 

complexes of this new ligand are prepared and the structural details of the magnesium 

complex are discussed. Finally, asymmetric catalytic hydroamination/cyclization is 

investigated with these new chiral magnesium and calcium complexes.  

Chapter 4 consists of collaborative work with Debabrata Mukherjee and Dr. 

James Dunne. Several new ToMMg complexes of nitrogen, phosphorus, and sulfur have 

been synthesized and their reactivity with silane explored. Kinetic studies on the catalytic 

reaction between t-BuNH2 and PhMeSiH2 with ToMMgMe as the precatalyst as well as 

insight gathered from a Hammett plot of phenyl(para-substituted-phenyl) silanes of the 
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form Ph(aryl)SiH2 are discussed. This data allows us to propose a nucleophilic attack 

mechanism for the Si–N bond formation step. All contributions from Debabrata 

Mukherjee have been removed from this thesis. Some details of Dr. James Dunne’s 

work, the scope of aminolysis of silanes as well as stoichiometric kinetics between 

ToMMgNHtBu and PhMeSiH2, are included for reference.  

Finally, Chapter 5 discusses the reactivity of ToMMgMe in the presence of silanes 

and kinetic studies on the Si–C bond formation. Catalytic hydrosilylation using ToMMgMe 

as the precatalyst is studied as well as the effect of B(C6F5)3 on both the stability of 

ToMMgH and the hydrosilylation catalysis. All work discussed in Chapter 5 was done by 

Steven Neal. 
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Chapter 2: Palladium and rhodium complexes containing 1,3-bis(oxazolinyl)propyl 

(Probox) ligands: Macrocycles and pincer compounds 

Modified from a paper published in Polyhedron* 

Steven R. Neal†, Jooyoung Yoo‡, Arkady Ellern, Aaron D. Sadow 

Iowa State University, Department of Chemistry, 1605 Gilman Hall, Ames, IA  50011 

Abstract 

New chiral 1,3-bis(4R-phenyl-2-oxazolinyl)propane (ProboxPh) and achiral 1,3-

bis(4,4-dimethyl-2-oxazolinyl)propane (ProboxMe2) ligands have been prepared by 

Cd(OAc)2-catalyzed condensation reactions. These ligands, and the known isopropyl 

derivative ProboxiPr, react with [PdCl2(NCPh)2] and [RhCl(η2-C8H14)2]2 to form 16-

membered bimetallic macrocycles. Additionally, ProboxMe2 and RhCl3 react to form a new 

monoanionic ‘NCN’ pincer complex (κ3-N,C,N-ProboxMe2)RhCl2. The structures of new 

palladium(II) and rhodium(I) macrocycles with the Probox ligands are confirmed by X-ray 

crystallography, and natural abundance 15N 2D NMR experiments probe oxazoline 

coordination to the metal centers in solution. Addition of a weakly donating water ligand 

to (κ3-N,C,N-ProboxMe2)RhCl2 gives a six-coordinate compound with a mer-Probox 

configuration, whereas PMe3 coordination provides a single fac-coordinated Probox 

isomer. 
                                                                                                                                              
* Reprinted from Polyhedron, 29, Neal, S. R.; You, J.; Ellern, A.; Sadow, A. D., Palladium 

and rhodium complexes containing 1,3-bis(oxazolinyl)propyl (Probox) ligands: 

Macrocycles and pincer compounds, 544-552, Copyright 2010, with permission from 

Elsevier.  

† Primary researcher and author 

‡ Undergraduate researcher 
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Introduction 

Metal complexes containing tridentate mono-anionic ligands of the type L2X 

having the generic form shown in Figure 2-1 are known as pincer compounds.1 The 

tridentate ligand, also known as a pincer ligand, has a broad definition; generally it is 

comprised of a backbone that can be either aliphatic, aromatic, or a combination of the 

two and the donor atoms can be any atom that can bind strongly to the metal center. A 

key advantage to pincer complexes is their thermal stability and resistance to 

decomposition, thus permitting the use of more forcing conditions during catalysis. 

 

Figure 2-1. Generic form of a pincer complex 

Ever since Shaw reported the first transition metal complex containing the ligand 

bis[(di-tert-butylphosphino)methyl]phenyl in 1976 (see Figure 2-2a),2 the field of pincer 

chemistry has transformed from mere curiosity to the development of unprecedented 

catalytic transformations. Pincer complexes have been synthesized containing some 

early3-7 and mid-transition metals,7-16 while the vast majority of efforts have focused on 

late transition metals.17-18 While there are reports of pincers complexes with a wide 

variety of neutral (L) and anionic (X) donor atoms, the most common pincer ligands 

utilize phosphorus or nitrogen for the neutral donor and carbon for the anionic donor; 

these complexes are most commonly known as ‘PCP’ and ‘NCN’ ligands respectively.  

 The synthesis of pincer complexes can take several routes depending on the 

nature of the metal center and the donor groups on the ligand.18 Direct cyclometalation, 

the method Shaw used in the synthesis of the first pincer complex,2 is a process where 

X

L LM

X = Anionic donor
L = Neutral donor
M = Metal center
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the C–R bond is activated by the metal center and subsequent loss of RX (see Figure 

2-2 a) results in the formation of the desired pincer complex. Generally, this process is 

facile for ‘PCP’ pincer complexes while direct cyclometalation of the analogous ‘NCN’ 

pincer ligands is less common.19-23 This is proposed to be due to a lower bond strength 

of the M–N bond versus the M–P bond thus the initial coordination the two nitrogen 

groups on the ligand to the metal center is less favored. Therefore, regioselectivity is a 

significant problem requiring specific ligand modifications to control the location of the 

metal center (see Figure 2-2-b).24 The difference in binding affinity between M–P and M–

N is exemplified by the hemilabile ‘PCN’ pincer complexes reported my Milstein and co-

workers.25-26 

 

Figure 2-2. (a) Direct cyclometalation of phosphine based pincer ligands. (b) Difficulty in controlling 

regioselectivity in direct cyclometalation of nitrogen based pincer ligands. 
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 The composition of the pincer backbone can also affect the ability of a ligand to 

undergo direct cyclometalation. For example, reacting 2,6-bis[(di-tert-

butylphosphino)methyl]phenyl with PdCl2(NCPh)2 in refluxing 2-methoxyethanol provides 

the corresponding pincer complex (PCArP)PdCl (Figure 2-3, top).2 However, refluxing an 

ethanolic solution of 1,5-bis(di-tert-butylphosphino)pentane and PdCl2(NCPh)2 provides 

a dipalladium macrocycle as the major product.27 The macrocycle converts, upon 

sublimation, to the pincer complex (PCsp3P)PdCl (Figure 2-3, bottom).27 

 

Figure 2-3. Comparison of direct cyclometalation between PCArP (top) and PCsp3P (bottom) 

Finally, two other methods that arise from a similar ligand design have quite 

complementary chemistry. The first, oxidative addition, is a convenient method for the 

preparation of group 10 metal complexes from the corresponding aryl halide and low-

valent metal center (see Figure 2-4). While the development of ‘PCP’ oxidative addition 

precursors has been limited, largely due to the success of direct cyclometalation of CAryl–

H bonds, there has been significant work in the development of ‘NCN’ oxidative addition 

precursors and their corresponding nickel,28-29 palladium and platinum18 complexes. The 

second method, transmetalation, involves lithiation of the ligand followed by introduction 

of a metal halide to transfer the pincer ligand to the new metal center (see Figure 2-4). 
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This technique has been used to synthesize ‘NCN’ pincer complexes of both early3, 5-6, 30 

and late30-36 transition metals. 

 

Figure 2-4. Top, oxidative addition of nitrogen based pincer ligands. Bottom, lithiation of nitrogen based 

pincer ligands followed by transmetalation. 

 There are many different ligand systems and metal centers explored in pincer 

chemistry,1 Therefore, this discussion will focus on late metal (group 9 and 10) 

complexed ‘PCP’ and ‘NCN’ compounds as this more closely relates to the new 

chemistry presented in this thesis. As mentioned earlier, pincer complexes are generally 

thermally robust, thus allowing them to highly active catalysts in aldol condensations, 

allylation of aldehydes, allylic alkylation, cyclopropanation, dehydrogenation, Heck 

reaction, Kharasch additions, Michael reaction, Suzuki coupling, and transfer 

hydrogenation.17, 37  

The reactivity of a pincer ligand is controlled by the backbone in addition to the 

donor groups. This relationship is exemplified by work reported by Goldman and 

Hartwig. Upon treating (PCArP)IrHCl(NH3) with KN(SiMe3)2 at low temperature, 

(PCArP)Ir(H)NH2 is observed. After this species is allowed to warm to room temperature, 

the four-coordinate (PCArP)IrNH3 complex is isolated (see Figure 2-5-a).38 However, the 
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reaction between (PCsp3P)IrHCl and ammonia followed by addition of KN(SiMe3)2 

produces the iridium(III) hydridyl-amide (PCsp3P)Ir(H)NH2 that is robust at room 

temperature (see Figure 2-5-b).39  

 

Figure 2-5. (a) (PCArP)Ir complex favoring NH3 coordination. (b) (PCsp3P)Ir complex favoring N–H bond 

activation. 

The difference in reactivity is attributed to the aliphatic backbone being more 

electron rich than the aromatic backbone. This makes the metal center more electron 

rich thus favoring insertion of the N–H bond over coordination of the highly electron 

donating NH3 moiety. The comparison between pincers containing aliphatic versus 

aromatic backbones was the inspiration and a central focus of this thesis. 

Another area of pincer chemistry that has received great attention is the 

development of chiral, non-racemic, ligands. There have been a variety of ligands 

designed (both ‘PCP’ and ‘NCN’) to address this need. The majority of these ligands can 

be grouped into three different categories; chirality on the backbone of the ligand, 

chirality on the arms, and chirality at the donor group itself (see Figure 2-6).1 These 
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chiral pincer complexes have shown some success in enantioselective imine allylation,40 

aldol condensation of isonitriles with aldehydes,41-46 Michael reaction,47 and transfer 

hydrogenation.43, 48 

 

Figure 2-6. Types of chiral pincer complexes 

 Pincer ligands that contain oxazoline rings are another class of chiral pincer 

complexes. There are two types of oxazoline based pincer complexes, phebox49 and 

benbox,22 differentiated by the size of the metallacycles formed (see Figure 2-7). This 

class, which would fall under the chirality on the arms group, has advantages over the 

other chiral pincer complexes. In contrast to the complexes that have chiral centers on 

the backbone, the chiral center in bis(oxazolinyl) pincers is located in close proximity to 

the metal center. In addition, the introduction of the stereocenter is generally facile 

because oxazoline rings are commonly synthesized from a condensation reaction 

utilizing enantiopure amino alcohols derived from amino acids. The abundance of 

commercially available amino acids permits the development of a variety of oxazolines. 

Oxazoline based pincer complexes also provide significantly higher enantioselectivities 

for many of the same reaction types compared to the other chiral pincer complexes.1 
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Figure 2-7. Oxazoline based ‘NCArC’ pincer complexes 

 While the chemistry of Phebox and Benbox pincer complexes has garnered a 

great deal of interest over the past 15 years,20-23, 49-53 to our knowledge there have been 

no developments of oxazoline based pincer complexes bearing an aliphatic backbone.  

1,3-bis(oxazolinyl)propane (Probox, see Figure 2-8) ligands were targeted because a 

five-membered ring would form upon cyclometalation; this is the favored ring size for 1,5-

bis(phosphino)pentane ligands.54 The isopropyl derivative, 1,3-bis(4S-isopropyl-2-

oxazolinyl)propane (ProboxiPr), was initially prepared over 15 years ago,55 but is the only 

species described. Our study has primarily focused on the synthesis and chemistry of 

the achiral derivative 1,3-bis(4,4-dimethyl-2-oxazolinyl)propane (ProboxMe2); a second 

chiral Probox ligand 1,3-bis(4R-phenyl-2-oxazolinyl)propane (ProboxPh) was also 

synthesized.  

To our knowledge, there are no reports of transition metal complexes containing 

ProboxiPr. Therefore, both optimization of the ligand synthesis as well as the coordination 

and cyclometalation chemistry with group 9 and 10 metals is studied. The presence of 

the strongly electron donating aliphatic backbone could greatly affect the reactivity, as 

seen in the (PCsp3P)Ir chemistry shown in Figure 2-5, to permit the discovery of some 

very interesting chemistry.  
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Figure 2-8. Oxazoline based ‘NCsp3C’ pincer complexes 

Once pincer complexes of Probox are formed, fac and mer isomers are possible 

for five- and six-coordinate metal centers; the coordination geometry of the pincer 

complexes as well as possible interconversions between fac and mer configurations will 

be investigated. Both fac39 and mer27, 56-60 configurations have been observed for 1,5-

bis(phosphino)pentane pincer complexes. Here we report the synthesis of two new 

Probox ligands and attempts to prepare the corresponding palladium and rhodium pincer 

complexes. A rhodium(III) N,C,N-Probox pincer complex is isolable and the geometry of 

the pincer ligand is controlled by the other ligands coordinated to the metal center. 

Results and Discussion 

Synthesis of Probox ligands 

Optimization of the ligand synthesis and coordination chemistry began with 

achiral bis(4,4-dimethyl-2-oxazolinyl)propane (ProboxMe2). This ligand has advantages 

over the chiral derivative bis(4S-isopropyl-2-oxazolinyl)propane (ProboxiPr) previously 

synthesized by Bolm and coworkers.55 First, achiral compounds are typically more easily 

crystallized than their chiral counterparts. Second, NMR investigations of the ligand and 

complexes containing the cyclometalated version of ProboxMe2 should be more easily 

conducted, thus the 1H NMR will be less complicated and determining if the propyl 
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backbone has been cyclometalated should be easier. In addition, with fac and mer 

isomers possible, the methyl resonances can be utilized via 2D NMR spectroscopy to 

determine spatial configuration in the solution state. More specifically, 2D-nOe (NOESY) 

spectroscopy can provide a crosspeak between the methyl resonances of the two 

different oxazoline rings indicating a fac configuration (Figure 2-9). The benzyl 

substituent on the oxazoline rings in a chiral phebox (Figure 2-7) structure are too far 

away (ca. 8.8 Å) from one another to observe any crosspeak in a NOESY spectrum.20  

 

Figure 2-9. Possible nOe interaction with cyclometalated ProboxMe2 complexes 

The original synthesis of ProboxiPr utilized a ZnCl2-catalyzed condensation.55 This 

catalyst did not provide the desired Probox proligands in good yields. Mixtures of mono-

oxazoline and bis-oxazoline products are obtained in the presence of a large excess (up 

to 4 equivalents) of amino alcohol (Eq. 2-1). Additional methods for the synthesis of bis-

oxazolines include a stoichiometric Zn(OTf)2-induced condensation for the synthesis of 

1-methyl-1,1-bis-(2-oxazolinyl)ethane61 and a Cd(OAc)2-catalyzed condensation for the 

synthesis of benbox.22 
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(Eq. 2-1) 

The Cd(OAc)2-catalyzed condensation provides the best results for the synthesis 

of Probox proligands. Thus, the reaction of 3.75 equivalents of 2-amino-2-methyl-1-

propanol and glutaronitrile with five mol % Cd(OAc)2(H2O)2 provides bis(4,4-dimethyl-2-

oxazolinyl)propane (ProboxMe2) in 72% yield following distillation (Eq. 2-2). Optimized 

reaction conditions require excess amino alcohol, chlorobenzene, and refluxing 

temperatures.  

 

 

(Eq. 2-2) 

Resonances at 1.08 (CH2) and 3.52 ppm (CH3) in the 1H NMR spectrum of 

ProboxMe2 in benzene-d6 are assigned to the hydrogens on the oxazoline rings while 

resonances at 2.28  (α-CH2) and 2.09 ppm (β-CH2) are associated with the backbone 

hydrogens. Equivalent oxazolines are reflected in this 1H NMR data, which suggests the 
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C2v-symmetric structure expected for ProboxMe2. 1H–15N HMBC experiments provide 

natural abundance 15N NMR chemical shift data for the Probox ligands as well as 

palladium and rhodium complexes bearing these ligands. ProboxMe2 exhibits a crosspeak 

in the 1H-15N HMBC spectrum between the resonance corresponding to the methyl 

groups on the oxazoline ring and the imidine nitrogen providing the 15N chemical shift at -

137 ppm (in methylene chloride-d2, relative to CH3NO2). This chemical shift data is 

informative because it indicates the bonding modes of the oxazoline rings (see Table 

2-1).62-65 For example, if one oxazoline is coordinated to a metal center and another is 

not, two 15N chemical shifts are expected, assuming an equilibrium process is not 

involved. Two additional crosspeaks are observed in the 1H-15N HMBC spectrum for 

ProboxMe2 between resonances corresponding to nitrogen and the methylene hydrogens 

on the oxazoline rings as well as between nitrogen and the α-methylene hydrogens on 

the propyl backbone. 

ProboxiPr and 1,3-bis(4R-phenyl-2-oxazolinyl)propane (ProboxPh) are 

synthesized in an analogous manner in 64 and 52% yields, respectively. ProboxiPr is C2-

symmetric in solution as evident by one set of oxazoline and α-methylene resonances. 

The 1H NMR chemical shifts are consistent with those reported by Bolm55 and the 15N 

NMR chemical shift from a 1H-15N HMBC experiment is -160.1 ppm (in chloroform-d). 

Likewise, ProboxPh is C2-symmetric in solution with a 15N chemical shift of -154.5 ppm (in 

methylene chloride-d2).  
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Table 2-1. 15N NMR chemical shift data, referenced to CH3NO2, colors represent observed correlations 

Compound 
15N NMR 

Chemical Shift 
1H-15N correlations 

ProboxMe2 (1) -137.0 

 

ProboxiPr (2) -160.1 

 

ProboxPh (3) -154.5 

 

[PdCl2(μ-N,N-ProboxMe2)]2 
(4) -213.8 

 

[PdCl2(μ-N,N-ProboxiPr)]2 
(5) -277.6 

 

[RhCl(μ-N,N-ProboxPh)(η-
2C8H14)]2 (6) -209.9 

 

(κ3-N,C,N-ProboxMe2)RhCl2 
(7) -211.9 

 

fac(κ3-N,C,N-
ProboxMe2)RhCl2(PMe3) (9) 

-178.2 
-207.3 
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Coordination of Probox ligands to palladium(II) 

Inspired by the success with 1,5-bis(di-tert-butyl-phosphino)pentane to form 5-

membered palladacycles,59-60 our initial attempts to prepare cyclometalated compounds 

of ProboxMe2 began with square-planar palladium(II) complexes. Treatment of 

[PdCl2(NCPh)2] and ProboxMe2 in refluxing THF gives a new dipalladium compound 

[PdCl2(μ-N,N,-ProboxMe2)]2 (2-1) in 88% yield. The two palladium(II) centers are in 

square planar geometries (Eq. 2-3). The 1H NMR spectrum of 2-1 is consistent with a 

C2v-symmetric species in solution (methylene chloride-d2) with one singlet resonance for 

the oxazolinyl methyl hydrogens and one singlet resonance for the oxazolinyl methylene 

hydrogens. This spectroscopy is not consistent with the desired cyclometalated 

ProboxMe2-palladium(II) pincer complex; that complex should be Cs-symmetric because 

the C2 axis would be lost upon cyclometalation. Moreover, integration of the 1H NMR 

spectrum of 2-1, specifically the hydrogens on the α- and β-carbons, confirms that the 

isolated species is not cyclometalated. However, the oxazolines are clearly coordinated 

to palladium as evidenced by a 1H-15N HMBC experiment that provides one crosspeak 

corresponding to a 15N chemical shift of -213.8 ppm, which was 141 ppm upfield of 

ProboxMe2. This significant difference in the 15N chemical shift indicates that the 

oxazoline rings are coordinated to palladium through the imidine nitrogen. 

 

(Eq. 2-3) 
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X-ray quality crystals of [PdCl2(μ-N,N,-ProboxMe2)]2 are obtained by slow 

evaporation of a concentrated solution of 2-1 in methylene chloride; a single crystal 

diffraction study confirms the proposed macrocyclic dipalladium(II) structure (see 

ORTEP diagram of 2-1 plotted in Figure 2-10). The two palladium(II) centers are in an 

almost perfect square planar orientation; the sum of L–Pd–L angles for Pd1 and Pd2  are 

equal to 360.1(4)° and 360.2(4)°, respectively. The two oxazoline groups are coordinated 

trans, and ∠N1–Pd2–N2 and ∠N3–Pd1–N4 are 178.7(2)° and 175.6(2)°, respectively. 

The palladium–nitrogen bond distances are nearly identical as are the palladium–

chlorine bond distances. Interestingly, planes defined by containing Pd1-Cl1-N4-Cl2-N3 

(plane 1) and Pd2-Cl3-N1-Cl4-N2 (plane 2) are not parallel with one another but 

intersect at a 60.4° angle.  

For comparison, there are four known dipalladium complexes containing 1,5-

bis(phosphino)pentane ligands.66-67 Each of these structures contain comparable planar 

intersection angles ranging from 56° to 63°; therefore the structure of 2-1 containing 

oxazoline rings is similar to the phosphine containing macrocycles. Five carbon atoms 

separate the donor groups in both ProboxMe2 and 1,5-bis(phosphino)pentane, thus a 

direct comparison of the distance between the palladium center and the nearest central 

carbon atom in the backbone can be made. In [PdCl2(μ-N,N,-ProboxMe2)]2 this distance is 

long (Pd1–C12, 4.34 Å; Pd2–C25, 4.21 Å) while the distance in complexes of the type 

[PdCl2(R2P(CH2)5PR2)]2 (4.90-5.21 Å) is ca. 1 Å longer than 2-1. Likely, the increased 

flexibility of the bis(phosphino) pentane ligand attributes to this increased distance; 

however, this cannot be the most important structural feature as these complexes will 

cyclize under photochemical conditions.  
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Figure 2-10. ORTEP plot of [PdCl2(µ-N,N-ProboxMe2)]2 (2-1). Ellipsoids are drawn at 50% probability. 

Hydrogen atoms and a disordered CH2Cl2 molecule are not included. Relevant bond distances (Å): Pd1-N3, 

2.020(4); Pd1-N4, 2.033(4); Pd1-Cl1, 2.290(1); Pd1-Cl2, 2.299(1); Pd2-N1, 2.008(4); Pd2-N2, 2.014(4); Pd2-

Cl3, 2.294(1); Pd2-Cl4, 2.300(2). Relevant bond angles (°): N1-Pd2-N2, 178.7(2); N3-Pd1-N4, 175.6(2). 

The reaction of ProboxiPr and PdCl2(NCPh)2 in refluxing THF provides the 

optically active derivative [PdCl2(μ-N,N-ProboxiPr)]2 (2-2) in 84% yield. All spectroscopic 

data are consistent with a C2-symmetric, non-cyclometalated species. The 1H NMR 

spectrum of 2-2 contains two doublets corresponding to the two diastereotopic isopropyl 

methyl groups on the oxazoline ring. Thus the 4S stereocenters are maintained in the 

reaction with PdCl2(NCPh)2. The 15N chemical shift of 2-2 at -277.6 ppm; is upfield 

compared to non-coordinated ProboxiPr (-177 ppm). 
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Figure 2-11. ORTEP diagram, drawn at 50% probability, of macrocycle 2-2A (containing Pd1 and Pd2) of 

[PdCl2(µ-N,N-ProboxiPr)]2 (2-2) of two located in the asymmetric unit cell. Hydrogen atoms bonded to the 

oxazoline ring are shown to illustrate stereochemistry, but all other hydrogen atoms, the second macrocycle 

(containing Pd3 and Pd4), and disordered co-crystallized CH2Cl2 molecules are not illustrated. Relevant 

bond distances for 2-2A (Å): Pd1-N1, 1.93(1); Pd1-N2, 2.05(1); Pd1-Cl1, 2.301(5); Pd1-Cl2, 2.290(6); Pd2-

N3, 1.96(2); Pd2-N4, 2.02(1); Pd2-Cl3, 2.311(4); Pd2-Cl4, 2.285(4). Relevant bond angles for 2-2A (°): N1-

Pd1-N2, 178.6(6); N3-Pd2-N4, 174.9(6). 

Crystals suitable for a single crystal X-ray diffraction study were obtained from a 

concentrated solution of 2-2 in toluene cooled to -30 °C. The connectivity of [PdCl2(μ-

N,N-ProboxiPr)]2 is confirmed (see ORTEP diagram of 2-2 plotted in Figure 2-11). The 

structure contains two independent molecules per unit cell with only small differences in 

bond lengths and angles. The Pd–N distances (2-2A, 1.93(1) to 2.05(1) Å; 2-2B, 1.99(1) 

to 2.06(2) Å) and the Pd–Cl distances (2.285(4) to 2.312(4) Å over the four palladium 

centers) are identical within 3σ error. The angles created by the square planes, defined 

by the atoms bound to palladium, in the two chiral macrocycles are more acute (2-2A, 
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40.2°; 2-2B, 44.2°) compared to achiral macrocycle 2-1 (60.4°). The distance between 

Pd2–C14 (non bonding) is 3.75 Å, and is significantly shorter than those observed in 2-1. 

The other non-bonding Pd–C (central carbon of the backbone) distances are larger than 

4 Å.  

Cyclometalation attempts 

With these palladium macrocycles in hand, studies on promoting cyclometalation 

to form the desired ‘NCN’ pincer complexes were initiated. Only starting materials are 

observed by 1H NMR spectroscopy when solutions of 2-1 in toluene or 2-methoxyethanol 

are heated to 120 °C for 3 days. Cyclometalation of [PdCl2(μ-P,P-tBu2P(CH2)5PtBu)]2 to 

form the pincer compound [(κ3-PCP)PdCl] is achieved by photolytic sublimation.59-60 

However, 2-1 does not sublime under photolytic (450 watt mercury lamp) conditions. 

Addition of one equivalent of pyridine or triethylamine to reaction mixtures of ProboxMe2 

and [PdCl2(NCPh)2] results in the formation of 2-1 with no evidence of cyclometalation. 

Attempts to alkylate 2-1 with MeLi or MeMgBr to form the corresponding Pd–Me complex 

to promote cyclization were not successful; only 2-1, ProboxMe2, and palladium black are 

obtained. Similarly, treatment of ProboxMe2 with (TMEDA)PdMe2 (TMEDA = N,N,N’,N’-

tetramethylethylenediamine) results in the formation of palladium black and unchanged 

ProboxMe2. A report from Haraki and co-workers describes the preparation of an  

[NCsp3NPdCl] pincer complex from the reaction of 1,3-bis(2-pyridyl)propane with 

Pd(OAc)2 in refluxing acetic acid (8 h) followed by anion exchange with LiCl in acetone.68 

However, only dipalladium dimer 2-1 is isolated under these reaction conditions. 

Interaction of Probox ligands on rhodium 

Given the lack of success in forming cyclometalated palladium complexes of 

Probox, we decided to try Rh(I) salts because C–H bond oxidative addition could be 
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more facile than direct cyclometalation. Unfortunately, reactions between ProboxMe2 or 

ProboxiPr with [RhCl(η2-C8H14)2]2, [RhCl(η4-C8H12)]2, or [RhCl(η2-C2H4)2]2 were not 

successful. However, treating ProboxPh with [RhCl(η2-C8H14)2]2 provides a new 

bis(oxazoline) species in 65% yield (Eq. 2-4); its structure is identified as the dirhodium 

macrocycle [RhCl(μ-N,N-ProboxPh)(η2-C8H14)]2 (2-3) reminiscent of 2-1 and 2-2. 

 

(Eq. 2-4) 

 The spectroscopy was initially misleading and suggested an NCN-pincer based 

on a Probox ligand had been obtained. Each of the two dipalladium macrocycles (2-1 

and 2-2) contain a C2 axis through the two palladium centers while no such symmetry is 

observed in 2-3, thus the two ProboxPh ligands are inequivalent in the NMR spectra of 2-

3. The key difference between the dipalladium and dirhodium macrocycles is the 

inequivalent substitution on rhodium (Cl and η2-C8H14) versus palladium (two Cl). There 

are two sets of phenyl resonances and benzyl protons indicating that the two rhodium(I) 

centers are related by symmetry. In addition, there is only one set of cyclooctene 

resonances in the 1H and 13C{1H} NMR spectra, further supporting the assessment of 

equivalent rhodium(I) centers in macrocycle (2-3). As earlier stated, compound 2-3 does 

not contain the same C2 axis that is present in compounds 2-1 and 2-2; this, as well as 

the presence of cyclooctene resonances, significantly complicated the analysis of the 1H 
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and 13C{1H} NMR spectra. Additionally, the 15N NMR chemical shift for 2-3 was found to 

be -209.9, which represents an upfield shift of 55.4 ppm from free ProboxPh. A single 

crystal diffraction study of X-ray quality crystals provided unequivocal evidence for 

macrocycle formation.  

 

Figure 2-12. ORTEP diagram of [RhCl(m-N,N-ProboxPh)(h2-C8H14)]2 (3); ellipsoids are drawn at 30% 

probability and only hydrogen atoms bonded to oxazoline rings are illustrated. A co-crystallized benzene 

molecule is also not shown. Relevant bond distances (Å): Rh1-N3, 2.00(1); Rh1-N4, 2.05(1); Rh1-Cl1, 

2.412(7); Rh2-N1, 2.01(1); Rh2-N2, 2.04(1); Rh2-Cl2, 2.404(5). Relevant bond angles (°): N3-Rh1-N4, 

172.5(4); N1-Rh2-N2, 172.5(4). 

 The crystal structure (see ORTEP diagram of 2-3 plotted in Figure 2-12) shows 

the two rhodium(I) centers are square planar, as expected, and the two planes defined 

by Cl1–N3–N4 and Cl2–N1–N2 intersect with an angle of 46.4° (not refined). The ∠N3–

Rh1–N4 and ∠N1–Rh2–N2 angles are identical (172.5(4)°) and more distorted from the 

idealized 180° than in dipalladium macrocycles 2-1 (178.7(2)° and 175.6(2)°) and 2-2 (2-

2A, 174.9(6)° and 178.6(6)°; 2-2B, 179.7(6)° and 177.7(6)°). This distortion is likely due 
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to unfavorable oxazoline–η2-C8H14 interactions. In the solid state, the distances between 

the rhodium centers and the nearest central carbon atom in the propyl backbone are 

long (4.33-4.66 Å, not refined) and the hydrogens on these two carbons (C28 and C57) 

are pointed outside of the macrocycle and away from the two rhodium centers. A 

comparison to 16-membered rhodium(I) macrocycles containing 1,5-

bis(phosphino)pentane ligands is not available, thus making 2-3 a crystallographically 

unique structure in rhodium chemistry. Unfortunately, heating a solution of 2-3 for one 

day to promote cyclometalation proved futile because a black precipitate is formed and 

only free ProboxPh is observed in 1H NMR spectrum. 

We were successful in isolating a cyclometalated compound from the reaction of 

ProboxMe2 and RhCl3 in low yield. Thus, a reaction between RhCl3 and ProboxMe2 affords 

the desired rhodium(III) cyclometalated complex (κ3-N,C,N-ProboxMe2)RhCl2 after 

refluxing in ethanol for 18 hours (Eq. 2-5). 2-4 was purified by silica gel chromatography 

at 5 °C under an argon atmosphere. A large amount of black precipitate, presumed to be 

rhodium metal, is observed during the reaction. Large amounts of black precipitate also 

form in reactions in methanol and isopropanol. Only free ligand is isolated from reactions 

in non-protic solvents (benzene, methylene chloride, or THF). The decomposition to 

rhodium black likely arises from β-hydrogen elimination of a rhodium–solvent compound 

as an initial step. Switching to tert-butanol, to avoid the presence of β-hydrogens, 

prevents the formation of rhodium black; however, only non-coordinated ProboxPh is 

isolated. A mixture of ethanol and tert-butanol provides isolable 2-4, but rhodium black is 

observed and the yield is no better than pure ethanol. Modifying the reaction 

temperature, time, and concentration is ineffective in increasing the isolated yield of 2-4.  
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(Eq. 2-5) 

 The 1H NMR spectrum of 2-4 is significantly different from the 1H NMR spectrum 

of dipalladium macrocycle 2-1. There was one 1H NMR resonance at 5.85 ppm that 

appears as a multiplet assigned to the hydrogen on the cyclometalated carbon while a 

doublet 13C{1H} NMR resonance at 27.93 ppm (1JRhC = 25 Hz) was assigned to the 

carbon bound to rhodium. Additionally, there were two sets of diastereotopic oxazolinyl 

methyl (1.47 and 1.44 ppm) and methylene (4.25 and 4.18 ppm) resonances in the 1H 

NMR spectrum. One 15N NMR crosspeak was observed in the 1H–15N HMBC experiment 

corresponding to a 15N chemical shift of -211.9 ppm while a 1H–15N HSQC experiment 

provided an accurate rhodium–nitrogen coupling constant, 1JRhN = 24 Hz. This coupling 

constant is similar to a reported value for trans-[Rh(NC5H5)4Cl2]Cl (1JRhN = 17.1 Hz).69 

Based on this NMR evidence, 2-4 is assigned as Cs-symmetric in solution (chloroform-

d1); however, both fac and mer isomers are possible. A NOESY experiment was 

performed to detect the presence of through-space interactions between methyl groups 

on opposite oxazoline rings, see Figure 2-9, but no crosspeak was detected. The 

geometry of 2-4 is assigned as mer based on the crystal structure of the water adduct 2-

5 (vide infra). 

 Crystals suitable for an X-ray diffraction study are obtained by slow evaporation 

of a concentrated solution of 2-4 in methylene chloride. The resulting structure (see 
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ORTEP diagram of 2-5 plotted in Figure 2-13) confirms the presence of the Probox 

pincer complex, mer-(κ3-N,C,N-ProboxMe2)RhCl2(OH2).  

 

Figure 2-13. ORTEP diagram of (κ3-N,C,N-ProboxMe2)RhCl2(OH2) (2-5). Hydrogen atoms, except those in 

the water ligand and on the metalated carbon, are not shown. The hydrogen atoms on OH2 were found in 

the electron density map and refined. Ellipsoids are drawn at 35% probability. Relevant bond distances (Å): 

Rh1-C7, 2.022(3); Rh1-N1, 2.039(3); Rh1-N2, 2.048; Rh1-Cl1, 2.338(2); Rh1-Cl2, 2.358(2), Rh1-O3, 

2.257(3). Relevant bond angles (°): N1-Rh1-N2, 164.6(1); N1-Rh1-C7, 82.3(1); N2-Rh1-C7, 82.5(1); Cl1-

Rh1-Cl2, 178.86(3); C7-Rh-O3, 176.6(1). 

The coordinated water molecule arose from the crystallization process because 

bench-grade methylene chloride was used and the crystallization was performed in air. 

Attempts to crystallize 2-4 in anhydrous/anaerobic conditions were not successful. The 

water molecule is not coordinated to the species obtained from the silica gel column as 

the two compounds, 2-4 and 2-5, differ in their 1H NMR spectra. A resonance at 1.62 

ppm was assigned as the OH2 ligand while the resonance corresponding to the 

hydrogen on C7 (see Figure 2-13) has a chemical shift of 5.77 ppm which was upfield of 
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the analogous hydrogen in 2-4 (vide supra) by 0.08 ppm. Additionally, elemental analysis 

of 2-4 is consistent with the five-coordinate mer-(κ3-N,C,N-ProboxMe2)RhCl2.  

Close examination of the crystal structure of 2-5 reveals that the Probox ligand is 

coordinated in a mer configuration with C7 cis to two mutually trans chlorides and trans 

to the water molecule. The nitrogen atoms in the oxazoline rings are “pulled back” 

toward C7, ∠N1–Rh–N2 angle is 164.6(1)° while the ∠N1–Rh-C7 and ∠N2–Rh–C7 

angles are 82.3(1)° and 82.5(1)°, thus distorting the octahedral geometry expected for 

six-coordinate rhodium(III). The remaining angles around the rhodium center are close to 

the expected values. Interestingly, the rhodium–nitrogen interatomic distances in 2-5 are 

identical to those in rhodium macrocycle 2-3 even though the former is rhodium(III) and 

six-coordinate while the latter is rhodium(I) and four-coordinate. A comparison to other 

oxazoline based pincer complexes reveals that the Rh–C7 bond distance in mer-(κ3-

N,C,N-ProboxMe2)RhCl2(OH2), 2.022(3) Å, is 0.09 and 0.02 Å longer than the analogous 

distance in (Bn-Phebox)RhCl2(H2O) (1.93(2) Å) and [RhCl2(S,S-ip-benbox)Me2)] 

(2.004(3) Å) respectively,23,20 and the Rh-O distance for the water ligand (2.275(3) Å) is 

identical within 3σ error to the corresponding distance in (Bn-Phebox)RhCl2(H2O). 

 The water ligand is trans to the cyclometalated carbon; exchanging this ligand for 

a strongly donating phosphine could force the Probox ligand to adopt a fac configuration, 

thus preventing two strongly donating ligands from being mutually trans. The reaction 

between 2-4 and PMe3 in THF-d8 produces a new bis(oxazoline) species in one hour at 

room temperature. The 31P NMR spectrum of the reaction mixture contains one doublet 

resonance at 9.53 ppm (1JRhP = 129 Hz) indicating that the phosphine is coordinated to 

the metal center, and a single isomer is obtained (Eq. 2-6). 
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(Eq. 2-6) 

 fac-(κ3-N,C,N-ProboxMe2)RhCl2(PMe3) (2-6) exists as a C1-symmetric species in 

solution (methylene chloride-d2) as evidenced by the presence of four resonances 

attributed to the oxazoline methyl (1.65, 1.60, 1.58, and 1.55 ppm) and methylene (4.23, 

4.18, 4.12, and 4.00 ppm) hydrogens as well as four resonances (3.23, 2.84, 2.16, and 

2.12 ppm) assigned to the hydrogens on the α-methylene carbon in the 1H NMR 

spectrum. A chemical shift was observed at 3.00 ppm that corresponds to the hydrogen 

on the cyclometalated carbon in 2-6; this significant upfield shift of 2.85 ppm from five-

coordinate 2-4 (5.85 ppm) is due to the presence of an anionic ligand trans to carbon. 

The strong upfield shift of the hydrogen on the cyclometalated carbon was puzzling 

because the addition of PMe3 was expected to necessitate a ligand rearrangement to 

prevent the two strongly donating groups, carbon and phosphorus, from being mutually 

trans. The geometry of the Probox ligand was initially assigned as mer on the basis of 

this strong upfield shift in the 1H NMR spectrum. However, a 1H–15N HMBC experiment 

on 2-6 provides two 15N chemical shifts correlating to two inequivalent imidine nitrogens. 

The 15N chemical shifts, -178.2 and -207.3 ppm, were both significantly upfield of 

ProboxMe2 (-137 ppm, Table 2-1); a doublet was observed in the 15N dimension for the 

downfield resonance (-178.2 ppm, 2JPN = 104 Hz) that corresponds to phosphorus 
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coupling. This coupling constant is too large to be Rh–N coupling (vide supra) and is 

consistent with P–N coupling; more specifically, trans-P–N coupling.70 Thus, one imidine 

nitrogen must be trans to phosphorus and the other trans to chloride. In addition, 

crosspeaks in the 1H–15N HMBC spectrum of 2-6 to oxazolinyl methyl and methylene 

hydrogens distinguished the two rings. This, in conjunction with a 1H COSY experiment, 

allowed complete assignment of the 1H NMR spectrum. The small P–C coupling (2JPC = 

7.7 Hz) for the cyclometalated carbon (18.94 ppm, 1JRhC = 21.2 Hz) was consistent with a 

cis-coordinated PMe3. Based on the NMR evidence, the solution state structure is 

clarified; the Probox ligand must have adopted a fac configuration upon coordination of 

PMe3.  

 Additional support for the solution state structure is obtained from a 1H 2D-

NOESY experiment. As shown in Figure 2-9, one would expect to observe a crosspeak 

between two methyl resonances on opposing oxazoline rings in the 1H-NOESY 

experiment if the ligand is in a fac configuration. This is exactly what was observed; only 

one methyl-methyl inter-oxazoline crosspeak was detected, necessitating the oxazoline 

rings to be in close proximity. These two methyl groups are assigned as endo (see 

Figure 2-14). There were also crosspeaks between the two endo methyl groups on each 

oxazoline ring and the endo methylene resonance on the opposing oxazoline ring, 

thereby confirming the close proximity of the two oxazoline rings. Moreover, a crosspeak 

was observed between the methine proton on the backbone and the PMe3 resonance, 

which confirmed the cis disposition of the metalated carbon and PMe3. Through-space 

coupling was also observed between the PMe3 resonance and one methyl resonance on 

an oxazoline ring that was defined as a cis-exo methyl resonance. Finally, through-space 

coupling was detected between one hydrogen on the propyl backbone (bound to the 

oxazoline ring cis to PMe3) and the PMe3 doublet allowing it to be assigned as the exo 
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methylene. The acquired NMR data allows for a full and complete assignment of the 1H 

and 13C{1H} NMR spectra to conclude, unambiguously, the solution structure of fac-(κ3-

N,C,N-ProboxMe2)RhCl2-cis-(PMe3). 

 

Figure 2-14. Newman projection illustrating the fac coordination of (κ3-N,C,N-ProboxMe2)RhCl2-cis-(PMe3) 

(2-6) and nOe through-space interactions observed via 2D-1H-NOESY experiment. The substituents 

attached to nitrogen represent the methyl groups on the oxazoline ring and the CH(CH2)2 represents the 

cyclometalated carbon and α-methylene groups of the backbone. Other oxazoline carbons and hydrogens 

have been omitted for clarity. 

Conclusion 

We have synthesized two new 1,3-bis(oxazolinyl)propane ligands, achiral 

ProboxMe2 and chiral ProboxPh,  and applied them to group 9 and 10 metals. Coordination 

of the Probox ligands to rhodium(I) and palladium(II) metal centers is facile and new 16-

membered macrocycles are formed. Once formed, the palladium(II) macrocycles are 

highly resistant to cyclometalation compared to their 1,5-bis(phosphino)pentane 

counterparts. Reaction of ProboxMe2 and RhCl3 provides a cyclometalated rhodium(III) 

pincer complex under mild reducing conditions in low, but isolable, yield. The pincer 

ligand adopts a mer-configuration in the five-coordinate rhodium complex (and six-

coordinate aqua complex) and a fac configuration in a PMe3 adduct. Examination of the 
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structural data for the palladium(II) and rhodium(I) macrocycles and the rhodium(III) 

pincer compound does not reveal any significant bond length distortion in the later, 

although the trans N–Rh–N angles in the pincer structure are tied back by ca. 15° from 

180°. The formation of cyclometalated species containing an aliphatic backbone is 

significantly more difficult with oxazoline donors than with phosphine or pyridine donors. 

Despite some success, further application of this chemistry requires increased yield of 

the desired NCN-pincer complex.  

Experimental 

General. All manipulations were performed using either Schlenk techniques or in a 

glovebox under an inert atmosphere of N2 or argon unless otherwise indicated. Dry, 

oxygen-free solvents were used throughout. Benzene, toluene, methylene chloride, 

pentane, diethyl ether, and tetrahydrofuran were degassed by sparging with nitrogen, 

filtered through activated alumina columns, and stored under nitrogen. Benzene-d6, 

toluene-d8, and tetrahydrofuran-d8 were vacuum transferred from Na/K alloy and stored 

under N2 in the glovebox. Methylene chloride-d2 was vacuum transferred from CaH2 and 

stored under N2 in the glovebox. All alcohols were dried over activated magnesium, 

distilled, and stored under N2. Glutaronitrile was purchased from Acros, distilled under 

reduced pressure, and stored at 0 °C. 2-amino-2-methyl-1-propanol, L-valine, D-

phenylglycine, Cd(OAc)2·2H2O, and chlorobenzene were purchased from Acros and 

used as received. PMe3 was purchased from Strem and vacuum transferred prior to use. 

Rhodium trichloride trihydrate was dehydrated immediately before use by dissolution in 

the alcohol solvent followed by removal of the alcohol in vacuo; this process is repeated 

three times. ProboxiPr was prepared using the Cd(OAc2)-catalyzed method; the structural 

characterization has been previously reported.55 1H, 13C{1H}, and 31P{1H} spectra were 
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collected on either a Bruker DRX-400 spectrometer or a Bruker Avance-500 and 600 

spectrometers. 15N chemical shifts and 15N-103Rh coupling constants were determined by 

1H-15N HMBC and 1H-15N HSQC experiments respectively on a Bruker Avance II 700 

spectrometer with a Bruker Z-gradient inverse TXI 1H/13C/15N 5mm cryoprobe, and 

chemical shifts were originally recorded with respect to liquid ammonia (machine 

calibration) and recalculated to the nitromethane chemical shift scale by adding -381.9 

ppm.71 The 1H-15N HSQC experiment utilized the Bruker hsqcetgp pulse program with 

correlation via double inept transfer, phase sensitive Echo/Antiecho-TPPI gradient, 

decoupling during acquisition, and trim pulses in inept transfer with a 6.0 ppm sweep 

width and 256 points in the 15N dimension giving a FID resolution of 1.663 Hz.69 

Elemental analysis was performed on a Perkin-Elmer 2400 Series II CHN/S by the Iowa 

State Chemical Instrumentation Facility. High-resolution mass spectrometry performed 

on a Waters GCT TOF mass spectrometer equipped with an Agilent 6890 GC. X-ray 

diffraction data was collected on a Bruker-AXS SMART 1000 CCD diffractometer using 

Bruker-AXS SHELXTL software. 

ProboxMe2. A 100 mL round bottom flask equipped with a magnetic stir bar was charged 

with glutaronitrile (0.97 g, 10.6 mmol) and 30 mL of chlorobenzene. Solid 

Cd(OAc)2·2H2O (0.144 g, 0.54 mmol) was added to the flask followed by and a solution 

of 2-amino-2-methyl-1-propanol (3.55 g, 39.7 mmol) in 20 mL of chlorobenzene. The 

flask was then equipped with a reflux condenser and an argon inlet, and the mixture was 

heated at reflux for 6 days. Upon cooling, saturated sodium bicarbonate solution (75 mL) 

was added, and the mixture was stirred for 30 minutes and then filtered. The filtrate was 

washed with brine (3 × 50 mL), and the aqueous layer was then back-extracted with 

ethyl acetate. The organic layers were combined, dried with sodium sulfate, and the 

volatile components were removed using a rotary evaporator. ProboxMe2 was purified by 
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distillation, (86 °C, 2 × 10-3 mmHg) to give a colorless oil (1.76 g, 7.38 mmol, 72 %). 1H 

NMR (benzene-d6, 400 MHz): δ 3.52 (s, 4 H, CH2(CH2CNCMe2CH2O)2), 2.28 (t, 3JHH = 

7.19 Hz, 4 H, CH2(CH2CNCMe2CH2O)2), 2.09 (pent, 3JHH = 7.19 Hz, 2 H, 

CH2(CH2CNCMe2CH2O)2), 1.08 (s, 12 H, CH2(CH2CNCMe2CH2O)2). 13C{1H} NMR 

(benzene-d6, 100 MHz): δ 164.7 (CH2(CH2CNCMe2CH2O)2), 79.62 

(CH2(CH2CNCMe2CH2O)2), 67.29 (CH2(CH2CNCMe2CH2O)2), 28.54 

(CH2(CH2CNCMe2CH2O)2), 27.37 (CH2(CH2CNCMe2CH2O)2), 22.76 

(CH2(CH2CNCMe2CH2O)2). 15N NMR (methylene chloride-d2, 71 MHz): δ -137.0. IR 

(neat, cm-1): 2958 m, 2905 m, 2873 m, 1668 s (νCN), 1468 w, 1385 w, 1366 w, 1233 w, 

1173 w, 984 m, 915 w. Anal. Calcd. for C13H22N2O2: C, 65.51; H, 9.30; N, 11.75. Found: 

C, 65.12; H, 9.32; N, 11.58. 

ProboxiPr. A 100 mL round bottom flask equipped with a magnetic stir bar was charged 

with glutaronitrile (1.00 g, 10.7 mmol) and 30 mL of chlorobenzene. Solid 

Cd(OAc)2·2H2O (0.144 g, 0.54 mmol) was added to the flask followed by a solution of L-

valinol (4.13 g, 40.0 mmol) in 20 mL of chlorobenzene. The flask was then equipped with 

a reflux condenser and an argon inlet, and the mixture was heated at reflux for 6 days. 

Upon cooling, saturated sodium bicarbonate solution (75 mL) was added, and the 

mixture was stirred for 30 minutes and then filtered. The filtrate was washed with brine (3 

× 50 mL), and the aqueous layer was then back-extracted with ethyl acetate. The 

organic layers were combined, dried with sodium sulfate, and the volatile components 

were removed using a rotary evaporator. ProboxiPr was purified by distillation, (140 °C, 

3.9 × 10-2 mmHg) to give a colorless oil (1.82 g, 6.83 mmol, 64 %). 1H and 13C{1H} NMR 

spectra are identical with the literature values.55 15N NMR (chloroform-d1, 71 MHz): δ -

160.1. 
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ProboxPh. A 1 L, 3-neck round bottom flask was equipped with a magnetic stir bar and a 

reflux condenser connected to an argon purge. Glutaronitrile (7.63 g, 81.5 mmol) and 

100 mL of chlorobenzene were added, followed by Cd(OAc)2·2H2O (1.09 g, 4.09 mmol) 

and an additional 100 mL of chlorobenzene. D-phenylglycinol (41.2 g, 0.301 mol) in 175 

mL of chlorobenzene was then added to the stirring solution. The reaction mixture was 

heated at reflux for 6 days. After cooling to room temperature, the reaction was stirred 

with 500 mL of brine for 1 h. The mixture was extracted with ethyl acetate and washed 

with sodium bicarbonate. A white voluminous solid precipitated upon addition of sodium 

bicarbonate and was removed with the aqueous layer. The organic layer was dried with 

sodium sulfate, and the volatile components were removed using a rotary evaporator to 

yield a yellow oil. The product was purified by flash chromatography on silica gel 

(hexane:ethyl acetate:triethyl amine = 10:3:1 Rf = 0.7) to give ProboxPh as a yellow oil in 

52% yield (14.2 g, 42.43 mmol). 1H NMR (chloroform-d1, 400 MHz): δ 7.30 (t, 3JHH = 7.4 

Hz, 4 H, meta-C6H5), 7.23 (t, 3
JHH = 8.8 Hz, 4 H, ortho-C6H5), 7.23 (d, 3JHH = 9.2 Hz, 2 H, 

para-C6H5), 5.13 (t, 3JHH = 9.2 Hz, 2 H, CH2(CH2CNCPh(H)CH2O)2), 4.54 (dd, 2JHH = 10 

Hz, 3JHH = 8.4 Hz, 2 H, CH2(CH2CNCPh(H)CH2O)2), 4.02 (vt, JHH = 8.4 Hz, 2 H, 

CH2(CH2CNCPh(H)CH2O)2), 2.50 (t, 3JHH = 7.6 Hz, 4 H, CH2(CH2CNCPh(H)CH2O)2), 

2.12 (pent, 3JHH = 7.6 Hz, 2 H, CH2(CH2CNCPh(H)CH2O)2). 13C{1H} NMR (chloroform-d1, 

100 MHz): δ 167.96 (CH2(CH2CNCPh(H)CH2O)2), 142.36 (ipso-C6H5), 128.70 (meta-

C6H5), 127.42 (para-C6H5), 126.48 (ortho-C6H5), 74.47, (CH2(CH2CNCPh(H)CH2O)2), 

69.51 (CH2(CH2CNCPh(H)CH2O)2), 27.30 (CH2(CH2CNCPh(H)CH2O)2), 22.46 

(CH2(CH2CNCPh(H)CH2O)2). 15N NMR (methylene chloride-d2, 71 MHz): δ -154.5. IR 

(neat, cm-1): 3057 w, 3023 w, 2958 m, 2894 m, 1662 s (νCN), 1492 m, 1452 m, 1164 m, 

979 m, 698 s. MS (EI) exact mass Calculated for C21H22N2O2 : m/e 334.1861 ([M]+), 

Found: 334.1681. 
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[PdCl2(μ-N,N-ProboxMe2)]2 (2-1). A Schlenk flask was charged with PdCl2(NCPh)2 (1.81 

g, 4.73 mmol) in air. The flask was connected to a Schlenk manifold and an argon 

atmosphere was established. THF (75 mL) was added via cannula transfer. A solution of 

ProboxMe2 (1.13 g, 4.74 mmol) in THF (10 mL) was quickly added to the stirring 

PdCl2(NCPh)2 solution via cannula, and the color immediately changed from dark red to 

orange. The solution was stirred at room temperature for 1 h and then heated at reflux 

overnight. The mixture was cooled to room temperature and concentrated to ca. 10 mL 

to give an orange solid. This solid was filtered on a frit, washed with pentane, and dried 

under vacuum for 24 h to yield 2-1 (1.74 g, 2.09 mmol, 88%). Slow evaporation of a 

solution of 2-1 in methylene chloride at room temperature provided X-ray quality crystals. 

1H NMR (methylene chloride-d2, 600 MHz): δ 4.14 (s, 8 H, CH2(CH2CNCMe2CH2O)2), 

3.43 (t, 3JHH = 7.8 Hz, 8 H, CH2(CH2CNCMe2CH2O)2), 2.23 (pent, 3JHH = 7.8 Hz, 4 H, 

CH2(CH2CNCMe2CH2O)2), 1.59 (s, 24 H, (CH2(CH2CNCMe2CH2O)2). 13C{1H} NMR 

(methylene chloride-d2, 150 MHz): δ 169.68 (CH2(CH2CNCMe2CH2O)2), 81.00 

(CH2(CH2CNCMe2CH2O)2), 68.61 (CH2(CH2CNCMe2CH2O)2), 31.56 

(CH2(CH2CNCMe2CH2O)2), 28.88 (CH2(CH2CNCMe2CH2O)2), 22.36 

(CH2(CH2CNCMe2CH2O)2). 15N NMR (methylene chloride-d2, 70.9 MHz): δ -213.8. IR 

(KBr, cm-1): 2967 m, 2925 m, 1652 s (νCN), 1457 m, 1378 m, 1004 m, 971 m. Anal. 

Calcd. for C26H44Cl4N4O4Pd2: C, 37.6; H, 5.33; N, 6.74. Found C, 38.0; H, 5.43; N, 6.58. 

mp 185-188 °C (dec).  

[PdCl2(µ-N,N-ProboxiPr)]2 (2-2). A 100 mL Schlenk flask was charged with 

PdCl2(NCPh)2 (1.45 g, 3.78 mmol), attached to a Schlenk manifold, and filled with an 

argon atmosphere. THF (30 mL) was added via cannula, followed by a THF (20 mL) 

solution of ProboxiPr (1.00 g, 3.77 mmol). The solution changed from deep red to yellow. 
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The yellow solution was stirred at room temperature for 1 h and then heated at reflux for 

18 h. The solvent was removed under vacuum to yield a yellow solid that was then 

extracted with 3 × 20 mL of toluene. The orange toluene solution was concentrated to 

ca. 10 mL and cooled to -30 °C. Compound 2-2 was collected after 1 day at -30 °C as a 

yellow crystalline solid (1.42 g, 1.60 mmol, 84 %). 1H NMR (methylene chloride-d2, 600 

MHz): δ 4.40 (dd, 2JHH = 10.2 Hz, 3JHH = 9.0 Hz, 4 H, CH2(CH2CNC(CHMe2)HCH2O), 

4.23 (vt, JHH = 8.4 Hz, 4 H, CH2(CH2CNC(CHMe2)HCH2O), 4.16 (m, 4 H, 

CH2(CH2CNC(CHMe2)HCH2O), 3.94 (dt, 2JHH = 14.4 Hz, 3JHH = 8.4 Hz, 4 H, 

CH2(CH2CNC(CHMe2)HCH2O), 2.85 (m, 4 H, CH2(CH2CNC(CHMe2)HCH2O), 2.62 (m, 4 

H, CH2(CH2CNC(CHMe2)HCH2O), 2.29 (pent, 3JHH = 7.8 Hz, 4 H, 

CH2(CH2CNC(CHMe2)HCH2O), 1.10 (d, 3JHH = 7.2 Hz, 12 H, 

CH2(CH2CNC(CHMe2)HCH2O), 1.07 (d, 3JHH = 7.3 Hz, 12 H, 

CH2(CH2CNC(CHMe2)HCH2O). 13C{1H} NMR (methylene chloride-d2, 150 MHz): δ 

171.17 (CH2(CH2CNC(CHMe2)HCH2O), 70.67 (CH2(CH2CNC(CHMe2)HCH2O), 70.57 

(CH2(CH2CNC(CHMe2)HCH2O), 30.85 (CH2(CH2CNC(CHMe2)HCH2O), 30.77 

(CH2(CH2CNC(CHMe2)HCH2O), 22.94 (CH2(CH2CNC(CHMe2)HCH2O), 19.22 

(CH2(CH2CNC(CHMe2)HCH2O), 16.38 (CH2(CH2CNC(CHMe2)HCH2O). 15N NMR 

(benzene-d6, 70.9 MHz): δ -277.6. IR (KBr, cm-1): 2952 m, 2925 m, 2871 m, 1650 s 

(νCN), 1481 m, 1465 m, 1389 m, 1373 m, 1247 m, 1232 m, 997 m, 952 m. Anal. Calcd. 

for C30H52Cl4N4O4Pd2: C, 40.6; H, 5.91; N, 6.31. Found C, 40.6; H, 5.97; N, 6.21. mp 

174-177 °C (dec). 

[RhCl(µ-N,N-ProboxPh)(η2-C8H14)]2 (2-3). A 200 mL Schlenk flask was charged with 

[RhCl(η2-C8H14)2]2 (0.85 g, 1.18 mmol) in the glovebox. The flask was attached to a 

Schlenk manifold and benzene (90 mL) was added via cannula to give a suspension. A 
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benzene solution of ProboxPh (0.76 g, 2.27 mmol) was then added via cannula to the 

stirring rhodium suspension. The mixture was heated to 50 °C to give a brown solution. 

After 21 h, the brown solution was filtered to remove a precipitate, and the precipitate 

was extracted with benzene (3 × 15 mL). The solvent was evaporated to afford 0.857 g 

of 2-3 (0.735 mmol, 65%) as a brown air-sensitive solid. Cooling a toluene solution of 2-3 

at -30 °C for two weeks provided X-ray quality crystals. 1H NMR (benzene-d6, 400 MHz): 

δ 7.88 (d, 3JHH = 7.5 Hz, 4 H, ortho-C6H5), 7.47 (t, 3JHH = 7.5 Hz, 4 H, meta-C6H5), 7.30 (t, 

3JHH = 7.5 Hz, 2 H, para-C6H5), 7.23 (d, 3JHH = 7.5 Hz, 4 H, ortho-C6H5), 7.13 (t, 3JHH = 7.5 

Hz, 2 H, para-C6H5) 7.05 (t, 3JHH = 7.5 Hz, 4 H, meta-C6H5), 5.24 (vt, 3JHH = 10.5 Hz, 2 H, 

CH2(CH2CNCPh(H)CH2O)2), 4.61 (br m, 2 H, CH2(CH2CNCPh(H)CH2O)2), 4.53 (br m, 2 

H, CH2(CH2CNCPh(H)CH2O)2), 4.33 (vt, 3JHH = 10.5 Hz, 2 H, 

CH2(CH2CNCPh(H)CH2O)2), 3.90 (vt, 3JHH = 8.5 Hz, 2 H, CH2(CH2CNCPh(H)CH2O)2), 

3.89 (vt, 3JHH = 9.0 Hz, 2 H, CH2(CH2CNCPh(H)CH2O)2), 3.77 (vt, 3JHH = 9.0 Hz, 2 H, 

CH2(CH2CNCPh(H)CH2O)2), 3.62 (dd, 3JHH = 10.5 Hz, 2JHH = 9.0 Hz, 2 H, 

CH2(CH2CNCPh(H)CH2O)2), 3.10 (br m, 4 H, C8H14), 2.74 (br m, 2 H, 

CH2(CH2CNCPh(H)CH2O)2), 2.70 (br m, 2 H, CH2(CH2CNCPh(H)CH2O)2), 2.66 (br m, 2 

H, CH2(CH2CNCPh(H)CH2O)2), 2.44 (br m, 2 H, CH2(CH2CNCPh(H)CH2O)2), 1.71 (br m, 

8 H, C8H14), 1.49 (br m, 8 H, C8H14), 1.24 (br m, 8 H, C8H14). 13C{1H} NMR (benzene-d6, 

125 MHz): δ 172.10 (CH2(CH2CNCPh(H)CH2O)2), 169.96 (CH2(CH2CNCPh(H)CH2O)2), 

140.24 (ipso-C6H5), 138.92 (ipso-C6H5), 130.93 (ortho-C6H5), 129.81 (ortho-C6H5), 

128.92 (meta-C6H5), 128.76 (meta-C6H5), 128.50 (para-C6H5), 128.30 (para-C6H5), 76.21 

(CH2(CH2CNCPh(H)CH2O)2), 72.50 (CH2(CH2CNCPh(H)CH2O)2), 71.26 

(CH2(CH2CNCPh(H)CH2O)2), 60.67 (d, 1JRhC = 16.6 Hz, C8H14), 33.84 

(CH2(CH2CNCPh(H)CH2O)2), 31.41 (C8H14), 30.19 (CH2(CH2CNCPh(H)CH2O)2), 27.81 
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(C8H14), 27.14 (C8H14), 23.26 (CH2(CH2CNCPh(H)CH2O)2), 22.61 

(CH2(CH2CNCPh(H)CH2O)2). 15N NMR (benzene-d6, 70.9 MHz): δ -209.9. IR (KBr, cm-1): 

3066 m, 3030 m, 2919 m, 2845 m, 1645 s (νCN), 1455 m, 1379 m, 1232 m, 990 m, 697 

m. Anal. Calcd. for C58H72Cl2N4O4Rh2: C, 59.7; H, 6.22; N, 4.81. Found: C, 59.4; H, 5.83; 

N, 4.98. mp 230-235 °C (dec). 

mer-(κ3-N,C,N-ProboxMe2)RhCl2 (2-4). Rhodium trichloride hydrate (0.629 g, 2.34 mmol) 

was dissolved in ethanol (200 mL) and heated to 80 °C. A solution of ProboxMe2 (0.507 g, 

2.13 mmol) in ethanol was added, and this mixture was heated at reflux for 18 h under 

argon. After cooling to room temperature, the suspension was filtered to remove a black 

precipitate (Rh metal). The precipitate was extracted with methylene chloride (3 × 20 

mL), and the combined ethanol and methylene chloride filtrates were evaporated. 

Residual ethanol was removed by lyophilization with benzene (2 × 20 mL) to give a 

reddish-brown solid. The solid was purified by chromatography (silica gel 1" × 5") at 5 °C 

(using a 3’ long jacketed column with an argon inlet and ground glass joint on the 

collection end of the column) under an argon atmosphere. The desired mer-(κ3-N,C,N-

ProboxMe2)RhCl2 was collected with methylene chloride:2-propanol (200:1) as a yellow 

band. After removing the solvent under vacuum, 2-4 was isolated as a yellow-orange 

solid 0.030 g (0.07 mmol, 3.4%). A solution of 2-4 in methylene chloride was cooled to -

30 °C for one week to provide X-ray quality crystals of water adduct, 2-5. 1H NMR 

(chloroform-d1, 600 MHz): δ 5.85 (m, 1 H, RhCH(CH2CNCMe2CH2O)2), 4.25 (d, 2JHH = 

8.4 Hz, 2 H, RhCH(CH2CNCMe2CH2O)2), 4.18 (d, 2JHH = 8.4 Hz, 2 H, 

RhCH(CH2CNCMe2CH2O)2), 3.28 (dd, 2JHH = 16.8 Hz, 3JHH = 10.2 Hz, 2 H, 

RhCH(CH2CNCMe2CH2O)2), 2.10 (dd, 2JHH = 17.4 Hz, 3JHH = 6.0 Hz, 2 H, 

RhCH(CH2CNCMe2CH2O)2), 1.47 (s, 6 H, RhCH(CH2CNCMe2CH2O)2), 1.44 (s, 6 H, 
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RhCH(CH2CNCMe2CH2O)2). 13C{1H} NMR (chloroform-d1, 150 MHz): δ 171.61 (d, 2JRhC 

= 3.15 Hz, RhCH(CH2CNCMe2CH2O)2), 82.00 (RhCH(CH2CNCMe2CH2O)2), 67.09 

(RhCH(CH2CNCMe2CH2O)2), 38.08 (RhCH(CH2CNCMe2CH2O)2), 27.93 (d, 1JRhC = 25.7 

Hz, RhCH(CH2CNCMe2CH2O)2), 27.84 (RhCH(CH2CNCMe2CH2O)2), 27.39 

(RhCH(CH2CNCMe2CH2O)2). 15N NMR (methylene chloride-d2, 70.9 MHz): δ -211.9 (d, 

1JRhN = 24 Hz). IR (KBr, cm-1): 2966 m, 2923 m, 2902 m, 1656 s (νCN), 1390 m, 1394 m, 

1328 m, 1259 m, 1201 m, 1002 m, 800 m. Anal. Calcd. for C13H21Cl2N2O2Rh: C, 38.0; H, 

5.15; N, 6.81. Found: C, 38.0; H, 4.85; N, 6.62. mp 213-215 °C (dec). 

fac-(κ3-N,N,C-ProboxMe2)RhCl2(PMe3) (2-6). mer-(κ3-N,C,N-ProboxMe2)RhCl2 (2-4) 

(0.025 g, 0.06 mmol) was placed in a vial in the glovebox and dissolved in THF (10 mL). 

Trimethylphosphine (0.007 mL, 0.07 mmol) was added, and the solution was stirred at 

room temperature for 1 h. The solvent was removed under vacuum to yield fac-(κ3-

N,C,N-ProboxMe2)RhCl2(PMe3) as a yellow solid (0.026 g, 0.053 mmol, 87%). 1H NMR 

(methylene chloride-d2, 400 MHz): δ 4.23 (d, 2JHH = 8.0 Hz, 1 H, trans-exo-

RhCH(CH2CNCMe2CH2O)2), 4.18 (d, 2JHH = 8.4 Hz, 1 H, cis-endo-

RhCH(CH2CNCMe2CH2O)2), 4.12 (d, 2JHH = 8.4 Hz, 1 H, cis-exo-

RhCH(CH2CNCMe2CH2O)2), 4.00 (d, 2JHH = 8.0 Hz, 1 H, trans-endo- 

RhCH(CH2CNCMe2CH2O)2), 3.23 (dd, 2JHH = 18.4 Hz, 3JHH = 9.2 Hz, 1H, trans-endo- 

RhCH(CH2CNCMe2CH2O)2), 3.00 (m, 1 H, RhCH(CH2CNCMe2CH2O)2), 2.84 (dd, 2JHH = 

18.8 Hz, 3JHH = 9.6 Hz, 1 H, cis-exo-RhCH(CH2CNCMe2CH2O)2), 2.16 (d, 2JHH = 17.6 Hz, 

1 H, cis-endo-RhCH(CH2CNCMe2CH2O)2), 2.12 (d, 2JHH = 18.4 Hz, 1 H, trans-exo- 

RhCH(CH2CNCMe2CH2O)2), 1.65 (s, 3 H, trans-endo-RhCH(CH2CNCMe2CH2O)2), 1.60 

(s, 3 H, cis-exo-RhCH(CH2CNCMe2CH2O)2), 1.58 (s, 3 H, trans-exo- 

RhCH(CH2CNCMe2CH2O)2), 1.55 (s, 3 H, cis-endo-RhCH(CH2CNCMe2CH2O)2), 1.50 (d, 
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2JPH = 11.2 Hz, 9H, PMe3). 13C{1H} NMR (methylene chloride-d2, 100 MHz): δ 176.26 (d, 

2JRhC = 4.3 Hz, cis-RhCH(CH2CNCMe2CH2O)2), 175.22 (vt, 2JRhC = 5.8 Hz, 3JPC = 2.7 Hz, 

trans-RhCH(CH2CNCMe2CH2O)2), 83.15 (cis-RhCH(CH2CNCMe2CH2O)2), 82.54 (d, J = 

4.3 Hz, trans-RhCH(CH2CNCMe2CH2O)2), 70.87 (d, J = 4.0 Hz, trans-

RhCH(CH2CNCMe2CH2O)2), 68.78 (d, J = 1.0 Hz, cis-RhCH(CH2CNCMe2CH2O)2), 40.70 

(cis-RhCH(CH2CNCMe2CH2O)2), 40.22 (trans-RhCH(CH2CNCMe2CH2O)2), 30.19 (cis-

endo-RhCH(CH2CNCMe2CH2O)2), 28.88 (trans-exo-RhCH(CH2CNCMe2CH2O)2), 28.16 

(trans-endo-RhCH(CH2CNCMe2CH2O)2), 27.64 (cis-exo-RhCH(CH2CNCMe2CH2O)2), 

18.94 (dd, 1JRhC = 21.2 Hz, 2JPC = 7.7 Hz, RhCH(CH2CNCMe2CH2O)2), 15.45 (d, 1JPC = 

36.0 Hz, PMe3). 15N NMR (methylene chloride-d2, 71 MHz): δ -178.2 (d, 2JPN = 104 Hz, 

N-trans to PMe3), -207.3 (s, N-trans to Cl). 31P{1H} NMR (methylene chloride-d2, 161.9 

MHz): δ 9.53 (d, 1JRhP = 129 Hz). IR (KBr, cm-1): 2967 m, 2909 m, 1653 s (νCN), 1465 m, 

1419 m, 1378 m, 1261 m, 1200 m, 1181 m, 981 m, 957 s. Anal. Calcd. for 

C16H30Cl2N2O2PRh(C6H6)0.5: C, 43.4; H, 6.32; N, 5.32. Found: C, 43.4; H, 5.83; N, 4.98. 

mp 215-218 °C (dec). 
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Chapter 3: Optically active, bulky tris(oxazolinyl)borato magnesium and calcium 

compounds for asymmetric hydroamination/cyclization 

Modified from a paper published in Journal of Organometallic Chemistry* 

Steven R. Neal, Arkady Ellern, Aaron D. Sadow 

Department of Chemistry, Iowa State University, Ames, IA 50011, USA 

Abstract 

 The synthesis of the new chiral, pseudo-C3-symmetric, monoanionic ligand 

tris(4S-tert-butyl-2-oxazolinyl)phenylborate [ToT]- is reported. The steric bulk, tridentate 

coordination, and anionic charge of [ToT]- are suitable for formation of complexes of the 

type ToTMX, where one valence is available for reactivity. With this point in mind, we 

prepared magnesium and calcium ToT complexes that resist redistribution to (ToT)2M 

compounds. Both ToTMgMe and ToTCaC(SiHMe2)3 contain tridentate ToT-coordination to 

the metal center, as shown by NMR spectroscopy, infrared spectroscopy, and X-ray 

crystallography. These compounds are active catalysts for the cyclization of three 

aminoalkenes to pyrrolidines, and provide non-racemic mixtures of pyrrolidines in 

enantiomeric excesses up to 36%. 

Introduction 

 Group 2 organometallic compounds have potential advantages in homogeneous 

catalysis, as organomagnesium and organocalcium compounds are inexpensive, their 

                                                                                                                                              
* Reprinted from J. Organomet. Chem., 696, Neal, S. R.; Ellern, A.; Sadow, A. D., 

Optically active, bulky tris(oxazolinyl)borato magnesium and calcium compounds for 

asymmetric hydroamination/cyclization, 228-234, Copyright 2011 with permission from 

Elsevier. 
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starting materials are readily available, both metals are physiologically benign, and 

techniques for their manipulation are typically similar to those developed for Grignard 

reagents. However, their ionic bonding, facile configurational and structural exchange 

reactions, and thermodynamic stability of oxide and halide salts due to high lattice 

energies are particular challenges that inhibit the application of group 2 metal 

compounds in catalysis.  

In this regard, the discovery by Parkin and co-workers that tris(pyrazolyl)borato 

magnesium(II) compounds are resistant toward disproportionation reactions and provide 

compounds with well-defined coordination constitutions and geometries offers 

opportunities for organomagnesium compounds in catalysis.1-4 Later, Chisholm reported 

achiral C3v and chiral C3-symmetric tris(pyrazolyl)borato magnesium(II) catalysts for 

lactide ring-opening polymerization.5 More recently, magnesium and calcium β-

diketiminate compounds (e.g. {nacnac}MR) have been shown to be highly active in 

hydroamination/cyclization of aminoalkenes6-9 where sterically demanding substituents 

on the β-diketiminate ligands hinder the formation of bis(diketiminate)magnesium and 

calcium complexes.10 Additionally, interesting zwitterionic bis (carbene)-11-14 and 

tris(carbene)borato alkaline earth metal compounds have been reported and applied in 

hydroamination/cyclization.15-17 At the time of publication, a few reports of stereoselective 

hydroamination with calcium and magnesium based catalysts have provided % ee’s up 

to 6% and 14%, respectively.18-19 Recently, Hultzsch and co-workers have reported a 

phenoxyamine magnesium catalyst capable of cyclizing aminoalkenes with % ee’s up to 

90%.20 

 Recent reports form our group describe the synthesis of the achiral monoanionic 

tris(4,4-dimethyl-2-oxazolinly)phenylborate [ToM]- and its chemistry in zirconium,21 
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iridium, aluminum, and yttrium complexes,22-24 where the latter yttrium species is a 

catalyst for the hydroamination/cyclization of aminoalkenes to pyrrolidines.25-26 

 These tridentate monoanionic ligands are electronically similar to the well-known  

tris(pyrazolyl)borate ligands.27-28 The tridentate monoanionic oxazolinylborate ligands 

also may be compared to Gade’s neutral tridentate tris(oxazolinyl)ethane ligands 

(trisox)29-30 whereas the anionic borate center in the tris(oxazolinyl)borates provides an 

additional electrostatic component to their interaction with metal centers. Compounds 

with the formula[{trisox}LnR]2+ (Ln = Sc, Y, Lu, Tm, Er, Ho, Dy) generated in situ from 

{trisox}LnR3 and [Ph3C][B(C6F5)4], are catalysts for stereospecific polymerization of α-

olefins.31-33 Neutral tris(oxazolinyl)borate compounds of divalent metal centers, such as 

magnesium, calcium, and zinc, are isoelectronic with the putative dicationic trisox rare 

earth alkyls and might provide reactive complexes. In this context, we recently described 

a series of achiral tris(oxazolinyl)borato zinc compounds containing chloride, hydride, 

alkoxide, and disilazide ligands.34 Tris(oxazolinyl)borato magnesium and calcium 

compounds could behave similarly, and provide robust compounds that might still 

access open coordination sites for chemical reactivity. Here we report the synthesis of 

tris(4S-tert-butyl-2-oxazolinyl)phenylborate [ToT]-, its complexes with magnesium(II) and 

calcium(II), and their reactivity as catalysts for the hydroamination/cyclization of 

aminoalkenes. 

Results and Discussion 

Ligand synthesis 

 The preparation of Li[ToM] involves the in situ deprotonation of 2-H-4,4-dimethyl-

2-oxazoline with n-butyllithium followed by the addition of 0.30 equivalents of PhBCl2 

(Eq. 3-1).21 
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(Eq. 3-1) 

 A chiral analog of Li[ToM], tris(4S-isopropyl-2-oxazolinyl)phenylborate [ToP]-,35 

has also been prepared. However, unlike the synthesis of Li[ToM], the one-pot synthesis 

of Li[ToP] is not successful because 2-H-4S-isopropyl-oxazoline is not completely 

deprotonated with n-butyllithium.36-37 Deprotonation of 2-H-4S-isopropyl-oxazoline with 

LiN(SiMe3)2 provides 2-Li-4S-isopropyl-oxazolide in good yield; treating the isolated 

oxazolide with 0.31 equivalents of PhBCl2 gives Li[ToP] in 92% yield (Eq. 3-2).35 It is 

evident that each tris(oxazolinyl)phenylborate ligand will likely require optimization to 

achieve good yields rather than follow a generic synthetic scheme. This optimization is 

markedly different from the synthesis of similar bis(oxazolinyl)borates described by 

Pfaltz that are prepared by the in situ reaction of 2-H-oxazolines, tert-butyllithium, and 

Ph2BCl.38-39 

 

(Eq. 3-2) 
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Reactions of 2-H-4S-tert-butyl-oxazoline and LiN(SiMe3)2 provide 2-Li-4S-tert-

butyl-oxazolide (LiOxtBu, (Eq. 3-3) in quantitative yield in micromolar scale reactions. The 

IR spectrum of LiOxtBu (KBr) contains both isocyanide (2000 cm-1) and oxazolide (1635 

cm-1) bands, which is consistent with previous reports with 2-lithio-4,4-dimethyl-oxazolide 

and 4S-isopropyl-2-lithio-oxazolide.35, 40 Unlike the deprotonation of LiOxiPr, isolation of 

LiOxtBu from the HN(SiMe3)2 byproduct proves difficult because the latter is highly soluble 

in hydrocarbon and ethereal solvents. The difference in solubility between 4S-tert-butyl-

oxazolide and 4S-isopropyl- or 4,4-dimethyl-oxazolides is puzzling. THF could be 

coordinating to the tert-butyl-oxazolide, thus increasing the solubility; however, no 

evidence of such interaction is observed in the 1H NMR spectrum. A sample of LiOxtBu is 

reacted with methanol-d4 as solvent, and the NMR spectrum of the resulting 2-D-4S-tert-

butyl-oxazoline contains no resonances attributed to diethyl ether or THF. Likewise, no 

resonances corresponding to coordinated or free THF are present in the NMR spectrum 

of LiOxtBu in benzene-d6, and the addition of THF-d8 to the benzene-d6 sample of LiOxtBu 

does not affect a change in the chemical shift of the oxazolide resonances. The 7Li NMR 

spectrum of LiOxtBu contains one resonance (1.22 ppm) in benzene-d6 and does not shift 

upon addition of THF.  

 

(Eq. 3-3) 

 The high solubility of LiOxtBu is in sharp contrast to 2-Li-4,4-dimethyl-oxazolide 

(LiOxMe2) and 2-Li-4S-isopropyl-oxazolide (LiOxiPr) that, once isolated, are insoluble in 

hydrocarbons, diethyl ether, and THF. Isolated LiOxMe2 is not useful in the preparation of 

Li[ToM], while the addition of PhBCl2 to a THF suspension of LiOxiPr does yield Li[ToP]. 
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Unfortunately, the high solubility of LiOxtBu makes its use as a precursor for Li[ToT] 

impossible because the procedure for isolating LiOxiPr from the deprotonation byproduct, 

HN(SiMe3)2, involves repeated washing of the oxazolide with diethyl ether. Additionally, 

neither repeated crystallizations nor exposure to high vacuum (10-5 Torr) for extended 

times (2 days) is successful in improving the purity of LiOxtBu. 

A one-pot procedure for the synthesis of lithium tris(4S-tert-butyl-2-

oxazolinyl)phenyl borate (Li[ToT]) requires deprotonation of 2-H-4S-tert-butyl-oxazoline 

with tert-butyllithium at -78 °C then adding 0.31 equivalents of PhBCl2 (Eq. 3-4). A single 

11B resonance at -17.0 ppm in methanol-d4 is consistent with the formation of a four-

coordinate borate. The 1H NMR spectrum of crude Li[ToT] is consistent with a pseudo-

C3-symmetric species due to the presence of one set of oxazoline resonances at 0.86 

(CH3), 3.75 (CH), and 3.89 ppm (CH2). The syntheses of Li[ToM] and Li[ToP] require a 

26-hour reaction time while full conversion of LiOxtBu to Li[ToT] requires a significantly 

increased reaction time (72 hours). This increased reaction time is needed due to the 

increased steric bulk of the 4-S-tert-butyl group on the oxazoline ring compared to the 

4,4-dimethyl or 4S-isopropyl substituents on the oxazoline rings in Li[ToM] and Li[ToP] 

respectively. It is evident that the yield of in situ generated LiOxtBu, obtained from 

deprotonation of 2H-4S-tert-buyl-oxazoline with tert-butyllithium, is much improved 

compared to the in situ generated LiOxiPr.36-37 Apparently, the formation of a quaternary 

borate with three boron–oxazoline bonds requires pure oxazolide anion and cannot 

tolerate the lower yield of LiOxiPr (via in situ deprotonation) or small amounts of 

HN(SiMe3)2 byproduct. A pure sample of Li[ToT] suitable for combustion analysis could 

not be isolated due to contamination by LiCl. During the synthesis of Li[ToM], removal of 

the reaction solvent, THF, followed by extraction with hot toluene provides an analytically 
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pure species; however, this extraction technique was not suitable for Li[ToT] due to its 

high solubility and coordination of LiCl. 

 

(Eq. 3-4) 

A crude sample of Li[ToT] (contaminated with LiCl) is treated with 

triethylammonium chloride in methylene chloride to provide hydrogen tris(4S-tert-butyl-2-

oxazolinyl)phenyl borate (H[ToT]) after filtration through a short plug of grade-III neutral 

alumina (Eq. 3-4). Analytically pure H[ToT] is isolated after silica gel column 

chromatography. The four-coordinate borate structure is maintained as evidenced by a 

single resonance in the 11B NMR spectrum at -16.5 ppm. The 1H NMR spectrum of 

H[ToT] is consistent with a single diastereomeric species with pseudo-C3 symmetry in 

solution (benzene-d6) due to the presence of three oxazoline resonances at 0.80 (CH3), 

3.44 (CH), and 3.78 ppm (CH2).  

The presence of only one νCN band at 1601 cm-1 indicates that H[ToM] is also 

pseudo-C3v symmetric in the solid state. This is an interesting contradiction to the solid 
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state structure of H[ToM], the analogous protonated form of Li[ToM], which exhibits two 

νCN bands (1627, 1594 cm-1) in the IR spectrum. Analysis of a single crystal X-ray 

diffraction study shows the presence of two coplanar oxazoline rings in a geometry 

consistent with coordination to a proton (not observable in an X-ray diffraction study) with 

the third oxazoline ring rotated away from the indicated proton.21 The origination of this 

difference is unknown but likely a result of steric interactions between the substituents at 

the 4-position of the oxazoline ring. Similar to H[ToT], the IR spectrum of H[ToP] contains 

only one νCN band at 1594 cm-1 in the solid state indicating all three oxazoline rings are 

equivalent. As was observed in [ToP]- chemistry, the oxazoline groups in S,S,S-H[ToT] 

are optically pure because small amounts of 4R-tert-buyl-oxazoline would give 

diastereomers (e.g. S,S,R) that would have a 1H NMR spectrum that is distinct from the 

S,S,S-H[ToT] diastereomer. 

The attempted synthesis of a chiral tris(oxazolinyl)phenylborate bearing a phenyl 

group on the oxazoline ring, tris(4R-phenyl-2-oxazolinyl)phenylborate (Li[ToPh]) began 

with isolation of the corresponding 2-Li-4R-phenyl-oxazolide (LiOxPh). Deprotonating 2-

H-4R-phenyl-oxazoline40 with LiN(SiMe3)2 provides LiOxPh in quantitative yield on 

micromolar scale. Unfortunately, the solubility of LiOxPh is very similar to the solubility of 

LiOxtBu and isolation from the HN(SiMe3)2 byproduct is not successful. Additionally, in 

situ deprotonation of 2-H-4R-phenyl-oxazoline with n-butyllithium or tert-butyllithium does 

not provide sufficiently pure tris(oxazolinyl)phenyl borate.  
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(Eq. 3-5) 

 The thallium version of [ToT]- is synthesized via transmetalation from Li[ToT] with 

TlOAc in methylene chloride, similar to the preparation of Tl[ToP]28 (Eq. 3-6). The 11B 

NMR spectrum of thallium tris(4S-tert-butyl-2-oxazolinyl)phenylborate (Tl[ToT]) in 

benzene-d6 displays a characteristic broad resonance at -17.1 ppm of a 

tris(oxazolinyl)phenyl borate.28 A pseudo-C3 symmetric species is observed in the 1H 

NMR spectrum of Tl[ToT] with resonances at 0.73 (CH3), 3.39 (CH), and 3.67 ppm (CH2). 

The IR spectrum of Tl[ToT] contains one νCN band (1588 cm-1) indicating that the three 

imidine nitrogens are coordinated to the thallium center in the solid state consistent with 

both Tl[ToM] and Tl[ToP].28 The synthesis of Tl[ToT] has two advantages over the 

synthesis of H[ToT]. The yield of Tl[ToT] is higher than the yield of H[ToT], and the 

synthesis and purification is entirely anaerobic thus not requiring a drying step before 

treating with air and moisture sensitive reagents. 
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(Eq. 3-6) 

 X-ray quality crystals are obtained by slow evaporation of a solution of Tl[ToT] in 

benzene. A single crystal diffraction study confirms the structure of Tl[ToT] (see ORTEP 

diagram of Tl[ToT] plotted in Figure 3-1) with the tris(oxazolinyl)phenylborate ligand 

bound tridentate to the metal center. The chiral P212121 space group is consistent with 

the presence of only one enantiomer of Tl[ToT] in the solid state. 

 

Figure 3-1. An ORTEP diagram of Tl[ToT], drawn at 50% probability. Hydrogen atoms on the stereogenic 

centers are shown to highlight the configuration, and the C6H5 group is represented by a ball and stick 

structure (without the hydrogens) for clarity. Relevant bond distances (Å) Tl1–N1, 2.557(2); Tl1–N2, 

2.570(2); Tl1–N3, 2.505(2). Relevant bond angles (°) N1–Tl1–N2, 78.02(7); N1–Tl1–N3, 77.47(7); N2–Tl1–

N3, 75.61(7). 
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Synthesis and characterization of ToTMgMe and ToTCaC(SiHMe2)3 

 The reaction of H[ToT] and MgMe2·(O2C4H8)2 in benzene affords ToTMgMe in 

81% yield (Eq. 3-7). The oxazoline rings in ToTMgMe are equivalent in the 1H NMR 

spectrum indicating the magnesium compound is pseudo-C3 symmetric in solution 

(benzene-d6). One resonance was observed at 0.72 ppm corresponding to the tert-butyl 

moiety and three resonances assigned to the methine and two diastereotopic methylene 

hydrogens on the oxazoline ring at 3.45, 3.59, and 3.72 ppm. Additionally, the resonance 

assigned to Mg–CH3 appeared at -0.65 ppm; the integrated ratio of this resonance 

versus the tert-butyl resonance was the expected 3 H: 27 H. A 1H–15N HMBC experiment 

provides a single natural abundance 15N chemical shift (-178.2 ppm) indicating tridentate 

coordination of [ToT]- to magnesium. Crosspeaks were observed between the imidine 

nitrogen and the oxazoline methylene and methine resonances; there was no crosspeak 

detected between the imidine nitrogen and the magnesium-bound methyl. The 15N 

chemical shift was only slightly upfield of that for H[ToT] (-174.5 ppm), but was 

significantly upfield of 2-H-4S-tert-butyl-oxazoline (-148.0 ppm). The IR spectrum further 

supported the tridentate coordination of [ToT]- to magnesium with the presence of only 

one νCN band at 1585 cm-1. The large size of the [ToT]- ligand provides significant steric 

shielding around the magnesium(II) center, thus preventing coordination of THF or 

dioxane in the bulk sample. 

 

(Eq. 3-7) 
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X-ray quality crystals are obtained by cooling a ToTMgMe solution in toluene to -

78 °C. A single crystal diffraction study confirms the structure of ToTMgMe (see ORTEP 

diagram of ToTMgMe plotted in Figure 3-2). The tris(oxazolinyl)phenylborate ligand is 

coordinated tridentate to magnesium and adopts pseudo-C3-symmetry with the C3-axis 

coincident with the B–Mg vector. Thus, the [ToT]- ligand forms a propeller-type shape 

around the magnesium center. The space group (P212121) is identical to that observed 

for Tl[ToT] and is consistent with the presence of only one enantiomer of ToTMgMe in the 

solid state. 

The Mg1–C26 bond length is 2.102(1) Å; the Mg1–N1 and Mg1–N3 bond lengths 

are identical within 3σ error (2.108(1) and 2.109(1) Å) while the Mg1–N2 bond length is 

slightly longer (2.118(1) Å). All of the Mg–N bond lengths are significantly shorter (ca. 

0.4 Å) than those in Tl[ToT]. The steric bulk and chelating [ToT]- ligand distort the bond 

angles of the Mg center from tetrahedral, as expected for a highly ionic compound. For 

example, the ∠N–Mg–N angles are close to 90° (89.74(4) to 91.56(4)°) whereas the ∠N–

Mg–C26 angles are more obtuse, ranging from 121.13(6) to 127.84(6)°. The analogous 

∠N–Tl–N angles for Tl[ToT] are considerably more acute (75.61(7) to 78.02(7)°) than 

those in ToTMgMe due to the increased M–N bond distances in the former. Comparing 

ToTMgMe and the related tris(pyrazolyl)borate compound TptBuMgMe (TptBu = tris(3-tert-

butyl-pyrazolyl)borate) reveals that the Mg–C bond distance in TptBuMgMe (2.12(1) Å) is 

the same, within 3σ error, and the Mg–N bond distances (2.13(1), 2.137(7), and 2.137(7) 

Å) are also essentially identical with those in ToTMgMe.1-4 The ∠N–Mg–N and ∠N–Mg–C 

bond angles are also similar (90.6(4) to 91.3(3)°) and (122.7(4) to 125.4(2)°) 

respectively. The similarity of Mg–N bonds lengths in ToTMgMe and TptBuMgMe, where 

4S-tert-butyl-oxazolinyl and 3-tert-butyl-pyrazolyl are expected to have distinct electronic 
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properties, further emphasizes the substantial ionic character of these four-coordinate 

magnesium compounds. 

 

Figure 3-2. An ORTEP diagram of ToTMgMe, drawn at 50% probability. Hydrogen atoms on the stereogenic 

centers are shown to highlight the configuration, and the C6H5 group is represented by a ball and stick 

structure (without the hydrogens) for clarity. 

 A better comparison between ToTMgMe and TptBuMgMe involves their relative 

steric properties. The cone angle of TptBu was previously estimated at 244°,1-4 whereas 

the cone angle of [ToT] in ToTMgMe was estimated to be 233°. The cone angle measures 

the extent to which the substituents on the pyrazole ring or oxazoline ring (i.e., tert-butyl) 

extend past the magnesium center. Another method for examining the steric effects of a 

ligand on a metal center is the solid angle. This method treats the metal center as a point 

source of light and the complex is encompassed by an imaginary sphere;41-42 the solid 

angle is then defined as the overall surface of the sphere shaded by the ligand. The 

advantage of using solid angles to investigate the size of a ligand over cone angles 
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arises when the ligand is multi-haptic  and does not contain free rotation about the metal–

element bond.43 The solid angles of [ToT]- and TptBu are calculated from their X-ray 

coordinates to be 7.8 steradians (the percentage of the shaded surface is 62%) and 8.9 

steradians (71%) respectively using the program Solid-G.44-45 Therefore, the effective 

size of [ToT]- is smaller than TptBu, this size difference is proposed to be due to the 

hybridization of the carbons on the heterocyclic rings. The planar sp2-hybridized C3 in 

the pyrazole directs the tert-butyl group past the magnesium center while the sp3-

hybridized C4 in the oxazoline ring directs the tert-butyl group toward the backside of 

one of the adjacent oxazoline rings rather than in front of the metal center. For a 

stereoselective reaction (such as insertion) in which a substrate must penetrate the 

space between two oxazoline rings, the steric properties of [ToT]- are expected to make a 

significant steric distinction between prochiral faces. 

 Furthermore, the solid angles of both [ToT]- and TptBu indicate that (ToT)2Mg and 

(TptBu)2Mg are not sterically reasonable complexes, at least when both ligands are 

bonded in a tridentate fashion. Thus, the moniker ‘tetrahedral enforcer’ often applied to 

TptBu,1-4 is also an appropriate descriptor of the steric properties of [ToT]-. Consistently, 

ToTMgMe is thermally robust in solution, and no decomposition, assessed by 1H NMR 

spectroscopy in toluene-d8, is observed when heated at 120 °C for five days. 

Additionally, ToTMgMe is stored in the solid state in the absence of air and moisture for 

extended periods without observable decomposition.  

 A related calcium compound is accessible by reaction of H[ToT] and 

Ca[C(SiHMe2)3]2(THF)2
46 in benzene, which yields ToTCaC(SiHMe2)3 and HC(SiHMe2)3 

as a non-coordinating byproduct that can be removed under vacuum (Eq. 3-8). All 

starting materials are consumed within five minutes and only the presence of free, 
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uncoordinated, THF is observed by 1H NMR spectroscopy in micromolar scale reactions; 

the reaction is stirred for one hour in larger scale reaction to insure complete conversion.  

 

(Eq. 3-8) 

 The lack of solvent coordination to ToTCaC(SiHMe2)3 is intriguing because the 

implication is that calcium(II) is 4-coordinate; however, the –C(SiHMe2)3 alkyl group has 

been shown to stabilize (formally) low-coordinate yttrium,47 ytterbium, and calcium46 

complexes via β-agostic SiH interactions. Thus, the δSiH and 1JSiH values of 4.89 ppm 

and 153 Hz from the 1H NMR spectrum of ToTCaC(SiHMe2)3 as well as the νSiH values of 

2106 and 1877 cm-1 in the IR spectrum are indicative of the presence of a β-agostic SiH 

interaction.48 For comparison, the β-agostic νSiH bands for Y[C(SiHMe2)3]3,47 

Ca[C(SiHMe2)3]2(THF)2, and Yb[C(SiHMe2)3]2(THF)2
46 are 1845, 1905, and 1890 cm-1 

respectively. This indicates the presences of at least one β-agostic SiH interaction in 

both the solution state and solid state structures of ToTCaC(SiHMe2)3. The presence of 

only one δSiH in the 1H NMR spectrum indicates that the compound is fluxional on the 

NMR timescale but not the IR timescale (due to the presence of both agostic and non-

agostic νSiH bands). Additionally, no νCN bands from 1630 to 1615 cm-1 were detected 

indicative of oxazoline ring dissociation in the solid state;49 only a single νCN band at 

1569 cm-1 was detected and assigned as the symmetric normal stretching mode.  
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Hydroamination/cyclization of aminoalkenes 

 We investigated our new optically active complexes ToTMgMe and 

ToTCaC(SiHMe2)3 as catalysts for the hydroamination/cyclization of the aminopentenes 

2,2-diphenyl-1-amino-pent-4-ene, 2,2-dimethyl-1-amino-pent-4-ene, and C-(1-allyl-

cyclohexyl)-methylamine as test substrates. The results are summarized in Table 3-1 to 

Table 3-3.  

Table 3-1. Enantioselective hydroamination/cyclization of 2,2-diphenyl-4-penten-1-amine catalyzed by 

ToTMgMe and ToTCaC(SiHMe2)3 

 

Entry Catalysta Time Temperature Conversionb % ee 
1 ToTMgMe 24 h RT 89% 0% 
2 ToTMgMe 12 h 60 °C ≥99% 0% 
3 ToTCaC(SiHMe2)3 5 min RT ≥99% 0% 

a 10 mol % catalyst. b Conversion was determined by 1H NMR spectroscopy. 

In general, the calcium compound ToTCaC(SiHMe2)3 catalyzes the cyclization of 

all three substrates at a significantly greater rate than hydroaminations catalyzed by 

ToTMgMe. The presumed catalyst intermediate, ToTM–NHCH2CR2CH2CH=CH2 (R2 = 

Ph2, –(CH2)5–, Me2), should be more reactive for M = Ca versus M = Mg based on size 

and related rates of hydroamination catalyzed by β-diketiminate calcium and magnesium 

complexes;6-7 however, initiation of ToTCaC(SiHMe2)3 is surprisingly fast given the 

unusual properties of the –C(SiHMe2)3 group.46-47 This alkyl ligand is both sterically 

encumbered and relatively non-basic at the central carbon, and as a result Lewis acids 

such as B(C6F5)3 react with a peripheral SiH rather than abstract the alkyl group in the 

typical fashion.50 
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 Although ToTMgMe and ToTCaC(SiHMe2)3 are efficient catalysts for the 

cyclization of 2,2-diphenyl-1-amino-pent-4-ene, the corresponding pyrrolidine product is 

obtained as a racemic mixture (See Table 3-1). More promising results are observed 

with C-(1-allyl-cyclohexyl)-methylamine, which is cyclized by ToTMgMe at 60 °C and by 

ToTCaC(SiHMe2)3 at room temperature to give the spiro-pyrrolidine product in 36% and 

18% ee, respectively (See Table 3-2).  

Table 3-2. Enantioselective hydroamination/cyclization of C-(1-allyl-cyclohexyl)-methylamine catalyzed by 

ToTMgMe and ToTCaC(SiHMe2)3 

 

Entry Catalysta Time Temperature Conversionb % eec 
1 ToTMgMe 24 h RT No conversion N/A 
2 ToTMgMe 26 h 60 °C 93% 36% (R) 
3 ToTCaC(SiHMe2)3 5 min RT ≥99% 18% (S) 
4d ToTCaC(SiHMe2)3 7 d 80 °C ≤10% N/A 

a 10 mol % catalyst loading. b Conversion was determined by 1H NMR spectroscopy. c % ee values were 
determined by 19F NMR spectroscopy of Mosher amide derivatives. Absolute configuration in parentheses; 
assignments based on literature values.51-52 d 1 mol % ToTCaC(SiHMe2)3  

Additionally, the substrate 2,2-dimethyl-1-amino-pent-4-ene is cyclized by 

ToTMgMe in 27% ee and by ToTCaC(SiHMe2)3 in 18% ee (See Table 3-3). Interestingly, 

hydroamination/cyclization of 2,2-dimethyl-1-amino-pent-4-ene and C-(1-allyl-

cyclohexyl)-methylamine with ToTMgMe gives rise to the R pyrrolidines whereas 

ToTCaC(SiHMe2)3 gives rise to the S pyrrolidines. Such differences in absolute 

configuration have been observed in rare earth and transition metal complex-catalyzed 

hydroaminations with scandium providing a different absolute configuration than larger 

metal centers53 as well as in our lab with zirconium and yttrium catalyzed 

hydroaminations.54-55 Thus, the substituents on the alkyl chain appear to be the most 

important component of the aminoalkenes for stereoselectivity in these cyclizations. 
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Table 3-3. Enantioselective hydroamination/cyclization of 22-dimethyl-4-penten-1-amine catalyzed by 

ToTMgMe and ToTCaC(SiHMe2)3 

 

Entry Catalysta Time Temperature Conversionb % eec 
1 ToTMgMe 7 d RT No conversion NA 
2 ToTMgMe 5 d 80 °C 80% 27% (R) 
3 ToTCaC(SiHMe2)3 5 min RT ≥99% 18% (S) 

a 10 mol % catalyst loading. b Conversion was determined by 1H NMR spectroscopy c % ee values were 
determined by 19F NMR spectroscopy of Mosher amide derivatives. Absolute configuration in parentheses; 
assignments based on literature values.51-52 

 While the enantioselectivity of ToTMgMe and ToTCaC(SiHMe2)3 are relatively low 

in comparison to the highly selective catalysts of Sadow (Zr and Y)54-55 Hultzsch (Sc and 

Lu)51 and Schafer (Zr),52 they provided the highest reported % ee’s for group 2-catalyzed 

hydroamination/cyclization reported at the time of publication. At that time, there were 

only two reports of group 2 catalysts that provided any enantioselectivity for the 

hydroamination/cyclization of aminopentene substrates. Hultzsch and co-workers 

described chiral binaphthyl-derived tetraamine dimagnesium complexes that cyclized 

2,2-diphenyl-1-amino-pent-4-ene with 14% ee, though 2,2-dimethyl-1-amino-pent-4-ene 

(4% ee) and C-(1-allyl-cyclohexyl)-methylamine (6% ee) were less successful.19 

Additionally, Harder and co-workers reported that bis(oxazoline) disilazidocalcium 

catalyzed the cyclization of 2,2-diphenyl-1-amino-pent-4-ene in up to 10% ee.18 Very 

recently, Hultzsch and co-workers reported a chiral phenoxyamine magnesium catalyst 

that was highly active for the hydroamination of several aminopentenes; specifically 2,2-

diphenyl-1-amino-pent-4-ene (80% ee), 2,2-dimethyl-1-amino-pent-4-ene (79% ee), and 

C-(1-allyl-cyclohexyl)-methylamine (90% ee).20 
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Conclusion 

 The contrasting stereoselectivity between the neutral group 2 

tris(oxazolinyl)borate catalyzed hydroamination/cyclization described here and the 

dicationic trisox scandium alkyls that polymerize α-olefins with high stereoregularity is 

striking. Both reactions are presumed to involve insertion of an olefin into an M–E bond, 

albeit Mg/Ca–N versus Sc–C bonds and intramolecular cyclization versus a chain and/or 

ligand mediated intermolecular process. Clearly, the factors that control stereoselective 

insertion in olefin polymerization are significantly different from the factors that influence 

cyclization of aminoalkenes in hydroamination reactions. A related comparison was 

considered by Marks and co-workers, who investigated C1-symmetric and chiral ansa-

lanthanoidocene complexes Me2Si(C5Me4)(C5H3R*)LnR as catalysts for enantioselective 

hydrogenation and hydroamination/cyclization.56 In those cases, good 

enantioselectivities were obtained for both reactions (up to 74% for hydroamination and 

up to 96% for hydrogenation), and olefin insertion was proposed as the stereochemistry 

defining step for both catalytic transformations. 

Experimental 

General. All manipulations were performed using either Schlenk techniques or in a 

glovebox under an inert atmosphere of N2 or argon unless otherwise indicated. Dry, 

oxygen-free solvents were used throughout. Benzene, toluene, pentane, diethyl ether, 

and tetrahydrofuran were degassed by sparging with nitrogen, filtered through activated 

alumina columns, and stored under nitrogen. Benzene-d6, toluene-d8, and 

tetrahydrofuran-d8 were vacuum transferred from Na/K alloy and stored under N2 in the 

glovebox. Ca[C(SiHMe2)3]2(THF)2,46 Me2Mg⋅(O2C4H8)2,57 2,2-diphenyl-4-penten-1-

amine,58 2,2-dimethyl-4-penten-1-amine,58 and C-(1-allyl-cyclohexyl)-methylamine59 were 
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prepared by published procedures. All the aminoalkenes were degassed and stored with 

4 Å molecular sieves in a glovebox prior to use. All other chemicals were obtained from 

commercial sources and used as received. 1H, 7Li, 11B, 13C{1H}, 19F{1H}, and 29Si{1H} 

NMR spectra were collected on a Bruker DRX-400 spectrometer, a Varian VXR-400 

spectrometer, or a Bruker Avance II 700 spectrometer with a Bruker Z-gradient inverse 

TXI 1H/13C/15N 5mm cryoprobe. 15N chemical shifts were also determined on the Bruker 

Avance II 700 spectrometer by 1H-15N HMBC experiments; 15N chemical shifts were 

originally referenced to liquid NH3 and recalculated to the CH3NO2 chemical shift scale by 

adding -381.9 ppm. 7Li NMR spectra were referenced to an external sample of 9.7 M 

LiCl in D2O, 11B NMR spectra were referenced to an external sample of BF3·Et2O, and 

29Si{1H} NMR spectra were referenced to an external sample of tetramethylsilane. 

Accurate mass ESI mass spectrometry was performed using the Agilent QTOF 6530 

equipped with the Jet Stream ESI source. An Agilent ESI test mix was used for tuning 

and calibration. Accurate mass data was obtained in the positive ion mode using a 

reference standard with ions at 121.05087 and 922.00979. The mass resolution (FWHM) 

was maintained at 18,000. 

[LiOxtBu]. A Schlenk flask containing a stir bar was charged with hexamethyldisilazane 

(1.0 mL, 4.80 mmol) followed by 15 mL of THF. The solution was cooled to -78 °C, and 

n-butyllithium (1.92 mL, 4.80 mmol) was added slowly. The solution was allowed to stir 

for 45 minutes then a THF (5 mL) solution of degassed 4S-tert-butyl-2-oxazoline was 

added slowly via cannula. The solution immediately turned bright yellow. The yellow 

solution was stirred at -78 °C for 1 h then warmed to room temperature and allowed to 

stir for an additional 2 h. All volatiles were removed under vacuum. The resulting yellow 

solid was dissolved in warm hexane and cooled to -30 °C. The resulting off-white solid 
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was filtered under argon at -30 °C and dried under vacuum to yield 0.461 g (3.46 mmol, 

76%) of crude LiOxtBu. 1H NMR (400 MHz, tetrahydrofuran-d8): δ 4.02 (br, d, JHH = 8.4 

Hz, 1 H, LiCNCHCMe3CH2O), 3.74 (t, 2JHH = 9.6 Hz, 1 H, LiCNCHCMe3CH2O), 3.23 (br, 

d, JHH = 7.2 Hz, 1 H, LiCNCHCMe3CH2O), 0.95 (s, LiCNCHCMe3CH2O). 13C{1H} NMR 

(100 MHz, tetrahydrofuran-d8): δ 156.98 (LiCNCHCMe3CH2O), 73.54 

(LiCNCHCMe3CH2O), 65.64 (LiCNCHCMe3CH2O), 33.48 (LiCNCHCMe3CH2O), 27.27 

(LiCNCHCMe3CH2O). 

Li[ToT]. 4S-tert-butyl-2-oxazoline (2.771 g, 21.8 mmol) was added to a Schlenk flask 

under argon. THF (100 mL) was added, and the colorless solution was cooled to -78 °C. 

tert-Butyllithium (13.6 mL, 23.1 mmol, 1.7 M) was added dropwise, and the solution 

turned from colorless to bright yellow. The reaction mixture was allowed to stir for 30 min 

at -78 °C, and PhBCl2 (0.88 mL, 6.78 mmol) was added slowly. The yellow solution was 

allowed to warm to room temperature and stir for 72 h. The volatiles were removed 

under vacuum, and the resulting yellow solid was extracted with diethyl ether to yield 

crude Li[ToT] (2.23 g, 4.71 mmol, 65 %). 1H NMR (methanol-d4): δ 7.42 (d, 2JHH = 5.6 Hz, 

2 H, ortho-C6H5), 7.02 (t, 2JHH = 7.2 Hz, 2 H, meta-C6H5), 6.94 (t, 2JHH = 7.2 Hz, 1 H, 

para-C6H5), 3.89 (d, JHH = 8.0 Hz, 6 H, CNCHCMe3CH2O), 3.75 (t, 2JHH = 8.4 Hz, 3 H, 

CNCHCMe3CH2O), 0.86 (s, 27 H, CNCHCMe3CH2O). 11B NMR (128 MHz, methanol-d4): 

δ -17.0. 

H[ToT]. Crude Li[ToT] (1.316 g, 2.78 mmol) was placed in Schlenk flask and dissolved in 

methylene chloride (50 mL). [HNEt3]Cl (0.455 g, 3.31 mmol) was added, and the 

resulting yellow suspension was allowed to stir overnight at room temperature. All 

volatile materials were evaporated under reduced pressure. The resulting pale yellow 

solid was re-dissolved in a minimal amount of methylene chloride and passed through a 
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plug of grade-III neutral alumina (16 mm × 76 mm) using methylene chloride (100 mL) as 

the eluent. The solvent was removed under vacuum to yield a pale yellow solid, which 

was extracted with benzene (3 × 15 mL) to remove residual [HNEt3]Cl. The filtrate was 

collected, and the solvent was removed under vacuum to yield a pale yellow solid. This 

crude product was purified by silica gel chromatography (16 mm × 140 mm, 

hexane:EtOAc:NEt3 = 20:10:1, Rf = 0.27) to afford 0.714 g (1.53 mmol, 55%) of 

hydrogen tris(4S-tert-butyl-2-oxazolinyl)phenylborate (H[ToT]). H[ToT] was further dried 

over P2O5 in benzene without loss of yield. 1H NMR (400 MHz, benzene-d6): δ 8.12 (d, 

2JHH = 7.2 Hz, 2 H, ortho-C6H5), 7.46 (t, 2JHH = 7.6 Hz, 2 H, meta-C6H5), 7.25 (t, 2JHH = 7.2 

Hz, 2 H, para-C6H5), 3.78 (m, 6 H, CNCHCMe3CH2O), 3.44 (dd, JHH = 10.2 Hz, 7.6 Hz, 3 

H, CNCHCMe3CH2O), 0.80 (s, 27 H, CNCHCMe3CH2O). 13C{1H} NMR (175 MHz, 

benzene-d6): δ 134.99 (ortho-C6H5), 127.88 (meta-C6H5), 126.36 (para-C6H5), 73.18 

(CNCHCMe3CH2O), 39.16 (CNCHCMe3CH2O), 33.86 (CNCHCMe3CH2O), 26.14 

(CNCHCMe3CH2O). 11B NMR (128 MHz, benzene-d6): δ -16.5. 15N NMR (70.9 MHz, 

benzene-d6): δ -174.5. IR (KBr, cm-1): 3069 w, 3045 w, 2955 s, 2901 m, 2869 m, 1601 s 

(νCN), 1478 m, 1423 m, 1392 w, 1362 w, 1208 w, 1176 w, 969 m. MS (ESI) exact mass 

Calculated for C27H42BN3O3: m/e 468.3392 ([M+]), Found: 468.3398 (Δ -1.29 ppm). mp 

98-102 °C. 

Tl[ToT]. Li[ToT] (0.976 g, 2.06 mmol) and TlOAc (0.823 g, 3.12 mmol) were added to a 

100 mL Schlenk flask inside the glove box. The flask was placed on a Schlenk line and 

50 mL of CH2Cl2 was added via cannula. The yellow solution with white precipitate 

slowly turned milky over the course of one hour. The suspension was allowed to stir 

overnight. The reaction mixture was filtered, and the solid extracted with 100 mL of 

CH2Cl2. The resulting yellow solution was evaporated to dryness yielding a yellow 
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powder. Tl[ToT] was extracted from this yellow powder with pentane (3 × 30 mL) and 

recrystallized at -30 °C. Subsequent recrystallizations of the mother liquor resulted in the 

isolation of Tl[ToT] as a white powder (0.938 g, 1.40 mmol, 68 %). 1H NMR (400 MHz, 

benzene-d6): δ 8.25 (d, 3JHH = 7.6 Hz, 2 H, ortho-C6H5), 7.54 (t, 3JHH = 7.6 Hz, 2 H, meta-

C6H5), 7.32 (t, 3JHH = 7.6 Hz, 1 H, para-C6H5), 3.67 (d, 3JHH = 8.4 Hz, 6 H, 

CNCHCMe3CH2O), 3.39 (t, 3JHH = 8.4 Hz, 3 H, CNCHCMe3CH2O), 0.73 (s, 

CNCHCMe3CH2O). 13C{1H} NMR (100 MHz, benzene-d6): δ 191.71 (br, 

CNCHCMe3CH2O), 146.97 (br, ipso-C6H5), 136.37 (ortho-C6H5), 127.07 (meta-C6H5), 

125.50 (para-C6H5), 74.88 (CNCHCMe3CH2O), 68.99 (CNCHCMe3CH2O), 33.98 

(CNCHCMe3CH2O), 26.45 (CNCHCMe3CH2O). 11B NMR (128 MHz, benzene-d6): δ -

17.1. IR (KBr, cm-1): 3079 w, 3040 w, 2961 m, 2899 m, 2866 m, 1588 s (νCN), 1477 m, 

1464 m, 1430 w, 1393 w, 1361 w, 1346 w, 1328 w, 1285 w, 1262 w, 1173 w, 1063 w, 

1038 w, 1025 w, 997 w, 968 m, 932 w, 873 w, 848 w, 824 w, 791 w, 745 w, 726 w, 700 

w. Anal. Calcd. for C27H41BN3O3Tl: C, 48.34; H, 6.16; N, 6.26. Found: C, 48.47; H, 6.27; 

N, 5.99. mp 190-194 °C (dec). 

ToTMgMe. A yellow benzene solution of H[ToT] (0.441 g, 0.943 mmol) was slowly added 

to a rapidly stirring suspension of Me2Mg⋅(O2C4H8)2 (0.241 g, 1.04 mmol) in benzene at 

room temperature. Vigorous bubbling was observed upon addition. After addition was 

complete, the suspension was allowed to stir for 2 h; excess Me2Mg⋅(O2C4H8)2, which is 

insoluble under reaction conditions, was removed by filtration. The filtrate was 

evaporated under reduced pressure, and the resulting solid was washed with pentane to 

yield ToTMgMe (0.384 g, 0.759 mmol, 80.5%). X-ray quality crystals are obtained by 

cooling a concentrated toluene solution of ToTMgMe to -80 °C. 1H NMR (700 MHz, 

benzene-d6): δ 8.22 (d, 2JHH = 7.7 Hz, 2 H, ortho-C6H5), 7.52 (t, 2JHH = 7.7 Hz, 2 H, meta-
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C6H5), 7.33 (t, 2JHH = 7.4 Hz, 1 H, para-C6H5), 3.72 (dd, 2JHH = 9.8 Hz, 3JHH = 5.6 Hz, 3 H, 

CNCHCMe3CH2O), 3.59 (t, JHH = 9.8 Hz, 3 H, CNCHCMe3CH2O), 3.45 (dd, 2JHH = 9.8 

Hz, 2JHH = 5.6 Hz, 3 H, CNCHCMe3CH2O), 0.72 (s, 27 H, CNCHCMe3CH2O), -0.65 (s, 

MgMe). 13C{1H} NMR (175 MHz, benzene-d6): δ 193.76 (br, CNCHCMe3CH2O), 136.44 

(ortho-C6H5), 127.23 (meta-C6H5), 126.16 (para-C6H5), 73.59 (CNCHCMe3CH2O), 70.28 

(CNCHCMe3CH2O), 34.11 (CNCHCMe3CH2O), 26.28 (CNCHCMe3CH2O), -13.69 

(MgMe). 11B NMR (128 MHz, benzene-d6): δ -17.1. 15N NMR (70.9 MHz, benzene-d6): δ -

178.2. IR (KBr, cm-1): 3045 w, 2958 m, 2869 m, 1585 s (νCN), 1478 m, 1396 w, 1365 m, 

1196 s, 966 m. Anal. Calcd. for C28H44BMgN3O3(-C4H8O2): C, 64.72; H, 8.83; N, 7.08. 

Found C, 64.44; H, 8.87; N, 7.52. mp 238 °C (dec). 

ToTCaC(SiHMe2)3. Ca[C(SiHMe2)3]2(THF)2 (0.086 g, 0.153 mmol) was placed in a vial 

and dissolved in 5 mL of benzene. In a separate vial, H[ToT] (0.054 g, 0.116 mmol) was 

dissolved in 5 mL of benzene and added to the Ca[C(SiHMe2)3]2(THF)2 solution. An 

additional 5 mL of benzene was added, and the reaction mixture was stirred for 1 h. All 

the volatiles were removed under vacuum to yield an orange solid. ToTCaC(SiHMe2)3 

was extracted with pentane. The pentane solvent and HC(SiHMe2)3 byproduct were 

removed under vacuum overnight to yield a pale yellow solid. (49.2 mg, 0.071 mmol, 

61%). 1H NMR (400 MHz, benzene-d6): δ 8.11 (d, 2JHH = 7.2 Hz, 2 H, ortho-C6H5), 7.49 

(t, 2JHH = 7.2 Hz, 2 H, meta-C6H5), 7.30 (t, 2JHH = 7.2 Hz, 1 H, para-C6H5), 4.89 (d, sept, 

1JSiH = 153 Hz, 3JHH = 3.2 Hz, 3 H, SiH), 3.72 (dd, 2JHH = 9.2 Hz, 3JHH = 4 Hz, 3 H, 

CNCHCMe3CH2O), 3.67 (dd, 3JHH = 9.2 Hz, 3JHH = 4 Hz, 3 H, CNCHCMe3CH2O), 3.48 (t, 

JHH = 9.2 Hz, 3 H, CNCHCMe3CH2O), 0.73 (s, 27 H, CNCHCMe3CH2O), 0.52 (d, 3JHH = 

3.2 Hz, 9 H, SiHCH3), 0.50 (d, 3JHH = 3.2 Hz, 9 H, SiHCH3). 13C{1H} NMR (100 MHz, 

benzene-d6): δ 135.97 (ortho-C6H5), 126.83 (meta-C6H5), 125.59 (para-C6H5), 74.15 
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(CNCHCMe3CH2O), 68.91 (CNCHCMe3CH2O), 34.02 (CNCHCMe3CH2O), 25.84 

(CNCHCMe3CH2O), 4.18 (C(SiHMe2)3), 3.73 (C(SiHMe2)3). 11B NMR (128 MHz, 

benzene-d6): δ -16.7. 15N NMR (70.9 MHz, benzene-d6): δ -163.7. 29Si{1H} NMR (79.5 

MHz, benzene-d6): δ -20.4. IR (KBr, cm-1): 3044 w, 3074 w, 2958 m, 2903 m, 2870 w, 

2106 m (νSiH), 1877 w (νSiH) 1569 m (νCN), 1478 w, 1254 w. Anal. Calcd. for 

C34H62BCaN3O3Si3(HC(SiHMe2)3): C, 55.55; H, 9.55; N, 4.74. Found C, 55.67; H, 9.44; 

N, 4.61. mp 226-227 °C (dec). 

General conditions for hydroamination/cyclization. In a glove box, ToTMgMe or 

ToTCaC(SiHMe2)3 catalyst (1 equivalent) and aminoalkene (10 equivalents) were 

massed in separate test tubes. ToTMgMe was dissolved in benzene-d6 and transferred 

to the test tube containing the aminoalkene. This solution was either added to a dry NMR 

tube and capped with a septa for room temperature reactions or added to a dry NMR 

tube fitted with a J-Young valve for reactions at elevated temperatures. 1H NMR spectra 

were taken at regular intervals. 

Determination of % ee for cyclohexyl- and dimethyl-pyrrolidine: The NMR sample 

was transferred to a flask and all volatiles were vacuum transferred via high vacuum. 

The solution is then transferred to an NMR tube. The amount of pyrrolidine is calculated 

from the 1H NMR spectrum using tetrakis(trimethylsilyl)silane as an internal standard. 

Hünig’s base (2 equivalents) and (S)-(+)-Mosher’s chloride (1.2 equivalents) were added 

to the NMR tube. After 20 minutes, the NMR sample was added to a vial and all volatiles 

were removed under vacuum. The pyrrolidine-Mosher amide was extracted with pentane 

(3 × 2 mL) and the volatiles were removed. The % ee was then determined by 

integration of the 19F{1H} NMR spectrum at 60 °C in chloroform-d. 
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Determination of % ee for diphenyl-pyrrolidine: The NMR sample was transferred to 

a small flask and the product, 4,4-diphenyl-2-methylpyrrolidine, was vacuum distilled 

using a Kugelrohr (~120 °C, 10-6 Torr). The distillate was then transferred to an NMR 

tube with chloroform-d. The amount of pyrrolidine product was calculated from the 1H 

NMR spectrum using tetrakis(trimethylsilyl)silane as an internal standard. Hünig’s base 

(2 equivalents) and (S)-(+)-Mosher’s chloride (1.2 equivalents) were added to the NMR 

tube. After 20 minutes, all volatiles were removed under vacuum. The amide product 

was extracted with pentane (3 x 2 mL) and the volatiles were removed. The % ee was 

then determined by integration of the 1H NMR spectrum at ambient temperature in 

chloroform-d. 
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Chapter 4: Synthesis of tris(oxazolinyl)boratomagnesium complexes of nitrogen, 

phosphorus, and sulfur: A reactivity study of silicon–heteroatom bond formation 

and a mechanistic study of Si–N bond formation via cross–dehydrocoupling 

Contains results reported in a paper published in Journal of the American Chemical 

Society* 

James F. Dunne, Steven R. Neal, Joshua Engelkemier, Arkady Ellern, Aaron D. Sadow 

Department of Chemistry, Iowa State University, Ames, Iowa 50011, United States 

and 

From a paper to be submitted for publication 

Abstract 

We describe the continuing study of ToMMgMe (ToM = tris(4,4-dimethyl-2-

oxazolinyl)phenylborate) as a precatalyst for the cross–dehydrocoupling of Si–H and E–

H bonds to give Si–E bonds and H2. While Si–N bond formation with primary aliphatic 

and aromatic amines is facile with ToMMgMe as the precatalyst, ToMMgMe is not a 

suitable precatalyst for Si–N bond formation with indole and para-toluenesulfonamide as 

well as Si–O, Si–P, and Si–S bond formations. Kinetic studies of the overall catalytic 

cycle as well as stoichiometric Si–N bond forming reactions with (p-XC6H4)PhSiH2 

suggest a nucleophilic attack by a magnesium amide as the turnover-limiting step.  

                                                                                                                                              
* Reproduced in part with permission from Dunne, J. F.; Neal, S. R.; Engelkemier, J.; 

Ellern, A.; Sadow, A. D. J. Am. Chem. Soc. 2011, 133, 16782-16785. Copyright 2011 

American Chemical Society. Contributions from the specific authors are listed in the 

thesis outline section and will not be repeated here. 
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Introduction 

Compounds containing Si–N bonds have important applications in synthetic 

chemistry as bases,1 silylating agents,2-5 ligands for metal centers, and polymeric 

precursors for ceramic materials.6-7 Current examples for Si–N bond formation involve 

supported palladium,8 ruthenium,9-13 rhodium,14 chromium,15 titanium,16-17 copper,18 and 

uranium;19 moreover, there are two reports of group 2-catalyzed Si–N bond formation. 

The first example is a stoichiometric reaction between [(Dippnacnac)CaN(SiMe3)2(THF)] 

(Dippnacnac = [(2,6-diisopropyl-phenyl)NC-Me]2CH) and PhSiH3 yielding PhH2SiN(SiMe3)2 

and [(Dippnacnac)CaH(THF)]2.20 The second is a catalytic synthesis of silazanes with the 

azametallacyclopropane catalyst Ca(η2-Ph2CNPh)(HMPA)3 (HMPA = 

hexamethylphosphoramide). This catalyst provides the dehydrogenative silylation 

products from aryl and aliphatic amines with Ph3SiH.21 Neither of these reports provides 

insight into the mechanism of Si–N bond formation.  

Additionally, several reports have recently appeared in the literature involving 

isoelectronic C–N bond formation via hydroamination/cyclization of aminoalkenes.22-27 In 

these reactions, a magnesium alkyl undergoes protonolysis with the amine substrate to 

form the corresponding magnesium amide followed by a C–N bond formation step. Both 

experimental22, 24 and theoretical28 evidence provide support for conflicting mechanisms; 

the implication from these investigations is that a general mechanism for group 2-

catalyzed bond formations cannot be generated and detailed studies on each system is 

required. 

ToMMgMe (ToM = tris(4,4-dimethyl-2-oxazolinyl)phenyl borate)24 is an effective 

precatalyst for the cross–dehydrocoupling of Si–H bonds in organosilanes and N–H 

bonds in amines to give Si–N bonds and H2. With this catalyst system, a range of 

silazanes can be prepared in high conversion and high yield (see Table 4-1).29 
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Table 4-1. ToMMgMe catalyzed aminolysis of silanesa 

 

Amine (equiv.) Silane Product % yield (isolated) 
n-PrNH2 (3.5) PhSiH3 (n-PrNH)3SiPh 99 (99) 
n-PrNH2 (3.0) PhMeSiH2 (n-PrNH)2SiMePh 99 (90) 
n-PrNH2 (0.5) PhMeSiH2 n-PrHNSiHMePh 99 (78) 
n-PrNH2 (3.0) Ph2SiH2 (n-PrNH)2SiPh2 99 (99) 
n-PrNH2 (0.5) Ph2SiH2 n-PrHNSiHPh2 99 (96) 
i-PrNH2 (2.5) PhSiH3 (i-PrNH)2SiHPh 99 (99) 
i-PrNH2 (0.5) PhSiH3 i-PrHNSiH2Ph 99 (45) 
i-PrNH2 (2.0) PhMeSiH2 i-PrHNSiHMePh 89 (67) 
i-PrNH2 (2.0) Ph2SiH2 i-PrHNSiHPh2 99 (97) 
t-BuNH2 (2.5) PhSiH3 t-BuHNSiH2Ph 99 (90) 
t-BuNH2 (2.0) PhMeSiH2 t-BuHNSiHMePh 90 (60) 
t-BuNH2 (2.0) Ph2SiH2 t-BuHNSiHPh2 99 (81) 
PhNH2 (2.5) PhSiH3 (PhNH)2SiHPh 99 (97) 
PhNH2 (2.0) PhMeSiH2 PhHNSiHMePh 43b (19) 
PhNH2 (2.0) Ph2SiH2 PhHNSiHPh2 53b (19) 

a Conditions: 5 mol % ToMMgMe, C6H6, 24 h, room temperature. b 60 °C. 

Important to note is the comparison between the reactions of tert-butyl amine and 

aniline with organosilanes. tert-Butyl amine reacts with PhMeSiH2 and Ph2SiH2 in 24 

hours at room temperature to give the corresponding monosilazanes in quantitative 

yield. However, reactions between aniline and PhMeSiH2 and Ph2SiH2 require heating to 

60 °C for 24 hours to obtain ca. 50% conversion. This difference in reactivity is puzzling 

and will be an area of focus in this thesis. 

The overall catalytic cycle (shown in Scheme 4-1 for tert-butyl amine and 

PhMeSiH2) is proposed to proceed through initial protonolysis of ToMMgMe by amine to 

provide ToMMgNHtBu followed by introduction of silane and loss of silazane. Finally, 

protonolysis of ToMMgH with tert-butyl amine will generate one equivalent of H2 and 

regenerate ToMMgNHtBu.  

R3Si-H + H-NHR'
ToMMgMe catalyst

benzene
R3Si-NHR'
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Scheme 4-1. Catalytic cycle for organosilane aminolysis 

 

ToMMgNHtBu is isolable and reacts with PhMeSiH2 in a reaction that models Si–

N formation in the catalytic cycle. The ability to isolate ToMMgNHtBu permits the detailed 

investigation of the Si–N bond formation step. Thus, linear second-order integrated rate 

law plots of ln([PhMeSiH2]/[ToMMgNHtBu]) versus time provide the rate law in (Eq. 4-1) 

with kobs = (3.9 ± 0.3) × 10-3 M-1·s-1 at 273 K.  

−
𝑑 𝑇𝑜!𝑀𝑔𝑁𝐻!𝐵𝑢

𝑑𝑡
= 𝑘!"#[𝑇𝑜!𝑀𝑔𝑁𝐻!𝐵𝑢][𝑃ℎ𝑀𝑒𝑆𝑖𝐻!] 

(Eq. 4-1) 

Activation parameters were obtained from a plot of ln(k/T) versus 1/T from –20 to 

80 °C for the reaction of ToMMgNHtBu and PhMeSiH2 (ΔH‡H = 5.9(2) kcal·mol-1 and ΔS‡H 

= –46.5(8) cal·mol-1·K-1. These values suggest a highly ordered transition state.30 A 

primary isotope effect of kH/kD = 1.0(2) at 0 °C was measured for the reaction of 

ToMMgNHtBu and PhMeSiD2. This small primary isotope effect was essentially 

temperature-independent from –20 to 80 °C, and the activation parameters for 

PhMeSiD2 (ΔH‡D = 5.7(2) kcal·mol-1 and ΔS‡D = –46.1(8) cal·mol-1·K-1) are identical to 

those obtained for PhMeSiH2. For comparison, kinetic studies of Si–C bond formations 

mediated by early transition metals and rare-earth elements, which are proposed to 

involve concerted, four-center transition states (i.e. σ-bond metathesis), have primary 

isotope effects for Si–C bond formation of ca. 1.1,31-32 highly negative ΔS‡ values, and 

ToMMgMe
tBuNH2
-CH4

ToMMg NHtBu ToMMg H

PhMeSiH2 tBuHN SiHMePh

tBuNH2H2
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small ΔH‡ values that are similar to those for the magnesium-mediated Si–N bond 

formation. 

Scheme 4-2. Proposed mechanisms for ToMMg–mediated Si–N bond formation; Concerted σ-bond 

metathesis (Mechanism A) versus nucleophilic attack (Mechanism B) 

 

 Two possible mechanisms for magnesium-mediated Si–N bond formation have 

been considered. The first is a concerted, four-center transition state (Scheme 4-2, 

Mechanism A) that is similar to the mechanism reported by Tilley and co-workers for 

scandium-catalyzed Si–C bond formation.32 The second is a nucleophilic attack of the 

magnesium amide on silicon followed by hydrogen transfer from silicon to magnesium 

and subsequent loss of the silazane (Scheme 4-2, Mechanism B). The mechanism of 

nucleophilic substitution at silicon and the role of electrophilic assistance has been 

debated in the literature and is primarily based on observing the retention or inversion of 

stereochemistry of chiral silicon centers.33  

ToM

+
PhMeSiH2

Mg NHtBu

ToM Mg N
Si

H
Me

H Ph

ToM Mg N
Si Me

H Ph
HToM

+
Mg H

rate-determining
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ToMMg N

SiH
Me

H Ph

tBuHN SiHMePh

ToM

+
PhMeSiH2

Mg NHtBu

ToM

+
Mg H

tBuHN SiHMePh

H
t-Bu

H
t-Bu

H t-Bu

δ−

δ+

δ+

δ−

Mechanism A
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Preference for one mechanism over the other cannot be made solely based on 

the data collected from the stoichiometric kinetic studies. However, establishing the rate 

law for the overall catalytic cycle is needed to verify that the stoichiometric reaction of 

ToMMgNHtBu and PhMeSiH2 is an effective model of the reaction under catalytic 

conditions. Additionally, a key difference between the two possible mechanisms depicted 

in Scheme 4-2 is the buildup of charge on the silane in the nucleophilic attack 

mechanism compared to the σ-bond metathesis mechanism. Therefore, Hammett plots 

could provide support for one pathway over another, and we set out to study the effect of 

substituted aryl silanes on the Si–N bond formation step. Lastly, a nucleophilic attack 

mechanism should be highly susceptible to the nucleophilicity of the amine in 

comparison to a σ-bond metathesis mechanism. Thus, the synthesis of the magnesium 

amides of n-propyl amine, isopropyl amine, and aniline and their comparison to 

ToMMgNHtBu could prove informative. 

The stoichiometric reactivity of single site magnesium complexes with amines 

has been studied; Parkin and coworkers reported the first studies on the stoichiometric 

reactivity amines utilizing tris(pyrazolyl)borate ligands to stabilize the metal center.34-38 

Their studies show that the magnesium alkyl species react via protonolysis to yield the 

corresponding magnesium amides. For example, reacting TptBuMgMe (TptBu = tris(3-tert-

butyl-pyrazolyl)borate) with aniline provides TptBuMgNHPh in good yield after heating at 

60 °C for one day.38 Similar reactivity was observed with alcohols and thiols to yield 

magnesium alkoxides and sulfides respectively.37 Surprisingly absent from the 

stoichiometric studies was any reaction between TptBuMgMe and phosphines (either 

primary or secondary phosphines).  

In this vein, we began synthesizing several ToMMgE (E = NHR, NRR’, PHR, SR) 

complexes and studying of their interactions with organosilanes as a route to new 
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silicon–heteroatom bonds. Studies on the mechanism of magnesium-mediated Si–N 

bond formation provides significant evidence to support a mechanism consisting of a 

nucleophilic attack of the Mg–N bond on silicon followed by hydrogen transfer from 

silicon to magnesium (Scheme 4-2, Mechanism B).  

Results and discussion 

Kinetic investigations of Si–N bond formation 

 In catalytic reactions, the consumption of organosilane and the formation of the 

silazane product are evident from the SiH resonances, which shift downfield as the 

hydrides are replaced with amides. Additionally, the 3JHH coupling constants (~3 Hz) 

between the SiH and NH groups give rise to doublet SiH resonances in RH2SiNHR’ and 

triplets in RHSi(NHR’)2, and therefore, the SiH signal assists in product identification.  

 

(Eq. 4-2) 

Establishing the rate law for the catalytic reaction, (Eq. 4-2), begins by monitoring 

the concentration of PhMeSiH2. A plot of ln[PhMeSiH2] versus time is linear over three 

half-lives indicating the catalytic reaction is first-order in silane. Plots of ln[PhMeSiH2] 

versus time at different [t-BuNH2] provide linear correlations that have the same slope; 

therefore, the catalytic reaction is zeroth-order in amine. Finally, plots of ln[PhMeSiH2] 

versus time at different  [ToMMgMe] provide linear correlations that do not have the same 

slope (Figure 4-1), and a plot of the kobs values obtained under these conditions versus 

[ToMMgMe] provides a linear relationship indicating the catalytic reaction is first-order in 

magnesium (Figure 4-2). Therefore, the overall catalytic reaction is second-order with 

the rate law given in (Eq. 4-3), with k’ = 0.060(4) M-1 s-1 at 335 K.  

PhMeHSi-H + H-NHtBu
ToMMgMe catalyst

benzene
PhMeHSi-NHtBu
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Figure 4-1. Plots of ln[PhMeSiH2] versus time showing first-order dependence for the ToMMgMe catalyzed 

reaction of PhMeSiH2 and t-BuNH2 (benzene-d6, 335 K). Each set of data represents a particular catalyst 

concentration ranging from 0.008 M to 0.018 M; reactions were performed in the presence of a large excess 

of t-BuNH2 (~ 1.2 M). The curves are linear least-squares best fits of the data to the equation ln[PhMeSiH2] = 

constant + kobst. 
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−
𝑑 PhMeSiH2

𝑑𝑡
= 𝑘! To!MgNH𝑡-‐Bu ! PhMeSiH! ! 𝑡-‐BuNH! ! 

(Eq. 4-3) 

 

Figure 4-2. Plot of kobs versus average [Mg] concentration showing the first-order dependence for the 

ToMMgMe catalyzed reaction of PhMeSiH2 and t-BuNH2 (benzene-d6, 335 K). Each kobs value is obtained 

from the plots of ln[PhMeSiH2] versus time shown in Figure 4-1. 

The rate law in (Eq. 4-3) indicates that the turnover-limiting step involves an 

interaction of the catalyst and PhMeSiH2; zeroth-order dependence on the concentration 

of tert-butyl amine denotes that it is not present in the turnover-limiting step. 1H NMR 

spectra of the catalytic mixture contain only one set of ToM resonances corresponding to 

ToMMgNHtBu, thus suggesting that ToMMgNHtBu is the catalyst resting state. These 
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observations are consistent with the general mechanism shown in Scheme 4-1, in which 

both steps are irreversible, and the reaction between ToMMgNHtBu and PhMeSiH2 is 

turnover-limiting. The correlation between the k’ value obtained from under catalytic 

conditions (0.060 M-1·s-1) and the calculated value for kobs in the stoichiometric reaction 

between ToMMgNHtBu and PhMeSiH2 (kobs = 0.04 M-1·s-1 at 335 K; obtained from a linear 

regression analysis of a plot of ln(k/T) versus 1/T) is significant because it validates the 

use of the stoichiometric reaction between ToMMgNHtBu and PhMeSiH2 as a model of 

the overall catalytic cycle. 

Electronic studies on Si–N bond formation 

A few studies probing electronic effects in σ-bond metathesis have shown small 

changes in rate with electron-donating or electron-withdrawing groups, consistent with 

small polarization in the transition state.39 Similarly small electronic effects were 

observed in the [2σ + 2π] four-center transition state of styrene insertion into Zr–H bonds 

[Figure 4-3; ρ = –0.46(1)], whereas β-elimination provides a large negative ρ value of –

1.8(5) and large KIEs (kH/kD = 3.9 to 4.5).40 The aryl group is pendent from the β-position 

of the four-center transition state in both of these transformations. 

 

Figure 4-3. Styrene insertion via σ-bond metathesis 

 Second-order rate constants were determined for the reaction of ToMMgNHtBu 

and several Ph(aryl)SiH2 (aryl = Ph, p-FC6H4, p-CH3C6H4, p-OCh3C6H4, p-CF3C6H4). For 

all Ph(aryl)SiH2 except p-CF3C6H4,  the rate constants used were average values 

determined from second-order integrated rate law plots of ln{[Ph(p-
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XC6H4)SiH2]/[ToMMgNHtBu]} versus time (X = OCH3, Me, H, F) for reactions at 313 K. 

For Ph(p-CF3C6H4)SiH2, the rate constant was calculated from an Eyring plot (see Figure 

4-5 in the experimental section) for reactions measured over the range 245 K to 304 K 

because the rate at 313 K was sufficiently high to require verification.  

The organosilanes with electron-withdrawing groups react more rapidly than 

those with electron-donating groups. A Hammett plot (Figure 4-4) of log(kX/kH) versus 

σp
41 provides a positive slope (ρ = 1.4). Thus, the activation barrier is decreased with 

electron-withdrawing substituents on silicon. This effect is consistent with a reaction 

pathway involving a five-coordinate silicon species ToMMgHtBuN–SiPh(aryl)H2 that is 

stabilized by electron-withdrawing groups. Importantly, the magnitude of the inductive 

electronic effect is less consistent with a concerted bond-breaking and bond-forming 

process; electron-withdrawing groups are expected to have counteracting effects on 

bond formation and bond cleavage by simultaneously increasing the barrier for hydride 

transfer to magnesium while stabilizing the five-coordinate silicon center. The 

temperature-independent primary isotope effect of unity further supports little Si–H bond 

cleavage in the transition state.  

Based on the kinetic data, we suggest that these reactions involve nucleophilic 

attack of the amide on silicon to form a five-coordinate silicon center in the rate-

determining step, which is followed by rapid hydrogen transfer to magnesium in a step 

reminiscent of β-elimination (Scheme 4-1, Mechanism B). 
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Figure 4-4. Hammett plot showing the reaction rate acceleration with electron-withdrawing groups on the 

silane for the reaction of ToMMgNHtBu and Ph(p-XH4C6)SiH2. Each log (kX/kH) point represents the average 

kobs value obtained from several runs. 

 Two additional observations suggest that this mechanism is more reasonable 

than the concerted four-centered transition-state-like pathway. First, the decrease in 
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contrast, intermolecular σ-bond metathesis reactions require coordinative unsaturation 

and are inhibited by coordinating groups.39, 42 Hydroamination studies from our lab, 

utilizing ToMMgMe as the precatalyst, suggest that amines coordinate to the magnesium 

center in ToMMgNHR compounds, either to give a five-coordinate magnesium or 

substitute an oxazoline.24, 43 Thus, the zeroth-order amine dependence (rather than an 

inverse dependence) suggests that an open coordination site is not important in the 

current Si–N bond formation. 

Synthesis of magnesium amides 

Micromolar scale reactions involving ToMMgMe and n-propyl amine give methane 

and a single new ToM species with 1H NMR chemical shifts at 3.56 and 1.13 ppm for the 

oxazolinyl methylene and methyl moieties respectively. One set of amide resonances is 

also observed at 2.51 α-CH2, 1.37 β-CH2, 0.86 CH3, and -0.94 ppm NH (Eq. 4-4). 

However, a solid precipitate forms, and the ToM resonances disappear from the 1H NMR 

spectrum of the reaction mixture upon standing for one hour. A white solid that is 

insoluble in benzene is isolated in larger scale reactions. An IR spectrum of the white 

solid exhibits diagnostic νCN bands for the oxazoline rings at 1627, 1594, and 1565 cm-1. 

The presence of multiple νCN bands is typical for a bidentate ToM species ([κ2-ToM]2Mg, 

νCN 1602 and 1555 cm-1).24 Thorough washing and drying of the solid material provides 

analytically pure material consistent with the empirical formula for ToMMgNH(n-C3H7). 

Because ToMMgNH(n-C3H7) is insoluble in benzene-d6, it is not monomeric in solution 

and thus not suitable for kinetic studies. ToMMgNH(n-C3H7) likely exists as a dimer based 

on previous experiments with hydroamination substrates and the formation of dimeric 

[(κ2-ToM)MgNHCH2C(CH2)5CH2CH=CH2]2.44  
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(Eq. 4-4) 

 ToMMgNH(i-C3H7) is also a presumed intermediate in the catalytic cycle for Si–N 

bond formation. The reaction between ToMMgMe and isopropyl amine produces 

methane and a new ToM species as evidenced by 1H NMR spectroscopy (Eq. 4-5). ToM 

resonances at 3.52 (CH2) and 1.08 ppm (CH3) and amide resonances at 3.87 (CH), 1.54 

(CH3), and -0.26 ppm (NH) indicate that the species is pseudo-C3v symmetric in solution. 

Unfortunately, the compound precipitates upon standing for two hours and all ToM 

resonances disappear from the 1H NMR spectrum of the reaction mixture. Preparative 

scale reactions provide a white solid that is insoluble in benzene, similar to the reaction 

with n-propyl amine. The IR spectrum of the white solid also contains three νCN bands at 

1625, 1594, and 1565 cm-1. Elemental microanalysis provides an empirical formula 

consistent with ToMMgNH(i-C3H7). 

 

(Eq. 4-5) 

 The reaction of ToMMgMe and aniline in benzene-d6 provides ToMMgNHPh in 

quantitative yield (Eq. 4-6). After several hours, ToMMgNHPh remains in solution. The 1H 

NMR spectrum in benzene-d6 contains resonances attributed to a pseudo-C3v symmetric 
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species with one set of ToM resonances at 3.36 (CH2) and 0.97 ppm (CH3). Upon 

standing overnight, the resonances corresponding to ToMMgNHPh decrease and only 

broad, uninterpretable resonances are present which is consistent with decomposition. 

Additionally, preparative scale reactions provide impure samples of ToMMgNHPh, and 

the isolated solid gradually darkens over the course of a day. Thus, ToMMgNHPh 

appears unstable under a nitrogen atmosphere. Aniline is described as being light 

sensitive and changes color upon decomposition (similar to the color change observed 

for ToMMgNHPh). Therefore, the stability of ToMMgNHPh in the absence of light was 

investigated. Performing a micromolar scale reaction between ToMMgMe and aniline 

while keeping the NMR tube wrapped in foil to exclude light affords ToMMgNHPh in 

quantitative yield as expected. The 1H NMR spectrum does not change upon standing 

for several days in the absence of light. Likewise, isolated ToMMgNHPh is robust at room 

temperature if protected from light. 

 The origin of the light sensitivity is of interest because, to the best our knowledge, 

there are no examples of light sensitive metal–anilides in the literature. ToMMgNHPh is a 

white solid and shouldn’t absorb visible light. Therefore, the absorption properties of 

ToMMgNHPh were studied. The UV-Vis spectrum in benzene contains one absorption 

band at 325 nm (ϵ = 2,376 M-1 cm-1); this band is believed to arise from a πàπ* transition 

involving aniline. 

 

(Eq. 4-6) 
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Based on the success in generating a Hammett plot for the reaction between 

ToMMgNHtBu and substituted organosilanes, a similar investigation with substituents on 

the aniline moiety could provide additional support for the nucleophilic attack 

mechanism. Therefore, the synthesis of a series of anilides (ToMMgNH(p-XC6H4); X = 

OCH3, CH3, Cl, CF3) was initiated. Reactions of ToMMgMe and either para-toluidine or 

para-chloroaniline give methane and single pseudo-C3v symmetric, tridentate-ToM 

species (Eq. 4-7). The 1H NMR spectrum of each compound is similar to ToMMgNHPh 

with one set of oxazoline methyl and methylene resonances at 1.00 and 3.39 ppm for 

ToMMgNH(p-CH3C6H4) and 0.92 and 3.35 ppm for ToMMgNH(p-ClC6H4) respectively. 

Both compounds are robust at room temperature in the absence of light. 

 

(Eq. 4-7) 

 The reaction of ToMMgMe and anisidine produces a strikingly different product. 

The anticipated tridentate-ToM species was not observed; instead, the 1H NMR spectrum 

contained five distinct sets of oxazoline resonances. There were five singlet resonances 

in the methyl region (0.9 and 1.5 ppm) and five resonances in the methylene region 

(3.25 to 3.70 ppm). One methylene resonance is a singlet while the other four are 

doublets with a relative integration of 2:1:1:1:1. Meanwhile, there is only one set of 

boron-bound aryl resonances and one set of anilide resonances. This data is consistent 

with a C1 symmetric, bidentate-ToM species that likely exists as a binuclear dimer (Eq. 
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4-8). Due to the asymmetric substitution on magnesium, the inner and outer 

methyl/methylene hydrogens on the bound oxazoline rings are inequivalent.  

 

(Eq. 4-8) 

Unfortunately, attempts to isolate X-ray quality crystals have been unsuccessful. 

Based on the lack of dimerization with other aniline derivatives (Ph, p-CH3C6H4, p-
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methoxy substituent forming the 14-membered dimagnesium macrocycle (Eq. 4-8). A 

variable temperature NMR study reveals that the dimer remains intact at 60 °C, thus 

making ToMMgNH(p-OCH3C6H4) unsuitable for use in the Hammett plot. 

 A micromolar scale reaction between ToMMgMe and (p-trifluoromethyl)aniline 

produces methane and a new ToM species consistent with ToMMgNH(p-CF3C6H4). The 

1H NMR spectrum contained one set of ToM resonances; however, upon standing for 10 
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 More acidic amines were sought in order to expand the scope of amine cross-

dehydrocoupling,. ToMMgMe reacts with indole at room temperature to produce 

ToMMgN(C8H6) in 94% yield (Eq. 4-9). The 1H NMR spectrum in benzene-d6 contains 

one set of ToM resonances at 0.98 ppm (CH3), and 3.34 ppm (CH2) and is consistent 

with a pseudo-C3v symmetric structure. Only starting materials are observed when a 

benzene solution of ToMMgN(C8H6) and PhSiH3 are heated to 80 °C for several days. 

The lack of reactivity with secondary amines using ToMMgMe as the precatalyst is not 

unprecedented; diphenylamine undergoes only one turnover with PhSiH3 while 

diisopropylamine is inert to PhSiH3.  

 

(Eq. 4-9) 
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ToMMgNHPh reacts with PhMeSiH2 under stoichiometric conditions within one day at 60 

°C.  

 

(Eq. 4-10) 

Attempted cross-dehydrocoupling to form other Si–E bonds 

ToMZnH catalyzes the cross-dehydrocoupling of alcohols and organosilanes to 
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species integrate correctly for the anticipated alkoxide, ToMMgOR. No change in the 1H 

NMR spectrum of the catalytic reaction mixtures is observed upon addition of PhSiH3, 

and heating the micromolar scale reaction at 80 °C for several days does not promote 

Si–O bond formation. 
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For all alcohols, except methanol and ethanol, the ToMMgOR species that are 

formed upon protonolysis of ToMMgMe remain soluble in benzene-d6. None of the 

alkoxides have been isolated, but their 1H NMR spectra display pseudo-C3v symmetry in 

solution. Samples of ToMMgOR (R = Me, Et) do not remain in solution upon protonolysis 

of ToMMgMe with alcohol. 1H NMR spectra indicate they are initially pseudo-C3v 

symmetric but a white precipitate forms rapidly leaving only broad, uninterpretable 

resonances. This is consistent with physical and spectroscopic properties observed with 

ToMMgNHR (R = n-propyl, isopropyl, tert-butyl, Ph) where the n-propyl and isopropyl 

amides dimerize rapidly and precipitate from the benzene-d6 solution while the larger 

tert-butyl and phenyl amides remain soluble and pseudo-C3v symmetric in benzene-d6. 

Expanding to row three elements, we next looked at magnesium-phosphorus 

bond formation and subsequent cross-dehydrocoupling with silane. Reacting ToMMgMe 

with phenylphosphine at room temperature yields ToMMgPHPh in 75% yield (Eq. 4-12). 

Unexpectedly, the protonolysis of ToMMgMe is much slower with PhPH2 than with 

PhNH2. The 1H NMR spectrum of ToMMgPHPh is very similar to that of ToMMgNHPh with 

a doublet resonance for the P–H at 3.16 ppm (1JPH = 173 Hz). The 31P{1H} NMR 

spectrum contains only one resonance at -135.8 ppm. 

 

(Eq. 4-12) 
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of reaction mixture only contain resonances for PhPH2, PhSiH3, and ToMMgPHPh. 

Heating the reaction mixture for two days at 120 °C produces two small 31P NMR 

resonances at -141 and -192 ppm along with two small Si-H signals in the 1H NMR 

spectrum at 5.6 and 4.7 ppm. The signals at -141 ppm in the 31P{1H} NMR spectrum 

and 4.7 ppm in the 1H NMR spectrum correlated to the reported values for PhHP-

SiH2Ph.46 The other species is tentatively assigned as PhP(SiH2Ph)2; this assignment is 

based on 2JPH coupling (21 Hz) observed in the 1H NMR spectrum for the SiH resonance 

at 5.6 ppm. Suppressing the phosphorus coupling by acquiring a 1H{31P} NMR spectrum 

results in a singlet for the SiH resonance at 5.6 ppm, thus supporting the assignment of 

PhP(SiH2Ph)2. However, neither species could be formed in large enough quantities to 

be isolated or characterized. 

ToMMgMe reacts with MeSH (1 atmosphere) to produce methane and 

ToMMgSMe in 60 % yield (Eq. 4-13). The 1H NMR in benzene-d6 supports a pseudo-C3v 

symmetric structure in solution as indicated by the presence of only one resonance each 

for the oxazoline methyl, sulfide methyl, and oxazoline methylene hydrogens at 1.06, 

2.49, and 3.39 ppm. There is no change in the 1H NMR spectrum upon heating a 

solution of ToMMgSMe in benzene-d6 or allowing the NMR sample to stand overnight. 

This indicates that, unlike the oxygen analog ToMMgOMe, ToMMgSMe remains a 

monomer in solution. Only starting materials are evident in the 1H NMR spectrum of a 

reaction mixture of ToMMgSMe and PhSiH3. Heating the solution for two days at 120 °C 

produces no change in the 1H NMR spectrum.  
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(Eq. 4-13) 

Conclusion 

ToMMgMe was previously shown to be a viable precatalyst for the cross-

dehydrocoupling of N–H bonds with Si–H bonds; in particular, primary aliphatic amines 

and aniline have shown high reactivity with organosilanes in the presence of ToMMgMe 

as the precatalyst. Previous stoichiometric kinetic studies on Si–N bond formation in 

conjunction with newly acquired kinetic data for the overall catalytic cycle and insight 

gained through a Hammett plot of para-substituted silanes has provided evidence 

supporting a nucleophilic attack mechanism in which the turnover-limiting step involves 

the nucleophilic attack of the magnesium amide at the silicon center. The contrasting 

reactivity of ToMMgNHtBu and ToMMgNHTs toward silane is intriguing, while 

ToMMgNHtBu is more bulky than ToMMgNHTs, the former reacts rapidly with PhMeSiH2 

while the latter does not react with PhMeSiH2.  

The viability of ToM supported magnesium complexes for Si–E (E = O, P, S) bond 

formation has also been investigated. In situ generated ToMMgOR complexes are inert to 

reactions with silane but display interesting spectroscopic characteristics similar to those 

observed for ToMMgNHR complexes. Smaller aliphatic alkoxides/amides readily 

precipitate from solution and are speculated to be dimeric/oligomeric in the solid state, 

while larger aliphatic and aromatic alkoxides/amides remain pseudo-C3v symmetric and 

soluble in benzene-d6. Isolated ToMMgSMe displays no reactivity with silane, but differs 
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significantly from in situ generated ToMMgOMe because it remains soluble in benzene-d6 

and thus likely monomeric. While isolated ToMMgPHPh does appear to react with 

PhSiH3, very little dehydrocoupling product is detected. According to our observations 

and mechanistic model for Si–N bond formation, an increase in nucleophilicity from 

aniline to tert-butyl amine results in an increase in reaction rate. However, the differing 

reactivity between Mg–N and Mg–P bonds toward dehydrocoupling with silanes is very 

interesting as the translation down the periodic table, in the same family, usually 

indicates an increase in nucleophilicity.  

Experimental 

General. All reactions were performed under an inert atmosphere using standard 

Schlenk techniques or in a glovebox unless otherwise indicated. All glassware was pre-

treated with a solution of 10% trimethylchlorosilane in chloroform, rinsed with water and 

acetone, and dried overnight in an oven. Dry, oxygen-free solvents were used 

throughout. Benzene, toluene, pentane, diethyl ether, and tetrahydrofuran were 

degassed by sparging with nitrogen, filtered through activated alumina columns, and 

stored under N2. Dioxane was dried over purple Na/benzophenone, distilled, and stored 

under N2. Benzene-d6 and toluene-d8 were vacuum transferred from Na/K alloy and 

stored under N2 in the glovebox. Dichlorophenylmethylsilane and dichlorodiphenylsilane 

were purchased from Gelest and reduced with LiAlH4 to their corresponding silanes. LiCl 

used to synthesize the substituted silanes was dried overnight in an oven and pumped 

into the glovebox while hot and stored under N2. Grignards used to synthesize the 

substituted silanes were either purchased from Aldrich or prepared according to 

standard procedure using I2 to activate the magnesium. ToMMgMe was prepared 

according to the published procedure.24 Ph(p-OCH3C6H4)SiH2,47 Ph(p-CH3C6H4)SiH2,48 
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Ph(p-FC6H4)SiH2,49 and Ph(p-CF3C6H4)SiH2 were synthesized following analogous 

literature procedures and compared to available literature data.50 All other reagents were 

purchased from standard suppliers and used as received. 

1H, 13C{1H}, 11B, 19F, 29Si{1H}, and 31P{1H} NMR spectra were collected on a 

Bruker DRX400 spectrometer, Agilent MR400 spectrometer, or Bruker Avance III 600 

spectrometer with a Bruker BBFO SmartProbe. 11B NMR spectra were referenced to an 

external sample of BF3·Et2O, 19F NMR spectra were referenced to an external sample of 

C6H5CF3, and 31P{1H} spectra were referenced to an external sample of H3PO4. 15N 

chemical shifts were determined either by 1H–15N CIGARAD experiments on the Agilent 

spectrometer or 1H-15N HMBC experiments on the Bruker Avance spectrometer; 15N 

chemical shifts were originally referenced to liquid NH3 and recalculated to the CH3NO2 

chemical shift scale by adding -381.9 ppm. Elemental analyses were performed using a 

Perkin-Elmer 2400 series II CHN/S by the Iowa State Chemical Instrumentation Facility. 

Accurate mass ESI mass spectrometry was performed using the Agilent QTOF 6530 

equipped with the Jet Stream ESI source. An Agilent ESI test mix was used for tuning 

and calibration. Accurate mass data was obtained in the positive ion mode using a 

reference standard with ions at 121.05087 and 922.00979. The mass resolution (FWHM) 

was maintained at 18,000. 

ToMMgNH(n-C3H7). Monomeric ToMMgNH(n-C3H7) is soluble in benzene and generated 

as follows: ToMMgMe (0.015 g, 0.036 mmol) was dissolved in 0.6 mL of benzene-d6 and 

added to an NMR tube. Propylamine (0.002 mL, 0.024 mmol) was added. Formation of 

ToMMgNH(n-C3H7) was evident after 10 minutes. 1H NMR (benzene-d6, 600 MHz): δ 

7.99 (d, 3JHH = 7.2 Hz, 2 H, ortho-C6H5), 7.41 (t, 3JHH = 7.2 Hz, 2 H, meta-C6H5), 7.22 (t, 

3JHH = 7.2 Hz, 1 H, para-C6H5), 3.56 (s, 6 H, CNCMe2CH2O), 2.51 (quint, JHH = 7.5 Hz, 2 
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H, NHCH2CH2CH3), 1.37 (sextet, 3JHH = 7.5 Hz, 2 H, NHCH2CH2CH3), 1.13 (s, 18 H, 

CNCMe2CH2O), 0.86 (t, 3JHH = 7.5 Hz, 3 H, NHCH2CH2CH3), -0.94 (t, 3JHH = 7.5 Hz, 

NHCH2CH2CH3). 13C{1H} NMR (benzene-d6, 150 MHz, determined from a 1H-13C HMQC 

experiment): δ 134.3 (ortho-C6H5), 127.4 (meta-C6H5), 125.8 (para-C6H5), 78.3 

(CNCMe2CH2O), 48.2 (NHCH2CH2CH3), 31.9 (NHCH2CH2CH3), 29.0 (CNCMe2CH2O), 

11.7 (NHCH2CH2CH3). 

[ToMMgNH(n-C3H7)]n. ToMMgMe (0.076 g, 0.180 mmol) was dissolved in 2 mL of 

benzene, and propylamine (0.030 mL, 0.365 mmol) was added. The solution was 

allowed to stand for 2 h during which time a white precipitate formed. The solution was 

decanted, and the white solid was washed with pentane (2 × 1 mL) and dried under 

vacuum to yield [ToMMgNH(n-C3H7)]n (0.063 g, 0.136 mmol, 75%). IR (KBr, cm-1): 3035 

w, 2963 s, 2930 m, 2883 m, 1627 sh (νCN), 1594 s  (νCN), 1565 s (νCN), 1462 m, 1430 w, 

1365 m, 1267 m, 1197 m, 1152 m, 1100 w, 1064 w, 1003 m, 966 w, 892 w, 840 w, 809 

w, 752 w, 713 m, 701 sh, 656 s, 594 w. Anal. Calc. for C24H37BMgN4O3: C, 62.03; H, 

8.03; N, 12.06. Found C, 62.05; H, 7.83; N, 10.95. mp 205-210 °C (dec). 

ToMMgNH(i-C3H7). The generation and isolation of ToMMgNH(i-C3H7) follows that of 

ToMMgNH(n-C3H7). ToMMgMe (0.010 g, 0.024 mmol) was dissolved in 0.6 mL of 

benzene-d6 and added to an NMR tube. Isopropylamine (0.0023 mL, 0.027 mmol) was 

added. Formation of pseudo-C3v symmetric ToMMgNH(i-C3H7) was evident after 10 

minutes. 1H NMR (benzene-d6, 600 MHz): δ 8.08 (d, 3JHH = 7.2 Hz, 2 H, ortho-C6H5), 

7.46 (t, 3JHH = 7.4 Hz, 2 H, meta-C6H5), 7.45 (t, 3JHH = 7.4 Hz, 1 H, para-C6H5), 3.87 (m, 1 

H, NHCHMe2), 3.52 (s, 6 H, CNCMe2CH2O), 1.54 (d, 3JHH = 6.0 Hz, 6 H, NHCHMe2), 

1.08 (s, 18 H, CNCMe2CH2O), -0.26 (br, NHCHMe2). 13C{1H} NMR (benzene-d6, 150 



www.manaraa.com

 103 

MHz, determined from a 1H-13C HMQC experiment): δ 134.4 (ortho-C6H5), 127.7 (meta-

C6H5), 125.9 (para-C6H5), 80.4 (CNCMe2CH2O), 34.1 (NHCHMe2), 28.4 (CNCMe2CH2O). 

[ToMMgNH(i-C3H7)]n. Upon standing, a solution of monomeric ToMMgNH(i-C3H7) 

precipitates to give isolable, insoluble material following the procedure: ToMMgMe (0.048 

g, 0.116 mmol) was dissolved in 2 mL of benzene, and isopropylamine (0.020 mL, 0.233 

mmol) was added. The solution was allowed to stand for 2 h during which time a white 

precipitate formed. The solution was decanted, and the white solid was washed with 

pentane (2 × 1 mL) and dried under vacuum to yield [ToMMgNH(i-C3H7)]n (0.042 g, 0.090 

mmol, 78%). The structural change upon precipitation is evident from the IR spectrum 

that shows a Cs symmetric tris(oxazolinyl)borate ligand. IR (KBr, cm-1): 3035 w, 2964 s, 

2884 m, 1625 sh (νCN), 1594 s (νCN), 1565 s (νCN), 1463 m, 1431 w, 1365 m, 1267 m, 

1197 m, 1152 m, 1065 w, 1006 m, 966 s, 893 w, 840 w, 810 w, 768 w, 749 w, 702 m, 

664 s, 638 s, 596 w. Anal. Calc. for C24H37BMgN4O3(0.5 C6H6): C, 64.38; H, 8.00; N, 

11.12. Found C, 64.45; H, 8.02; N, 11.25. mp 210-212 °C (dec). 

ToMMgNHC6H5. ToMMgMe (0.073 g, 0.174 mmol) was dissolved in 2 mL of benzene, 

and aniline (0.030 mL, 0.329 mmol) was added. The solution was allowed to stir for 1 h 

in the absence of light. All volatile materials were removed under vacuum to yield an off-

white solid of ToMMgNHC6H5 (0.081 g, 0.163 mmol, 93.5%). 1H NMR (benzene-d6, 400 

MHz): δ 8.26 (d, 3JHH = 7.2 Hz, 2 H, ortho-C6H5), 7.54 (t, 3JHH = 7.6 Hz, 2 H, meta-C6H5), 

7.36 (t, 3JHH = 7.6 Hz, 1 H, para-C6H5), 7.32 (t, 3JHH = 7.6 Hz, meta-NH-C6H5), 6.87 (d, 

3JHH = 7.6 Hz, 2 H, ortho-NH-C6H5), 6.68 (t, 3JHH = 7.6 Hz, 1 H, para-NH-C6H5), 3.36 (s, 6 

H, CNCMe2CH2O), 3.21 (s, 1 H, NH), 0.97 (s, 18 H, CNCMe2CH2O). 13C{1H} NMR 

(benzene-d6, 100 MHz): δ 192.17 (br, CNCMe2CH2O), 160.58 (ipso-NHC6H5), 142.4 (br,  

ipso-BC6H5), 136.37 (ortho-BC6H5), 130.18 (meta-NHC6H5), 127.25 (meta-BC6H5), 

126.36 (para-BC6H5), 116.68 (ortho-NHC6H5), 112.30 (para-NHC6H5), 80.54 
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(CNCMe2CH2O), 65.69 (CNCMe2CH2O), 28.50 (CNCMe2CH2O). 11B NMR (benzene-d6, 

128 MHz): δ -18.1. 15N NMR (benzene-d6, 41 MHz): δ -159.1 (CNCMe2CH2O), -303.0 

(NHC6H5). IR (KBr, cm-1): 2963 w, 2835 w, 1594 s (νCN), 1497 w, 1465 w, 1365 w, 1349 

w, 1267 m, 1197 m, 1152 m, 965 m, 891 w, 810 w, 747 w, 702 m, 657 m, 637 m. UV-Vis 

(benzene, nm): 325 (ϵ = 2376 M-1 cm-1). Anal. Calc. for C27H35BMgN4O3: C, 65.03; H, 

7.07; N, 11.23. Found: C, 64.50; H, 7.02; N, 11.32. mp 190-192 °C (dec). 

ToMMgNH(p-CH3C6H4). ToMMgMe (0.202 g, 0.479 mmol) was added to a vial and 

dissolved in 5 mL of benzene. para-Toluidine (0.103 g, 0.96 mmol) was dissolved in 3 

mL of benzene and transferred to the vial; gas evolution was observed immediately. The 

solution was allowed to stir for 1 h in the absence of light. The solution was filtered, and 

all volatiles were removed under vacuum to yield an off-white solid. Recrystallization 

from toluene at -30 °C yielded ToMMgNH(p-CH3C6H4) as a white, light sensitive solid 

(0.080 g, 0.156 mmol, 33 % yield). 1H NMR (benzene-d6, 400 MHz): δ 8.23 (d, 3JHH = 7.2 

Hz, 2 H, ortho-C6H5), 7.50 (t, 3JHH = 7.6 Hz, 2 H, meta-C6H5), 7.32 (t, 3JHH = 7.3 Hz, 1 H, 

para-C6H5), 7.08 (d, 3JHH = 8.0 Hz, 2 H, MgNH(p-CH3C6H4, meta-NH)), 6.78 (d, 3JHH = 8.1 

Hz, 2 H, MgNH(p-CH3C6H4, ortho-NH)), 3.39 (s, 6 H, CNCMe2CH2O), 3.09 (s, 1 H, NH), 

2.33 (s, 3 H, NHC6H4CH3), 1.00 (s, 18 H, CNCMe2CH2O). 13C{1H} NMR (benzene-d6, 

100 MHz): δ 192.20 (br, CNCMe2CH2O), 158.16 (MgNH(p-CH3C6H4, ipso-NH)), 142.6 

(br, ipso-C6H5), 136.37 (ortho-C6H5), 130.69 (MgNH(p-CH3C6H4, meta-NH)) , 127.24 

(meta-C6H5), 126.34 (para-C6H5), 120.08 (MgNH(p-CH3C6H4, ipso-CH3)), 116.51 

(MgNH(p-CH3C6H4, ortho-NH)), 80.55 (CNCMe2CH2O), 65.71 (CNCMe2CH2O), 28.51 

(CNCMe2CH2O), 21.12 (MgNH(p-CH3C6H4)). 11B NMR (benzene-d6, 128 MHz): δ -18.18 

(br, s). 15N NMR (benzene-d6, 41 MHz): δ -159.5 (CNCMe2CH2O), -307.0 (MgNH(p-

CH3C6H4)). IR (KBr, cm-1): 3043 w, 2965 s, 1583 s (νCN), 1505 s, 1462 w, 1388 w, 1367 

m, 1351 m, 1298 s, 1198 s, 1107 w, 964 s, 846 w, 811 m, 759 w, 747 w, 704 m, 654 m, 
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637 m, 619 w. Anal. Calc. for C28H37O3N4BMg: C, 65.59; H, 7.27; N, 10.93. Found: C, 

65.45; H, 7.25; N, 10.98. mp 153-155 °C (dec).  

ToMMgNH(p-ClC6H4). ToMMgMe (0.078 g, 0.185 mmol) was added to a vial and 

dissolved in 5 mL of benzene. 4-Chloroaniline (0.038 g, 0.296 mmol) was dissolved in 3 

mL of benzene and transferred to the vial. The solution was allowed to stir for 1 h in the 

absence of light. The solution was filtered, and all volatiles were removed under vacuum 

to yield a white solid. Recrystallization from toluene at -30 °C yielded ToMMgNH(p-

ClC6H4) as a white, light sensitive solid (0.025 g, 0.046 mmol, 25 % yield). 1H NMR 

(benzene-d6, 600 MHz): δ 8.24 (d, 3JHH = 6.9 Hz, 2 H, ortho-C6H5), 7.54 (t, 3JHH = 7.5 Hz, 

2 H, meta-C6H5), 7.36 (tt, 3JHH = 7.3 Hz, 4JHH = 1.2 Hz, 1 H, para-C6H5), 7.22 (d, 3JHH = 

8.6 Hz, MgNH(p-ClC6H4, meta-NH), 6.60 (d, 3JHH = 8.8 Hz, 2 H, MgNH(p-ClC6H4, ortho-

NH)), 3.35 (s, 6 H, CNCMe2CH2O), 3.11 (s, 1 H, MgNH(p-ClC6H4)), 0.921 (s, 18 H, 

CNCMe2CH2O). 13C{1H} NMR (benzene-d6, 151 MHz): δ 192.6 (br, CNCMe2CH2O), 

159.14 (MgNH(p-ClC6H4, ipso-NH)), 142.1 (br, ipso-C6H5), 136.33 (ortho-C6H5), 129.89 

(MgNH(p-ClC6H4, meta-NH)), 127.31 (meta-C6H5), 126.48 (para-C6H5), 117.51 (MgNH(p-

ClC6H4, ortho-NH)), 116.17 (MgNH(p-ClC6H4, ipso-Cl)), 80.51 (CNCMe2CH2O), 65.61 

(CNCMe2CH2O), 28.47 (CNCMe2CH2O). 11B NMR (benzene-d6, 193 MHz): δ -18.24 (br, 

s). 15N NMR (benzene-d6, 61 MHz): δ -303.3 (MgNH(p-ClC6H4)), -159.9 (CNCMe2CH2O). 

IR (KBr, cm-1): 2963 s, 2885 w, 1594 s (νCN), 1494 s, 1366 w, 1302 w, 1269 m, 1197 m, 

1155 m, 965 m, 892 w, 814 w, 746 w, 702 w, 669 w, 638 w. Anal. Calc. for 

C27H34O3N4BMg: C, 60.82; H, 6.43; N, 10.51. Found: C, 60.27; H, 6.36; N, 10.45. mp 

160-163 °C (dec). 

ToMMgNH(p-OCH3C6H4). ToMMgMe (0.212 g, 0.500 mmol) was added to a vial and 

dissolved in 5 mL of benzene. Anisidine (0.123 g, 1.00 mmol) was dissolved in 3 mL of 

benzene and transferred to the vial; gas evolution was observed immediately. The 
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solution was allowed to stir for 1 h in the absence of light. The solution was filtered, and 

all volatiles were removed under vacuum to yield an off-white solid. Recrystallization 

from toluene at -30 °C yielded ToMMgNH(p-OCH3-C6H4) as a white, light sensitive solid 

(0.049 g, 0.091 mmol, 18 % yield). 1H NMR (benzene-d6, 600 MHz): δ 8.10 (d, 3JHH = 7.0 

Hz, 2 H, ortho-C6H5), 7.44 (t, 3JHH = 7.5 Hz, 2 H, meta-C6H5), 7.25 (t, 3JHH = 7.3 Hz, 1 H, 

para-C6H5), 6.72 (d, 3JHH = 8.8 Hz, 2 H, MgNH(p-OCH3C6H4, meta-NH), 6.33 (d, 3JHH = 

8.5 Hz, 2 H, MgNH(p-OCH3C6H4, ortho-NH), 3.69 (s, 3 H, pendant, CNCMe2CH2O), 3.48 

(d, 2JHH = 8.4 Hz, 1 H, ring B-bound, CNCMe2CH2O), 3.37 (s, 3 H, MgNH(p-OCH3C6H4)), 

3.34 (d, 2JHH = 8.4 Hz, 1 H, ring A-bound, CNCMe2CH2O), 3.30 (d, 2JHH = 8.4 Hz, 1 H, 

ring B-bound, CNCMe2CH2O), 3.29 (d, 2JHH = 8.4 Hz, 1 H, ring A-bound, CNCMe2CH2O), 

2.67 (br, 1 H, NH), 1.30 (br, s, 9 H, pendant, CNCMe2CH2O), 1.30 (br, s, 3 H, ring B-

bound, CNCMe2CH2O), 1.23 (s, 3 H, ring A-bound, CNCMe2CH2O), 1.11 (s, 3 H, ring B-

bound, CNCMe2CH2O), 0.93 (s, 3 H, ring A-bound, CNCMe2CH2O). 13C{1H} NMR 

(benzene-d6, 151 MHz): δ 196.0 (ring A-bound, CNCMe2CH2O), 194.6 (ring B-bound, 

CNCMe2CH2O), 176.4 (pendant, CNCMe2CH2O), 153.58 (MgNH(p-OCH3C6H4, ipso-

OCH3), 147.6 (br, ipso-C6H5), 141.14 (MgNH(p-OCH3C6H4, ipso-NH), 134.49 (ortho-

C6H5), 127.71 (meta-C6H5), 126.07 (para-C6H4), 116.69 (MgNH(p-OCH3C6H4, ortho-NH), 

115.42 (MgNH(p-OCH3C6H4, meta-NH), 79.01 (ring B-bound, CNCMe2CH2O), 78.48 

(ring A-bound, CNCMe2CH2O), 77.31 (pendant, CNCMe2CH2O), 68.29 (pendant, 

CNCMe2CH2O), 66.84 (ring B-bound, CNCMe2CH2O), 66.16 (ring A-bound, 

CNCMe2CH2O), 55.60 (OCH3), 29.50 (pendant, CNCMe2CH2O), 28.94 (ring B-bound, 

CNCMe2CH2O), 28.86 (ring B-bound, CNCMe2CH2O), 28.30 (ring A-bound, 

CNCMe2CH2O), 26.44 (ring A-bound, CNCMe2CH2O). 11B NMR (benzene-d6, 193 MHz): 

δ -16.86 (br, s). 15N NMR (benzene-d6, 61 MHz): δ -121.3 (pendant, CNCMe2CH2O), -

171.8 (ring B-bound, CNCMe2CH2O), -172.1 (ring A-bound, CNCMe2CH2O). IR (KBr, cm-
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1): 3068 w, 3043 w, 2966 s, 2932 m, 2883 m, 2832 w, 1595 s (νCN), 1556 s (νCN), 1512 s, 

1464 s, 1369 w, 1360 w, 1275 m, 1239 s, 1197 m, 1181 w, 1150 m, 1031 w, 1000 m, 

967 s, 892 w, 827 w, 744 w, 710 m, 652 w, 593 w. Anal. Calc. for C28H37O4N4BMg: C, 

63.60; H, 7.05; N, 10.60. Found: C, 63.66; H, 6.78; N, 10.58. mp 110-115 °C (dec). 

ToMMgN(C8H6). ToMMgMe (0.117 g, 0.278 mmol) was dissolved in 5 mL of benzene. 

Solid indole (0.032 g, 0.277 mmol) was added, and the solution was stirred for 5 min. 

The cloudy solution was filtered, and the solvent removed under vacuum. ToMMgN(C6H8) 

was isolated as a white solid (0.136 g, 0.260 mmol, 94 %). 1H NMR (benzene-d6, 400 

MHz): δ 8.24 (d, 2JHH = 7.2 Hz, 2 H, ortho-C6H5), 8.14 (d, 2JHH = 7.6 Hz, 1 H, C6H8, H4), 

7.85 (d, 2JHH = 8.0 Hz, 1 H, C6H8, H7), 7.79 (d, 2JHH = 2.4 Hz, 1 H, C6H8, H2), 7.54 (t, 2JHH 

= 7.6 Hz, 2 H, meta-C6H5), 7.43 (t, 2JHH = 8.0 Hz, 1 H, C6H8, H6), 7.38 (t, 2JHH = 7.2 Hz, 1 

H, C6H8, H5), 7.36 (t, 2JHH = 7.2 Hz, 1 H, para-C6H5), 7.14 (d, 2JHH = 2.0 Hz, 1 H, C6H8, 

H3), 3.34 (s, 6 H, CNCMe2CH2O), 0.89 (s, 18 H, CNCMe2CH2O). 13C{1H} NMR 

(benzene-d6, 100 MHz): δ 192.52 (br, CNCMe2CH2O), 146.67 (C6H8, C8), 142.04 (br, 

ipso-C6H5), 136.35 (ortho-C6H5), 134.92 (C6H8, C2), 132.51 (C6H8, C9), 127.33 (meta-

C6H5), 126.53 (para-C6H5), 121.33 (C6H8, C4), 119.34 (C6H8, C6), 118.45 (C6H8, C5), 

115.23 (C6H8, C7), 103.12 (C6H8, C3), 80.71 (CNCMe2CH2O), 65.84 (CNCMe2CH2O), 

28.46 (CNCMe2CH2O). 11B NMR (benzene-d6, 128 MHz): δ -18.18. 15N NMR (benzene-

d6, 41 MHz): δ -160.3 (CNCMe2CH2O). IR (KBr, cm-1): 3043 w, 2963 s, 2929 m, 2884 m, 

1595 s (νCN), 1577 s, 1495 w, 1463 m, 1444 m, 1385 w, 1367 m, 1351 m, 1268 s, 1196 

s, 1156 s, 963 s, 933 m, 894 w, 839 w, 812 w, 744 s, 704 s, 657 s, 638 s. Anal. Calc. for 

C29H35O3N4BMg: C, 66.63; H, 6.75; N, 10.72. Found: C, 66.94; H, 6.34; N, 10.37. mp 

118-122 °C (dec). 

ToMMgNHTs. ToMMgMe (0.105 g, 0. 25 mmol) was added to a vial and dissolved in 5 

mL of benzene. Solid p-toluenesulfonamide (0.045 g, 0.27 mmol) was added to the vial, 
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and methane was observed immediately. The suspension was allowed to stir for 8 h 

then filtered. The solvent was removed under vacuum to yield ToMMgNHTs (0.138 g, 

0.24 mmol, 96%) as a white solid. 1H NMR (benzene-d6, 400 MHz): δ 8.37 (d, 3JHH = 6.8 

Hz, 2 H, ortho-C6H5), 8.04 (d, 3JHH = 8.4 Hz, 2 H, NHTs), 7.56 (t, 3JHH = 6.8 Hz, 2 H, 

meta-C6H5), 7.37 (t, 3JHH = 6.8 Hz, 1 H, para-C6H5), 6.88 (d 3JHH = 8.0 Hz, 2 H, NHTs), 

3.44 (s, 6 H, CNCMe2CH2O), 3.03 (br, s, 1 H, NH), 1.95 (s, 3 H, NHTs, CH3), 1.12 (s, 18 

H, CNCMe2CH2O). 13C{1H} NMR (benzene-d6, 151 MHz): δ 191.53 (br, CNCMe2CH2O), 

143.9 (br, ipso-C6H5), 143.9 (NHTs, ipso-SO2), 141.7 (NHTs, ipso-Me) 136.57 (ortho-

C6H5), 129.66 (NHTs, meta-SO2), 127.15 (meta-C6H5), 126.99 (NHTs, ortho-SO2), 

126.14 (para-C6H5), 80.60 (CNCMe2CH2O), 66.02 (CNCMe2CH2O), 28.34 

(CNCMe2CH2O), 21.42 (NHTs, CH3). 11B NMR (benzene-d6, 128 MHz): δ -18.04. 15N 

NMR (benzene-d6, 61 MHz): δ 223.8 (CNCMe2CH2O). IR (KBr, cm-1): 3317 m (νNH), 

3039 w, 2968 s, 2928 m, 2891 m, 1588 s (νCN), 1496 w, 1462 m, 1386 w, 1367 w, 1351 

w, 1251 br s, 1193 s, 1158 s, 1119 s, 1088 s, 1022 s, 972 w, 894 w, 841 w, 814 m, 745 

w, 703 m, 681 s, 638 m. Anal. Calc. for C28H37O5N4SBMg: C, 58.30; H, 6.47; N, 9.71; S, 

5.56. Found: C, 58.13; H, 6.54; N, 9.76; S, 5.60. mp 212-217 °C (dec). 

ToMMgPHPh. ToMMgMe (0.090 g, 0.214 mmol) was added to a vial and dissolved in 5 

mL of benzene. Phenylphosphine (0.060 mL, 0.545 mmol) was added to the vial, and the 

solution was allowed to stir overnight. The solution was filtered, and all volatiles were 

removed under vacuum to yield an off-white solid. Recrystallization from toluene at -30 

°C yielded ToMMgPHPh as a white solid (0.083 g, 0.161 mmol, 75 % yield). 1H NMR 

(benzene-d6, 600 MHz): δ 8.23 (d, 3JHH = 4.5 Hz, 2 H, ortho-C6H5), 7.72 (m, 2 H, 

MgPHPh, ortho), 7.51 (t, 3JHH = 7.7 Hz, 2 H, meta-C6H5), 7.34 (tt, 3JHH = 7.3 Hz, 4JHH = 

1.3 Hz, 1 H, para-C6H5), 7.08 (t, 3JHH = 7.3 Hz, 2 H, MgPHPh, meta), 6.91 (t, 3JHH = 7.4 

Hz, 1 H, MgPHPh, para), 3.35 (s, 6 H, CNCMe2CH2O), 3.16 (d, 1JPH = 173.5 Hz, 1 H, 
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MgPHPh), 0.94 (s, 18 H, CNCMe2CH2O). 13C{1H} NMR (benzene-d6, 151 MHz): δ 192.2 

(br, CNCMe2CH2O), 145.73 (d, 1JPC = 30.2 Hz, MgPHPh, ipso), 142.2 (ipso-C6H5), 

136.37 (ortho-C6H5), 132.40 (d, 2JPC = 14.6 Hz, MgPHPh, ortho), 128.68 (MgPHPh, 

meta), 127.25 (meta-C6H5), 126.41 (para-C6H5), 122.97 (MgPHPh, para), 80.64 

(CNCMe2CH2O), 65.61 (CNCMe2CH2O), 28.43 (CNCMe2CH2O). 11B NMR (benzene-d6, 

193 MHz): δ -18.24 (br, s). 15N NMR (benzene-d6, 61 MHz): δ -159.0 (CNCMe2CH2O). 

31P{1H} NMR (benzene-d6, 243 MHz): δ -135.86. IR (KBr, cm-1): 3056 w, 2968 m, 2926 

w, 2895 w, 2257 m (νPH), 1586 s (νCN), 1460 w, 1431 w, 1387 w, 1368 w, 1352 w, 1271 

m, 1194 m, 1159 w, 1024 w, 956 s, 894 w, 842 w, 815 w, 741 w, 708 w, 675 w, 659 w, 

638 w, 619 w. Anal. Calc. for C27H35O3N3PBMg: C, 62.89; H, 6.84; N, 8.15. Found: C, 

63.23; H, 6.84; N, 8.23. mp 98-100 °C (dec). 

ToMMgSMe. ToMMgMe (0.248 g, 0.588 mmol) was dissolved in 20 mL of benzene and 

transferred to a flask with a Teflon seal. The solution was degassed via three freeze-

pump-thaw cycles then one atmosphere of methylmercaptan was added. The solution 

was allowed to stir overnight then filtered, and the solvent was removed under vacuum 

to yield ToMMgSMe. Recrystallization from toluene at -30 °C yielded pure ToMMgSMe as 

a white solid (0.159 g, 0.350 mmol, 60 %). 1H NMR (benzene-d6, 600 MHz): δ 8.25 (d, 

3JHH = 7.0 Hz, 2 H, ortho-C6H5), 7.53 (t, 3JHH = 7.7 Hz, 2 H, meta-C6H5), 7.35 (tt, 3JHH = 

7.3 Hz, 4JHH = 1.4 Hz, 1 H, para-C6H5), 3.39 (s, 6 H, CNCMe2CH2O), 2.49 (s, 3 H, SMe), 

1.06 (s, 18 H, CNCMe2CH2O). 13C{1H} NMR (benzene-d6, 151 MHz): δ 192.34 (br, 

CNCMe2CH2O), 142.1 (br, ipso-C6H5), 136.38 (ortho-C6H5), 127.26 (meta-C6H5), 126.40 

(para-C6H5), 80.64 (CNCMe2CH2O), 65.66 (CNCMe2CH2O), 28.53 (CNCMe2CH2O), 7.41 

(br, SMe). 11B NMR (benzene-d6, 199 MHz): δ -18.17. 15N NMR (benzene-d6, 61 MHz): δ 

-159.16. IR (KBr, cm-1): 3039 w, 2964 s, 2927 m, 2885 w, 1590 s, (νCN), 1492 w, 1432 w, 
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1384 w, 1365 w, 1351 w, 1269 s, 1195 s, 1152 s, 967 s, 894 w, 839 w, 810 w, 746 w, 

704 m, 659 m, 638 m. Anal. Calc. for C22H32O3N3SBMg: C, 58.24; H, 7.11; N, 9.26; S, 

7.07. Found: C, 57.94; H, 7.18; N, 9.26; S, 6.21. mp 165-170 °C (dec). 

General procedure for Ph(p-XC6H4)SiH2 synthesis.50 p-XC6H4MgBr and LiCl (0.065 g, 

1.53 mmol) were added to a Schlenk flask. THF (10 mL) was added and the solution 

was cooled to -20 °C. PhSiH3 (0.60 mL, 4.86 mmol) in 2 mL of THF was slowly added to 

the stirring solution. The solution was allowed to stir at this temperature for 2 h. The 

reaction was quenched by the addition of aqueous NH4Cl (5 mL). The suspension was 

filtered through Celite, which was subsequently washed with ca. 100 mL of diethyl ether. 

The organic phase was dried over Na2SO4, and the solvent was removed by rotary 

evaporation. The product was purified by either Kugelrohr distillation at 100 °C/0.1 

mmHg or recrystallization.  

Ph(p-OCH3C6H4)SiH2. p-OCH3C6H4MgBr (12.5 mL, 6.25 mmol) yielded Ph(p-

OCH3C6H4)SiH2 (0.544 g, 2.54 mmol, 52.2%) after recrystallization from 

pentane/methanol. 1H NMR (benzene-d6, 400 MHz): δ 7.56 (m, 2 H, ortho-C6H5), 7.46 (d, 

3JHH = 8.4 Hz, 2 H, p-OCH3C6H4), 7.14 (br, m, 3 H, para- and meta-C6H5), 6.77 (d, 3JHH = 

8.4 Hz, 2 H, p-OCH3C6H4), 5.14 (s, 1JSiH = 197 Hz, 2 H, SiH), 3.45 (s, 3 H, OCH3). 

13C{1H} NMR (benzene-d6, 100 MHz): δ 162.16 (p-OCH3C6H4), 138.00 (p-OCH3C6H4), 

136.36 (ortho-C6H5), 132.77 (ipso-C6H5), 130.40 (para-C6H5), 128.78 (meta-C6H5), 

122.42 (p-OCH3C6H4), 114.81 (p-OCH3C6H4), 54.88 (OCH3). 29Si{1H} NMR (benzene-d6, 

79 MHz): δ -34.3. 

Ph(p-CH3C6H4)SiH2. p-CH3C6H4MgBr (12.5 mL, 6.25 mmol) yielded Ph(p-CH3C6H4)SiH2 

(0.535 g, 2.69 mmol, 55.3%) after distillation. 1H NMR (benzene-d6, 400 MHz): δ 7.57 

(m, 2 H, ortho-C6H5), 7.49 (d, 3JHH = 7.5 Hz, 2 H, p-CH3C6H4), 7.15 (m, 3 H, para- and 
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meta-C6H5), 7.00 (d, 3JHH = 7.5 Hz, 2 H, p-CH3C6H4), 5.14 (s, 1JSiH = 198 Hz, 2 H, SiH), 

2.08 (s, 3 H, CH3). 13C{1H} NMR (benzene-d6, 100 MHz): δ 140.33 (p-CH3C6H4), 136.51 

(p-CH3C6H4), 136.37 (ortho-C6H5), 132.47 (ipso-C6H5), 130.40 (para-C6H5), 129.68 (p-

CH3C6H4), 128.77 (meta-C6H5), 127.56 (p-CH3C6H4), 21.78 (s, CH3). 29Si{1H} NMR 

(benzene-d6, 79 MHz): δ -34.4. 

Ph(p-FC6H4)SiH2. p-FC6H4MgBr (4.8 mL, 4.8 mmol) yielded Ph(p-FC6H4)SiH2 (0.215 g, 

1.06 mmol, 22%) as a colorless oil after distillation. 1H NMR (benzene-d6, 400 MHz): δ 

7.47 (d, 3JHH = 7.6 Hz, 2 H, ortho-C6H5), 7.27 (m, 2 H, p-FC6H4), 7.18 (d, 3JHH = 7.6 Hz, 1 

H, para-C6H5), 7.14 (t, 3JHH = 7.6 Hz, 2 H, meta-C6H5), 6.79 (m, 2 H, p-FC6H4), 5.0 (s, 

1JSiH = 199 Hz, 2 H, SiH). 13C{1H} NMR (benzene-d6, 100 MHz): δ 165.07 (d, 1JFC = 

249.7 Hz, p-FC6H4), 138.43 (d, 3JFC = 7.6 Hz, p-FC6H4), 136.29 (ortho-C6H5), 131.81 

(ipso-C6H5), 130.62 (para-C6H5), 128.85 (meta-C6H5), 127.47 (d, 4JFC = 3.9 Hz, p-FC6H4), 

116.01 (d, 2JFC = 19.7 Hz, p-FC6H4). 19F NMR (benzene-d6, 376 MHz): δ -110.22 (tt, 3JHF 

= 9.1 Hz, 4JHF = 6.0 Hz). 29Si{1H} NMR (benzene-d6, 79 MHz): δ -34.7. IR (neat, cm-1): 

3068 w, 3022 w, 2141 s (νSiH), 1588 s, 1498 s, 1429 m, 1387 w, 1232 s, 1163 s, 1119 s, 

936 s, 848 s, 820 s. MS (ESI) exact mass Calculated for C12H10FSi: m/z 201.0536 ([H+-

H2]), Found: 201.0525 (Δ 2.66). 

Ph(p-CF3C6H4)SiH2. Magnesium (0.148 g, 6.09 mmol) and LiCl (0.231 g, 5.45 mmol) 

were placed in a 100 mL Schlenk flask. The flask was heated at 130 °C under vacuum 

for 1 h. A crystal of iodine was added and the flask heated slightly under argon. THF (20 

mL) was then added and the flask cooled to 0 °C. p-CF3C6H4Br was added dropwise via 

syringe. The red solution turned colorless initially upon addition of the aryl bromide then 

slowly turned dark red-orange. The flask was warmed to room temperature and stirred 

for 1.5 h. p-CF3C6H4MgBr was used in the general procedure with no additional LiCl 
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yielding Ph(p-CF3C6H4)SiH2 (0.830 g, 3.29 mmol, 67.7%) after distillation. 1H NMR 

chemical shifts match reported values.49 

Procedure for kinetic measurements 

 All kinetics measurements were conducted by monitoring the reaction with 1H 

NMR spectroscopy using a Bruker DRX 400 MHz spectrometer. The reaction was 

monitored by taking a single 1H NMR scans at regular preset intervals. Concentrations of 

the reactants and products were determined by integration of resonances corresponding 

to the species of interest and integration of a 1,3,5-trimethoxybenzene standard of 

known concentration. Stock solutions of 1,3,5-trimethoxybenzene (10 to 30 mM) in the 

appropriate solvent (benzene-d6 or toluene-d8) were prepared and used for a series of 

experiments and rate constants were obtained reproducibly through several batches of 

stock solutions. The NMR probe was pre-heated (or pre-cooled) to the desired 

temperature, and the probe temperature was calibrated using either an 80% ethylene 

glycol sample in 20% DMSO-d6 for temperature over 300 K or a 100% methanol sample 

for temperatures under 300 K. The temperature was monitored during the course of the 

measurements using a thermocouple.  

Procedure for catalytic Si–N measurements 

In a typical experiment, 7 μmol ToMMgMe was dissolved in a 0.7 mL sample of a 

stock solution containing 1.0 M t-BuNH2 and 50 mM PhMeSiH2 and added to a J. Young 

style NMR tube with a resealable Teflon valve. The solution was frozen in liquid nitrogen, 

and was only thawed immediately prior to being inserted into the NMR probe. Rate 

constants were obtained by a nonweighted linear least-squares regression analysis of 

the integrated first-order rate law: 

ln PhMeSiH2 = constant − 𝑘𝑡 
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Procedure for Si–N Hammett measurements 

In a typical experiment, 0.7 mL of a stock solution containing 10–20 mM 

ToMMgNHtBu was added to a septa capped NMR tube. The sample was inserted into the 

probe, locked, and shimmed. The sample was removed from the probe and placed in an 

ice bath at 0 °C. The appropriate silane was added via syringe through the septa cap. 

The NMR tube was quickly shaken and placed back in the probe. Rate constants were 

obtained by a nonweighted linear least-squares regression analysis of the integrated 

second-order rate law: 

ln
Ph(aryl)SiH2
To!MgNH𝑡-‐Bu

= ln
Ph aryl SiH! !

To!MgNH𝑡-‐Bu !
+ 𝑘Δ!𝑡 
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Figure 4-5. Plot showing the temperature dependence for the reaction of ToMMgNHtBu and Ph(p-

CF3C6H4)SiH2 from 245 K to 304 K. Each ln(k/T) value is obtained from a linear-least squares fit of ln([Ph(p-

CF3C6H4)SiH2]/[ToMMgNHtBu]) versus time. 
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Abstract 

ToMMgMe (ToM = tris(4,4-dimethyl-2-oxazolinyl)phenylborate) reacts with primary 

and secondary aryl silanes to transfer the methyl group from magnesium to silicon. 

Kinetic studies on the Si–C bond formation step provide evidence for a mechanism 

involving nucleophilic attack of the Mg–CH3 bond on silicon. As a result of the methyl 

group transfer to silicon, hydrogen transfer from silicon to magnesium will generate 

ToMMgH. The use of this magnesium hydride as a potential hydrosilylation catalyst is 

discussed. Finally, preliminary evidence of a magnesium hydride stabilized by B(C6F5)3 

and its catalytic reactivity in the hydrosilylation of tert-butyl acrylate is reported.  

Introduction 

Organomagnesium reagents are very important tools in organic synthesis. Ever 

since Grignard reagents were first introduced in 1900 there has been a myriad of reports 

on their usefulness.1-2 A key difficulty encountered with expanding the utility of Grignard 

reagents is the ambiguity associated with their solution state structure. To better 

                                                                                                                                              
* Primary researcher and author 

† Performed reactions of ToMMgMe and O2  

‡ Performed initial reaction between ToMMgMe and PhSiH3 
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correlate structure and reactivity, well-defined and solvent free organomagnesium 

complexes have been targeted.3-14 Another advantage of generating well-defined 

magnesium species is the ability to use organomagensium complexes as catalysts for 

organic transformations. These catalysts can be tuned to control reactivity and 

stereoselectivity. 

In this vein, our group began investigating 

tris(oxazolinyl)phenylboratomagnesium alkyl complexes as precatalysts for the 

cyclization of aminoalkenes via intramolecular hydroamination.15-16 An optically active 

magnesium complex bearing a tert-butyl substituted tris(oxazolinyl)phenylborate ligand 

can produce pyrrolidines via hydroamination/cyclization with % ee’s up to 36%. In 

addition, kinetic studies on achiral tris(oxazolinyl)phenylboratomagnesium alkyl and 

amide complexes provided significant evidence favoring a concerted, non-insertive 

mechanism over the general insertion mechanism proposed for rare earth metal 

catalyzed hydroamination.15, 17-18  

ToMMgMe (ToM = tris(4,4-dimethyl-2-oxazolinyl)phenylborate) was shown to be a 

potent precatalyst for the cross-dehydrocoupling of primary amines, hydrazine, and 

ammonia with silanes.19 In these studies, the combination of careful control over the 

stoichiometry and the availability of a well-defined, single site catalyst permitted the 

isolation of single products when multiple dehydrocoupling species were possible. The 

ability to isolate ToMMgNHtBu and study the kinetics of the Si–N bond formation step 

assists in the proposal of a mechanism for the silane/amine dehydrocoupling in which 

the magnesium amide undergoes a nucleophilic attack at the silicon center followed by 

hydrogen transfer. With the usefulness of ToMMgMe as a precatalyst for Si–N bond 

formation established, we began to investigate other possible silicon–element bond 

formations.  
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Metal catalyzed hydrosilylation of C=X (X = C, N, O) multiple bonds is a common 

silicon–element bond formation reaction that has significant utility in the silicone 

industry.20-21 Late metals have been known to catalyze the hydrosilylation of olefins and 

carbonyl containing functional groups for over 50 years.22-25 Developments over the past 

two decades have shown that a variety of other metals are competent hydrosilylation 

catalysts.26-35 Moreover, Piers and co-workers have described the use of B(C6F5)3 as a 

Lewis acid catalyst with high activity for imine and carbonyl hydrosilylation over the last 

decade.36-39 Gevorgyan and co-workers have also reported that B(C6F5)3 was an 

effective catalyst for the hydrosilylation of activated and unactivated olefins.40  

The catalytic hydrosilylation of olefins with group 3 and rare earth metals has 

been investigated. The kinetic studies suggest that the turnover-limiting step is the Si–C 

bond formation that proceeds via a concerted, four-centered transition state (i.e. σ-bond 

metathesis).41-45 The Si–C bond formation step can be modeled by the reactions of rare 

earth metal alkyls and organosilanes. These reactions have been shown to be highly 

dependent on the steric properties of the ancillary ligands and the organosilane such that 

either Si–C bond formation or Ln–Si bond formation can occur.41, 46-51 For example, when 

Cp*2ScMe(THF) (Cp* = η5-C5Me5) is treated with PhSiH3, the scandium hydride 

(Cp*2ScH) and PhMeSiH2 are produced, whereas the reaction with MesSiH3 (Mes = 

2,4,6-trimethylphenyl) produces methane and the scandium silyl, Cp*2ScSiH2Mes. The 

mechanism for the Si–C bond formation step is also proposed to proceed through σ-

bond metathesis based on kinetic data. 

 

Figure 5-1. Proposed σ-bond metathesis mechanism for Cp*2ScH/PhMeSiH2 formation 

Cp*2ScMe + PhSiH3

H
Cp*2Sc

C
H3

SiH2Ph Cp*2ScH + PhMeSiH2
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Recently, Harder and co-workers reported the first group 2 catalyst system that 

was competent for the hydrosilylation of olefins52 and ketones.53 The ketone 

hydrosilylation catalyst is a stable, bimetallic calcium hydride complex generated by 

treating [(Dippnacnac)CaN(SiMe3)2(THF)] (Dippnacnac = [(2,6-diisopropyl-phenyl)NC-

Me]2CH) with PhSiH3.54-55 Jones and co-workers generate [(Dippnacnac)Mg(μ-H)2]2 as a 

stable, bimetallic magnesium hydride from the reaction of [(Dippnacnac)MgnBu] and 

PhSiH3 in a synthetic strategy similar to that of Harder and co-workers.56-57 In the last few 

years, Hill and co-workers have used [(Dippnacnac)Mg(μ-H)2]2 in an attempt to 

hydrosilylate pyridine and quinoline derivatives.10, 58 So far, they have only isolated 

dearomatized pyridine and quinoline bound magnesium species and have not 

succeeded in completing the hydrosilylation catalytic cycle. 

 A study of ToMMgMe as a precatalyst for hydrosilylation and the stoichiometric 

reactivity of ToMMgMe with organosilanes as a model for the Si–C bond formation step 

are discussed. In addition, initial studies on magnesium mediated hydrosilylation in the 

presence of B(C6F5)3 are presented. Finally, kinetic studies with ToMMgMe on the Si–C 

bond formation step allows us to propose a mechanism that is similar to the mechanism 

of ToMMgMe promoted Si–N bond formation.  

Results and discussion 

Si–C bond formation: reactivity and kinetic studies 

The reaction of PhSiH3 and ToMMgMe gives PhMeSiH2 in quantitative yield after 

heating at 100 °C for three hours. Based on mass balance, ToMMgH is expected to be 

the resulting magnesium species. When monitoring the reaction between ToMMgMe and 

PhSiH3, the only resonances detected in the 1H NMR spectrum are consistent with 

starting materials and PhMeSiH2 while a black precipitate forms as the reaction 
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proceeds. This contrasts the reaction between ToMMgNHtBu and organosilanes where a 

new set of ToM resonances is observed in the NMR spectrum of reaction mixtures. Thus 

far, attempts to isolate the magnesium hydride provide only intractable solids.  

 

(Eq. 5-1) 

Ph2SiH2 also reacts with ToMMgMe; this reaction requires three days in toluene-

d8 at 120 °C to yield Ph2MeSiH quantitatively. In contrast, only starting materials are 

observed after heating a toluene-d8 solution of ToMMgMe and PhMeSiH2 for several 

days. Similarly only starting materials are observed when ToMMgMe is heated with 

tertiary silanes, BnMe2SiH, (C3H5)Me2SiH, or Et3SiH (Bn = CH2Ph) at 120 °C for one 

week.  

Kinetic studies on the reactions between ToMMgMe and organosilanes were 

conducted in order to better understand the mechanism of magnesium mediated Si–C 

bond formation and compare our system to group 3 and rare earth metal mediated Si–C 

bond formation (see Figure 5-1). Isolated ToMMgMe reacts quantitatively with PhSiH3 to 

yield PhMeSiH2 (Eq. 5-1). The in situ concentrations of ToMMgMe, PhSiH3 and 

PhMeSiH2 in the stoichiometric reactions were monitored by 1H NMR spectroscopy. 

Under conditions of a slight excess of PhSiH3 (1.7 to 2.0 equivalents versus ToMMgMe), 

second-order integrated rate law plots of ln{[PhSiH3]/[ToMMgMe]} versus time (Figure 

5-2) are linear through three half-lives over the temperature range studied (343 K to 402 

K) and provide the rate law shown in (Eq. 5-2), with k’ = 2.633(4) ×10-3 M-1s-1 at 373 K.  
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Figure 5-2. Second-order plots of ln([PhSiH3]/[ToMMgMe]) vs. time for the reaction of ToMMgMe and PhSiH3. 

The curves represent non-weighted linear least squares best fits of the data to the equation: 

ln([PhSiH3]t/[ToMMgMe]t) = ln([PhSiH3]0/[ToMMgMe]0) + kΔ0t. Δ0(342 K) = 0.0342 M; Δ0(353 K) = 0.0679 M; 

Δ0(356 K) = 0.0361 M; Δ0(367 K) = 0.0818 M; Δ0(374 K) = 0.0431 M; Δ0(402 K) = 0.0102 M. 

−
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This rate law indicates the rate-limiting step involves both ToMMgMe and PhSiH3; 

Scheme 5-1 depicts the two possible mechanisms considered for this transformation. 

Further kinetic studies are needed at this point to make a determination between σ-bond 

metathesis and nucleophilic attack. 

Scheme 5-1. Proposed mechanism for ToMMgMe + PhSiH3: Concerted σ-bond metathesis (Mechanism A) 

versus nucleophilic attack (Mechanism B) 

 

A report from Tilley and co-workers on yttrium-catalyzed hydrosilylation proposes 

that the Si–C bond formation step is turnover-limiting and proceeds via a metathesis 

mechanism. The reaction solvent has a pronounced effect on rate of reaction; thus, the 

reaction is significantly slower when the reaction is run in THF-d8 versus benzene-d6.41 

The origin of this rate difference is proposed to be due to the need for coordinative 

unsaturation at the metal center for metathesis to occur; thus, the metal center is 

coordinatively saturated in the presence of a high concentration of THF.  
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Because the nucleophilic attack mechanism should not be affected by 

coordinative saturation at the metal center, the effect of THF on the reaction between 

ToMMgMe and PhSiH3 was studied. Reactions were run under conditions such that [THF] 

ranged from 0 to 2.1 M (0 to 40 equivalents versus ToMMgMe). A plot of [THF] versus 

kobs (Figure 5-3) shows that the rate remains constant over the measured [THF] 

concentration range, which indicates that there is no inhibition by THF.  

 

Figure 5-3. Plot showing the lack of impact on the rate of reaction by THF for the reaction of ToMMgMe and 

PhSiH3. Each kobs value is obtained from a linear-least-squares fit of ln([PhSiH3]/[ToMMgMe]) versus time. 

Reactions of ToMMgMe and (p-CH3C6H4)SiH3 were monitored under conditions 

analogous to the reaction of ToMMgMe and PhSiH3 while varying the temperature from 

77 to 127 °C. The activation parameters for the protio-silane are calculated from a plot of 
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ln(k/T) versus 1/T (Figure 5-4) giving ΔH‡H = 15(1) kcal·mol-1 and ΔS‡H = –30(3) 

cal·mol-1·K-1. The large negative value for the entropy of activation is similar to that 

observed in the magnesium-mediated Si–N bond formation (ΔS‡H = -46.5(8) cal·mol-1·K-

1) and implies that both reactions have highly ordered transitions states.59 A primary 

kinetic isotope effect of kH/kD = 1.04(3) at 100 °C was measured for the reaction of 

ToMMgMe and (p-CH3C6H4)SiD3. This small primary isotope effect was essentially 

temperature-independent from 77 to 127 °C (Figure 5-4). The activation parameters 

calculated for (p-CH3C6H4)SiD3 (ΔH‡D = 16(2) kcal·mol-1 and ΔS‡D = -29(5) cal·mol-1·K-1) 

are identical, within error, to those calculated for (p-CH3C6H4)SiH3.  

As a comparison, kinetic studies on rare earth and early transition metal 

catalyzed Si–C bond formations, which propose concerted, four-center transition states 

(i.e. σ–bond metathesis), have primary kinetic isotope effects for Si–C bond formation of 

ca. 1.1,41, 47 highly negative ΔS‡ values and small ΔH‡ values. The kinetic isotope effect 

of unity and the highly negative ΔS‡ value are similar to those for both rare earth/early 

transition metal-mediated Si–C bond formations and magnesium-mediated Si–N bond 

formation. The value for Δ H‡ in magnesium-mediated Si–C bond formation is 

significantly larger than the value for ΔH‡ in either the rare earth/early transition metal-

mediated Si–C bond formation or the magnesium-mediated Si–N bond formation 

processes. This implies that bond cleavage/formation makes a significant contribution to 

the reaction barrier (i.e. the reaction is “less concerted” with respect to σ-bond 

metathesis).  
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Figure 5-4. Plot showing the temperature dependence for the reaction of ToMMgMe and (p-CH3C6H4)SiH3 

(Red circle) and ToMMgMe and (p-CH3C6H4)SiD3 (Blue square) from 351 K to 400 K. Each ln(k/T) value is 

obtained from a linear-least-squares fit of ln([(p-CH3C6H4)Si(H/D)3]/[ToMMgMe]) vs. time. 

 Second-order rate constants were then determined for the reaction of ToMMgMe 

and (aryl)SiH3 (aryl = Ph, p-FC6H4, p-CH3C6H4, p-OCH3C6H4, p-CF3C6H4). For all 

(aryl)SiH3 except p-CF3C6H4, the rate constants used are average values determined 

from second-order integrated rate law plots of ln{[(XC6H4)SiH3]/[ToMMgMe]} versus time 

(X = OCH3, CH3, H, F) for reactions at 373 K. The rate constant for (p-CF3C6H4)SiH3 at 
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reactions measured over the range 310 to 353 K because the rate at 373 K was 

sufficiently high to require verification. A Hammett plot of log(kX/kH) versus σp
60 provides 

a straight line with a positive slope and a ρ value of 1.5(2) (ρMgNHtBu = 1.4).  

 

Figure 5-5. Hammett plot showing the reaction rate acceleration with electron-withdrawing groups on the 

silane for the reaction of ToMMgMe and (p-XC6H4)SiH3. Each log (kX/kH) point represents the average kobs 

value obtained from several runs.  

Silanes with electron-withdrawing groups reacted more rapidly than those with 

electron-donating groups, as was observed for Si–N bond formation. Therefore, the 

barrier of activation is decreased for silanes containing electron-withdrawing groups, 

which is consistent with a pathway involving a five coordinate silicon species in 

ToMMgH3C–Si(aryl)H3. The ρ value of 1.5(2) is less consistent with a concerted bond-
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breaking and bond-forming process where the electron-withdrawing groups should have 

a negative impact on the hydride transfer from silicon to magnesium thus increasing the 

activation barrier while simultaneously having a positive impact on the formation of the 

five-coordinate silicon center thus decreasing the activation barrier. One would expect 

this counteracting effect would cause the overall reaction to have little to no rate 

enhancement from substituted aryl silanes. This, coupled with the lack of any primary 

isotope effect, suggests the rate-determining step does not involve Si–H bond cleavage 

in the transition state.  

To further differentiate between the nucleophilic attack and σ-bond metathesis 

mechanisms, the effect of adding fluoride to the reaction of ToMMgMe and PhSiH3 was 

studied. The added fluoride could coordinate to the silicon center, making silicon five-

coordinate and thus more electrophilic. Based on the Hammett plot, the reaction is 

accelerated by electron-withdrawing groups on the silane, which makes the silane more 

electrophilic. Unfortunately, independent reactions between either ToMMgMe or 

PhMeSiH2 (the product of the reaction between ToMMgMe and PhSiH3) and [Ph3SiF2]-

[Bu4N]+ led to decomposition of both ToMMgMe and PhMeSiH2. 

The accumulated evidence including (1) an isotope effect of unity, (2) the 

reaction rate not affected by THF concentration, and (3) a Hammett plot indicating 

negative charge buildup on silicon in the transition state, we propose that the reaction 

between ToMMgMe and silane involves the Mechanism B shown in Scheme 5-1. A 

nucleophilic attack of the Mg–CH3 bond on silicon forms a five-coordinate silicon center 

with a three-centered two-electron interaction at carbon in the rate-determining step. 

This is followed by a rapid hydrogen transfer from silicon to magnesium and loss of 

organosilane. A linear dependence on silane concentration is observed when a large 

excess of PhSiH3 is used (13 to 69 equivalents versus ToMMgMe, see Figure 5-8 in 
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experimental section); this implies that the initial Mg…C…Si adduct formation step is 

irreversible. Additionally, the observation that ToMMgMe reacts with Ph2SiH2 but not with 

PhMeSiH2 is consistent with the proposed mechanism; compared to Ph2SiH2, PhMeSiH2 

is more electron rich and thus less susceptible to nucleophilic attack. 

Magnesium-mediated hydrosilylation 

 Although ToMMgH has not yet proven isolable, a magnesium hydride should be 

formed when ToMMgMe reacts with PhSiH3. Therefore, we began to investigate the 

viability of ToMMgMe as a precatalyst for hydrosilylation. When ToMMgMe is treated with 

10 equivalents of PhSiH3 and subjected to one atmosphere of ethylene and heated to 

100 °C, conversion of PhSiH3 to PhMeSiH2 is complete. After three hours, the 1H NMR 

spectrum of the reaction mixture only contains resonances for PhMeSiH2, excess 

PhSiH3, and ethylene. Similar observations result when ToMMgMe and PhSiH3 are 

treated with tert-butyl ethylene, bis-trimethylsilyl acetylene, or N-benzylidene aniline (Eq. 

5-3). 

 

(Eq. 5-3) 

 Treating ToMMgMe with 100 equivalents PhSiH3 in benzene-d6 and allowing the 

solution to stand for one hour then adding 100 equivalents of tert-butyl acrylate, the 

solution in the NMR tube immediately becomes viscous. Upon heating the NMR sample 

overnight at 60 °C, the solution becomes even more viscous. The 1H NMR spectrum 
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displays a constant intensity for the PhSiH3 resonance over the course of the reaction 

while the intensity of the olefin resonances decrease and new, broad, aliphatic 

resonances increase. Based on the sample becoming highly viscous, the product is 

proposed to be polymerized tert-butyl acrylate. However, investigations into the 

identification of the product and its physical properties have not been conducted. 

Meanwhile, heating a micromolar scale reaction between ToMMgMe and tert-butyl 

acrylate at 60 °C for 20 hours produces a new ToM species. The 1H NMR spectrum of 

the reaction mixture contained singlet resonances at 3.41, 1.61, and 1.10 ppm that 

integrate to 6:9:18 respectively. ToMMgMe reacts with tert-butanol via protonolysis to 

give methane and a new ToM species that has identical chemical shifts to the product 

observed when ToMMgMe reacts with tert-butyl acrylate. Although this species is not 

isolated, it is assigned as ToMMgOtBu based on the matching 1H NMR spectra from 

these two reactions. The likely origin of ToMMgOtBu from the reaction of ToMMgMe and 

tert-butyl acrylate is from a nucleophilic addition to the ester and subsequent loss of tert-

butoxide that then binds to the metal center in a reaction similar to a Grignard addition to 

an ester.61-62  

The reaction of ToMMgNHtBu and PhSiH3 is another route to generate ToMMgH. 

Therefore, the viability of ToMMgNHtBu to function as a precatalyst for hydrosilylation 

was investigated. ToMMgNHtBu, generated in situ from ToMMgMe and t-BuNH2, reacts 

very rapidly with 10 equivalents of PhSiH3 to generate tBuHN–SiH2Ph (the expected 

dehydrocoupling product) and a black precipitate. Upon addition of 10 equivalents of tert-

butyl acrylate, the 1H NMR spectrum of the reaction mixture only contains resonances for 

tBuHN–SiH2Ph, excess PhSiH3, and unreacted tert-butyl acrylate. Similar results are 

observed if N-benzylidene aniline or para-fluorostyrene are substituted for tert-butyl 

acrylate. Likely the reaction between ToMMgNHtBu and excess PhSiH3 is too rapid at 
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room temperature such that all ToMMgH decomposes before the hydrosilylation 

substrate can be added.  

Effect of Lewis acid on Si–C bond formation 

 Reports from Piers and co-workers show that B(C6F5)3 can activate Si–H bonds 

through partial SiH abstraction that creates an electrophilic silicon center that is more 

prone to nucleophilic attack.37 Based on our kinetic studies on magnesium mediated Si–

C bond formation, a mechanism was proposed that involved nucleophilic attack of the 

magnesium methyl on silicon. A rate enhancement might be expected if ToMMgMe were 

treated with PhSiH3 in the presence of B(C6F5)3. Addition of one equivalent of B(C6F5)3 to 

a micromolar scale reaction of ToMMgMe and PhSiH3 produces PhMeSiH2 faster than 

without B(C6F5)3 present.  

 

(Eq. 5-4) 

Three resonances at -15.1, -18.5, and -21.1 ppm were observed in the 11B NMR 

spectrum of the reaction mixture. The resonances at -18.5 and –15.1 ppm are broad 

singlets and are assigned to ToM and H3C–B(C6F5)3 respectively while the signal at -21.1 

ppm (d, 1JBH = 66 Hz) is assigned to H–B(C6F5)3.63 Additionally, a broad quartet centered 

at 2.70 ppm (q, 1JBH = 66 Hz, 11B: I = 3/2) in the 1H NMR spectrum of the reaction mixture 

is assigned to the hydridoborate.63 The 1H NMR spectrum changes over several days at 

room temperature; the resonance at -15.1 ppm disappears while the resonances at -18.5 

and -21.1 ppm persist. The 1H NMR spectrum contains one set of ToM resonances at 
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3.30 (CH2) and 0.82 ppm (CH3), which is indicative of a pseudo-C3v symmetric species in 

solution. Unfortunately, attempts to isolate crystals suitable for single crystal X-ray 

diffraction have been unsuccessful. Repeated preparations on microscale consistently 

provide the same species. A compound with identical 1H and 11B NMR chemical shifts is 

observed in micromolar scale reactions of ToMMgSi(SiHMe2)3 and B(C6F5)3.64 This 

compound is proposed to be ToMMgHB(C6F5)3; speculating on the structure of 

ToMMgHB(C6F5)3 provides three likely possibilities.  

 

Figure 5-6. Possible structures for ToMMgHB(C6F5)3 

Preliminary studies using ToMMgHB(C6F5)3 as a hydrosilylation catalyst began 

with tert-butyl acrylate. Quantitative formation of the insertion product from the reaction 

of PhSiH3 and tert-butyl acrylate is complete in 11 hours at room temperature with 1 mol 

% ToMMgHB(C6F5)3 (Eq. 5-5). The 1H NMR spectrum is consistent with the structure of 

tert-butyl-2-(phenylsilyl)propanoate with resonances at 4.52 (SiH), 2.28 (CH), 1.30 

(C(CH3)3), and 1.25 ppm (CH3) with an integration ratio of 2:1:9:3 respectively. The IR 

spectrum (neat) displays the expected carbonyl and Si–H bands at 1716 cm-1 and 2152 

cm-1 respectively.  
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The presence of only one product (α-insertion) in the 1H NMR spectrum is 

interesting because the common hydrosilylation products from transition metal catalyzed 

hydrosilylation of α,β-unsaturated aldehydes, ketones, and esters are the β,γ-

unsaturated silyl ether (1,2-addition) or silyl-enol ether (1,4-addition) [see (Eq. 5-6)].22-23, 

35  

 

(Eq. 5-6) 

H2PtCl4 has been shown to give mixtures of α- and β-insertion products as well 

as 1,4-addition with acyclic α,β-unsaturated esters,25 while the insertion product is 

formed exclusively with cyclic maleic anhydride.21 B(C6F5)3 has also been reported to be 

a catalyst for the hydrosilylation of α,β-unsaturated ketones;38 however, the only product 

obtained is the result of 1,4-addition. This implies that ToMMgHB(C6F5)3 is acting as the 

hydrosilylation catalyst and not a source of B(C6F5)3. Additionally, when PhSiH3 and tert-

butyl acrylate are treated with 10 mol % B(C6F5)3, all resonances in the 1H NMR 

spectrum of the reaction mixture are broad and unidentifiable with the exception of two 

assigned as 2-methylpropane; no resonances for the insertion product can be located. 

Based on the product isolated from ToMMgHB(C6F5)3 catalyzed hydrosilylation of 

tert-butyl acrylate with PhSiH3 and the significantly different product observed in the 

absence of ToMMgMe, we propose the catalytic cycle shown in Scheme 5-2. Magnesium 

alkyl (B) should be an intermediate and the transformation from B to regenerate A is a 

Si–C cross-dehydrocoupling process akin to the reaction of ToMMgMe and PhSiH3. The 
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temperatures and long reaction times; this process is accelerated by B(C6F5)3. Thus, 

B(C6F5)3 must participate in the tert-butyl acrylate hydrosilylation catalytic cycle to 

achieve turnover  and greater than 95% conversion with 1 mol % ToMMgMe and 

B(C6F5)3 at room temperature in 11 hours.  

Piers and co-workers have demonstrated that B(C6F5)3 activates silanes by 

polarizing the Si–H bond making the silane more susceptible to nucleophilic attack.37-38 

Thus, the proposed catalytic cycle consists of an insertion of the hydride in compound A 

into the olefin of tert-butyl acrylate in a Markovnikov-type addition forming magnesium 

alkyl B. The fate of B(C6F5)3 at this point is speculative, but even though a carbonyl-

borane adduct is likely, kinetic evidence from Piers and co-workers shows a rapid 

equilibrium between free and bound B(C6F5)3.37, 65 Unbound B(C6F5)3 can then form 

borane/silane complex C which is now more prone to nucleophilic attack from B. Attack 

of magnesium alkyl B followed by loss of the hydrosilylated product will regenerate 

ToMMgHB(C6F5)3 (A). 

Scheme 5-2. Possible catalytic cycle for magnesium-mediated hydrosilylation of tert-butyl acrylate 
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Conclusion 

The similarity in kinetic features between Si–N and Si–C bond formation with 

ToMMgMe as the precatalyst is intriguing. The kinetic evidence reveals that both 

processes undergo nucleophilic attack at silicon by the magnesium amide/alkyl; 

however, this similarity is contrasted by the valence change (i.e. three-coordinate 

nitrogen with a lone pair versus saturated four-coordinate carbon). The ability of 

ToMMgMe to form a magnesium hydride upon reaction with PhSiH3 that is suitable for 

insertion was studied. The apparent instability of this hydride prevented its use in 

hydrosilylation catalysis. However, the addition of B(C6F5)3 provides a new ToMMg 

species that, preliminarily, appears to be a stabilized magnesium hydride. ToMMgMe and 

B(C6F5)3 react to form an active precatalyst for the hydrosilylation of an α,β-unsaturated 

ester, and this reactivity with tert-butyl acrylate provides further evidence of the 

composition of the newly formed hydride species. 

Experimental  

General. All reactions were performed under an inert atmosphere using standard 

Schlenk techniques or in a glovebox unless otherwise indicated. All glassware was pre-

treated with a solution of 10% trimethylchlorosilane in chloroform, rinsed with water and 

acetone and dried overnight in an oven. Dry, oxygen-free solvents were used 

throughout. Benzene, toluene, pentane, diethyl ether, and tetrahydrofuran were 

degassed by sparging with nitrogen, filtered through activated alumina columns, and 

stored under N2. Dioxane was dried over purple Na/benzophenone, distilled, and stored 

under N2. Benzene-d6 and toluene-d8 were vacuum transferred from Na/K alloy and 

stored under N2 in the glovebox. o-Xylenes-d10 was degassed by successive freeze-

pump-thaw cycles then dried over freshly activated 4Å molecular sieves and stored 
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under N2 in the glovebox. para-fluorostyrene was purchased from Aldrich and degassed 

and dried over freshly activated 4 Å molecular sieves and stored at -35 °C under N2 in 

the glovebox. tert-Butyl acrylate was purchased from Aldrich and degassed and dried 

over freshly activated 4 Å molecular sieves and stored at -35 °C under N2 in the 

glovebox. Trichlorophenylsilane was purchased from Gelest and reduced with LiAlH4 to 

phenylsilane. Grignards used to synthesize the substituted silanes were prepared 

according to standard procedure using I2 to activate the magnesium. (p-OCH3C6H4)SiH3 

and (p-CH3C6H4)SiH3 were prepared according to a modified literature procedure and 

compared to published spectroscopic data.66 (para-fluorophenyl)silane was prepared 

according to a modified literature procedure;66 the spectroscopic data has not been 

reported and is given here. (p-CF3C6H4)SiH3 was prepared according to published 

procedure and compared to published spectroscopic data.67 (p-CH3C6H4)SiD3 was 

prepared in an analogous manner to (p-CH3C6H4)SiH3 using LiAlD4 in place of LiAlH4. 

ToMMgMe was prepared according to published procedures.15 All other reagents were 

purchased from standard suppliers and used as received. 1H, 13C{1H}, 11B, 19F{1H}, and 

29Si{1H} NMR spectra were collected on a Bruker DRX400 spectrometer, Agilent MR400 

spectrometer, or Bruker Avance III 600 spectrometer with a Bruker BBFO SmartProbe. 

11B NMR spectra were referenced to an external sample of BF3·Et2O, 19F{1H} NMR 

spectra were referenced to an external sample of C6H5CF3, and 29Si{1H} spectra were 

referenced to an external sample of SiMe4. High-resolution mass spectrometry 

performed on a Waters GCT TOF mass spectrometer equipped with an Agilent 6890 

GC.  

tert-Butyl-2-(phenylsilyl)propanoate. ToMMgMe (0.0065 g, 0.015 mmol) was added to 

a vial and dissolved in 1 mL of benzene. B(C6F5)3 (0.0088 g, 0.017 mmol) was added to 
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a test tube and dissolved in 1 mL of benzene and added to the solution of ToMMgMe. 

PhSiH3 (0.20 mL, 1.62 mmol) was immediately added, and the solution was allowed to 

stir 11 h. tert-Butyl acrylate (0.22 mL, 1.50 mmol) was added and the solution was 

allowed to stir. The reaction progress was monitored by NMR spectroscopy by taking 

aliquots of the reaction mixture and diluting them with benzene-d6 and looking for the 

olefinic resonances corresponding to tert-butyl acrylate. After 11 hours, the solvent was 

evaporated to yield tert-butyl-2-(phenylsilyl)propanoate (0.301 g, 1.27 mmol, 85% yield). 

1H NMR (benzene-d6, 600 MHz): δ 7.51 (m, 2 H, ortho-C6H5), 7.11 (m, 3 H, meta- and 

para-C6H5), 4.52 (m, 1JSiH = 201.9 Hz, 2 H, SiH2), 2.28 (qt, 3JHH = 7.2 Hz, 3JHH = 3.1 Hz, 1 

H, CH3CH(SiH2Ph)CO2CMe3), 1.30 (s, 9 H, CH3CH(SiH2Ph)CO2CMe3), 1.25 (d, 3JH = 7.2 

Hz, 3 H, CH3CH(SiH2Ph)CO2CMe3). 13C{1H} (benzene-d6, 151 MHz): δ 174.22 

(CH3CH(SiH2Ph)CO2CMe3), 136.36 (ortho-C6H5), 130.64 (ipso-C6H5), 128.62 (meta- and 

para-C6H5), 79.97 (CH3CH(SiH2Ph)CO2CMe3), 28.46 (CH3CH(SiH2Ph)CO2CMe3), 26.94 

(CH3CH(SiH2Ph)CO2CMe3), 12.93, (CH3CH(SiH2Ph)CO2CMe3). 29Si{1H} (benzene-d6, 

119 MHz): δ -24.02. IR (film, cm-1): 3071 w, 3052 w, 3004 w, 2976 m, 2932 w, 2873 w, 

2152 s (νSiH), 1716 s (νCO), 1457 m, 1429 m, 1367 m, 1316 m, 1255 w, 1212 w, 1141 br 

s, 1082 br s, 932 m, 901 m, 841 s, 737 m. MS (CI, CH3) exact mass Calcd. for 

C13H21O2Si: m/e 237.1311 ([M+H]+), Found: 237.1311. 

Modification to the published procedure for the synthesis of (p-XC6H4)SiH3 (X = 

OCH3, CH3, F). Caution. In the absence of diethylether, AlCl3-catalyzed silane 

redistribution reactions occur form SiH4,68 a pyrophoric gas. Therefore, reduction with 

LiAlH4 or LiAlD4 must be completed in ether solvent and quenched properly with water 

prior to distillation. The reported procedure66 was followed with only a slight modification. 

The synthesized trichloro(aryl)silanes were carefully separated from the excess SiCl4 in 
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the reaction mixture by distillation. They were then vacuum transferred to a collection 

flask and reduced to the corresponding organosilanes. The removal of SiCl4 is critical, as 

pyrophoric SiH4 will be formed upon addition of SiCl4 to LiAlH4.  

(p-FC6H4)SiH3. 1H NMR (benzene-d6, 600 MHz): δ 7.14-7.1 (m, 2 H, C6H4, ortho-F), 

6.75-6.70 (m, 2 H, C6H4, meta-F), 4.12 (d, 6JFH = 0.7 Hz, 1JSiH = 199.8 Hz, 3 H, SiH3). 

13C{1H} NMR (benzene-d6, 151 MHz): δ 165.02 (d, 1JFC = 249.3 Hz, C6H4, ipso-F), 

138.45 (d, 3JFC = 7.67 Hz, C6H4, meta-F), 123.86 (d, 4JFC = 3.9 Hz, C6H4, ipso-SiH3), 

115.96 (d, 2JFC = 20.1 Hz, C6H4, ortho-F). 19F{1H} NMR (benzene-d6, 565 MHz): δ -

110.29. 29Si{1H} (benzene-d6, 119 MHz): δ -60.39. 

(p-CF3C6H4)SiH3. 1H NMR (benzene-d6, 600 MHz): δ 7.26 (d, 3JHH = 8.3 Hz, 2 H, C6H4, 

ortho-CF3), 7.16 (d, 3JHH = 8.3 Hz, 2 H, C6H4, meta-CF3), 4.05 (s, 1JSiH = 203.6 Hz, 3 H, 

SiH3). 13C{1H} (benzene-d6, 151 MHz): δ 136.65 (C6H4, meta-CF3), 133.69 (C6H4, ipso-

SiH3), 132.39 (q, 2JFC = 32.3 Hz, C6H4, ipso-CF3), 125.10 (q, 1JFC = 272.2 Hz, CF3), 

125.08 (q, 3JFC = 3.8 Hz, C6H4, ortho-CF3). 19F{1H} (benzene-d6, 565 MHz): δ -63.13. 

29Si{1H} (benzene-d6, 119 MHz): δ -60.06. 

(p-OCH3C6H4)SiH3. 1H NMR (benzene-d6 600 MHz): δ 7.34 (m, 2 H, C6H4, meta-OCH3), 

6.72 (m, 2 H, C6H4, ortho-OCH3), 4.30 (s, 1JSiH = 198.7 Hz, 3 H, SiH3), 3.27 (s, 3 H, 

OCH3). 13C{1H} (benzene-d6, 151 MHz): δ 162.08 (C6H4, ipso-OCH3), 138.02 (C6H4, 

meta-OCH3), 118.69 (C6H4, ipso-SiH3), 114.77 (C6H4, ortho-OCH3), 54.86 (OCH3). 

29Si{1H} (benzene-d6 119 MHz): δ -60.81. 

Procedure for kinetic measurements 

 All kinetics measurements were conducted by monitoring the reaction with 1H 

NMR spectroscopy using a Bruker DRX 400 MHz spectrometer. The reaction was 

monitored by taking a single 1H NMR scans at regular preset intervals. Concentrations of 



www.manaraa.com

 139 

the reactants and products were determined by integration of resonances corresponding 

to the species of interest and integration of a 1,3,5-trimethoxybenzene standard of 

known concentration. Stock solutions of 1,3,5-trimethoxybenzene (10 to 30 mM) in either 

toluene-d8 or o-xylene-d10 were prepared and used for a series of experiments; rate 

constants were obtained reproducibly through several batches of stock solutions. The 

NMR probe was pre-heated to the desired temperature, and the probe temperature was 

calibrated using an 80% ethylene glycol sample in 20% DMSO-d6. The temperature was 

monitored during the course of the measurements using a thermocouple. Kinetic isotope 

measurements were performed in the same manner using the deuterated silane (p-

CH3C6H4)SiD3.  

Procedure for Si–C measurements 

 In a typical experiment, 0.040 mmol of ToMMgMe was dissolved in 0.6 mL of the 

stock solution. The solution was placed in a J. Young-style NMR tube and placed in the 

warmed NMR probe. Once the NMR solution had reached the desired temperature, the 

sample was locked and shimmed and a 1D-1H NMR spectrum obtained to get the 

accurate concentration of ToMMgMe. The tube was pumped back into the glovebox and 

PhSiH3 was added to the ToMMgMe solution. The tube was immediately placed back in 

the NMR probe. Rate constants were obtained by a nonweighted linear least-squares 

regression analysis of the integrated second-order rate law: 

ln
PhSiH3

To!MgMe
= ln

PhSiH! !

To!MgMe !
+ 𝑘Δ!𝑡 
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Figure 5-7. Plot showing the temperature dependence for the reaction of ToMMgMe and (p-CF3C6H4)SiH3 

from 310 K to 353 K. Each kobs value is obtained from a linear-least squares fit of ln([(p-

CF3C6H4)SiH3]/[ToMMgMe]) versus time. 
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Figure 5-8. Plot showing linear dependence on [PhSiH3] for the reaction of ToMMgMe and PhSiH3 at 373 K. 

Each kobs value is obtained from a linear-least-squares fit of ln[ToMMgMe] versus time. 
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Chapter 6: Conclusion 

General conclusions 

 The design of oxazoline containing ligands continues to be a popular area of 

development in metal-catalyzed chemistry. In particular, the area of bis-oxazolines has 

seen drastic growth in the past two decades. Our work has shown that all aspects of 

ligand design are of critical importance. This is exemplified by comparing the 

bis(oxazolinyl)propane and 1,5-bis(phosphino)pentane ligands and their aptitude to form 

16-membered bimetallic macrocycles and cyclometalated palladium(II) pincer 

complexes. The difference in reactivity is likely due to the difference in donor groups. 

Additionally, a Probox containing pincer complex of rhodium(III) is isolated but in very 

low yield while the analogous bis-oxazoline ligands containing aromatic backbones 

cyclometalate readily and in good yield. Thus, the backbone of the ligand can also 

significantly impact the reactivity of the ligand. 

 Likewise, the synthesis of a chiral C3-symmetric ligand for magnesium and 

calcium provides access to thermally robust group 2 metal complexes that are active for 

the hydroamination/cyclization of aminoalkenes to their corresponding pyrrolidines. 

Unfortunately, the stereoselectivity was rather poor compared to known group 3 and 

group 4 metal complexes that can achieve greater than 90% ee for the same substrates. 

The lack of significant stereoselectivity observed is an interesting comparison to the 

highly stereoselective polymerization catalysts based on dicationic ‘trisox’ lanthanide 

compounds.  

 The tris(oxazolinyl)phenylborate ligand is highly effective at stabilizing reactive 

magnesium compounds in order to investigate their stoichiometric reactivity. Kinetic 

studies on magnesium amide and magnesium alkyl compounds have allowed us to 
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propose a nucleophilic attack mechanism for magnesium mediated Si–N and Si–C bond 

forming reactions. Additionally, ToMMgMe catalyzes the hydrosilylation of tert-butyl 

acrylate in the presence of B(C6F5)3. 

Future directions 

 The study of the reactivity of ToMMgMe is far from complete. As discussed in 

Chapter 5, we have discovered that a system containing ToMMgMe and B(C6F5)3 is a 

good hydrosilylation catalyst for tert-butyl acrylate. We have been unable to structurally 

characterize ToMMgHB(C6F5)3; therefore, its proposed structure was based on reactivity 

and spectroscopic studies. This would be a valuable compound to isolate and 

structurally characterize so its stoichiometric reactivity can be studied. The scope of the 

hydrosilylation catalysis has only begun and a significant amount of effort should go into 

the development of this catalyst system. Kinetic studies on the stoichiometric steps and 

the overall catalytic cycle need to be conducted to elucidate the mechanism for the 

hydrosilylation of tert-butyl acrylate. A mechanistic comparison between the reaction of 

ToMMgMe/PhSiH3 and the hydrosilylation of tert-butyl acrylate would be interesting as 

both involve Si–C bond formation steps. 

 Additionally, chiral centers are generated upon hydrosilylation of α,β-unsaturated 

carbonyl compounds, thus a chiral ligand (e.g. [ToT]) should be utilized to investigate the 

possible stereoselective transformations. The % ee’s observed for the 

hydroamination/cyclization of aminoalkenes are low; however, the stereochemical-

determining step for hydroamination/cyclization involves an intramolecular cyclization 

versus an intermolecular nucleophilic attack as is proposed for Si–C bond formation. 

 Finally, olefin insertion into the Mg–H bond should be expanded to other Mg–X 

compounds. For example, catalytic hydrophosphination of C=X multiple bonds with 
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ToMMgMe could yield interesting secondary and tertiary phosphines. New chiral ligands 

for metal-catalyzed transformations could be accessed if the C=X multiple bonded 

species contains another donor group (e.g. imine). 
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Appendix: NMR spectra used to determine % ee of pyrrolidines 

 

Figure A-1. 1H NMR of the (+)-Mosher amide of racemic 2-methyl-4,4-diphenylpyrrolidine via 

MgMe2·(O2C4H8)2. 

 

Figure A-2. 1H NMR spectrum of the (+)-Mosher amide of 2-methyl-4,4-diphenylpyrrolidine via ToTMgMe. 0 

% ee. 
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Figure A- 3. 1H NMR spectrum of the (+)-Mosher amide of 2-methyl-4,4-diphenylpyrrolidine via 

ToTCaC(SiHMe2)3. 0 % ee. 

 

 

Figure A- 4. 19F{1H} NMR spectrum of the (+)-Mosher amide of racemic 3-methyl-2-azaspiro[4.5]decane via 

MgMe2·(O2C4H8)2. 
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Figure A- 5. 19F{1H} NMR spectrum of the (+)-Mosher amide of 3-methyl-2-azaspiro[4.5]decane via 

ToTMgMe. 36 % ee. 

 

Figure A- 6. 19F{1H} NMR spectrum of the (+)-Mosher amide of 3-methyl-2-azaspiro[4.5]decane via 

ToTCaC(SiHMe2)3. 18 % ee. 
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Figure A- 7. 19F{1H} NMR spectrum of the (+)-Mosher amide of racemic 2,4,4-trimethylpyrrolidine via 

MgMe2·(O2C4H8)2. 

 

Figure A- 8. 19F{1H} NMR spectrum of the (+)-Mosher amide of 2,4,4-trimethylpyrrolidine via ToTMgMe. 27 

% ee. 
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Figure A- 9. 19F{1H} NMR spectrum of the (+)-Mosher amide of 2,4,4-trimethylpyrrolidine via 

ToTCaC(SiHMe2)3. 18 % ee. 
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