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Abstract 

 N-Phosphinoamidine/amidinate (P,N) ligands have recently been shown to be 

highly effective for the selective chromium-catalyzed tri-/tetramerization of ethylene. 

Since this initial report, a joint collaboration between the Chevron-Phillips Chemical 

Company (CPChem) and the Stradiotto/Turculet research groups at Dalhousie University 

has reported on the iron-catalyzed hydrosilyation of carbonyl compounds and the cobalt-

catalyzed hydroboration of alkenes using (P,N)M(N(SiMe3)2) complexes (M = Fe, Co).  

 

These monoanionic, bidentate P,N-chelating ligands offer a mix of hard and soft 

donors and the anionic charge promotes tight binding to facilitate the isolation of unusual 

low-coordinate late metal complexes. The propensity of such species to exhibit unusual 

bonding motifs, unprecedented reactivity, and their applications in catalysis is the focus 

of this work. Futhermore, the chemistry of monoanionic P,N-ligands in general is 

surprisingly underexplored.  

 

Encouraged by the exceptional reactivity of the first-row transition metal 

complexes mentioned above, the initial goals of this thesis were to explore the synthesis 

and reactivity of low-coordinate second and third-row transition metal complexes. 

Coordinatively unsaturated Cp*RuLn complexes have a well-established track record of 

exhibiting new and unusual metal-centered reactivity with diverse applications in organic 

synthesis. As such, considerable focus continues to be directed toward developing new 

and isolable classes of such complexes and exploring their stoichiometric reactivity. In 

this regard, the synthesis and reactivity of 16-electron Cp*Ru(II) (Cp* = η5-C5Me5) 

complexes supported by N-phosphinoamidinates  is detailed herein. 

 

Intrigued by the ability of related (nacnac)Pt species in supporting low-coordinate 

reactive complexes, structurally and electronically unique low-coordinate Pt(II) 

complexes supported by N-phosphinoamidinate ligands were developed in pursuit  of 

unusual bonding motifs and reactivity. The synthesis and reactivity of an isolable, three-

coordinate, neutral, 14-electron Pt(II) species along with the synthesis and reactivity of a 

Pt(II)-η3-benzyl complex that undergoes an unprecedented benzylic borylation reaction is 

also detailed herein.  

 

Within the spirit of moving toward the use of relatively abundant and inexpensive 

metals in catalysis, and building on the previous advances in this area by the 

CPChem/Turculet/Stradiotto team, this thesis also examines the development of the 

manganese complex (P,N)Mn(N(SiMe3)2). The remarkable ability of this complex to 

reduce amides, ketones, aldehydes, and esters under mild conditions is described herein. 
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CHAPTER 1: Introduction 

 

1.1 The Role of Ligand Design in Tuning Organometallic Reactivity 

 

 The field of organometallic chemistry has attracted significant interest over the 

past fifty years due in part to the established utility of organometallic species in 

developing new reactivity that has been shown to have real-world applications in 

synthesis and catalysis.  The development of homogeneous transition metal catalysts has 

figured most prominently in this regard, as demonstrated by the awarding of the 2001, 

2005, and 2010 Nobel Prizes in Chemistry for advancements in the fields of asymmetric 

catalysis,1 olefin metathesis,2 and palladium mediated coupling reactions,3 respectively. 

Although these three examples represent tremendous accomplishments in their respective 

fields, many synthetic challenges still remain, for which organometallic catalysts may 

play an important role in solving. 

 A systematic approach to developing new structure, bonding, and reactivity in the 

field of organometallic chemistry often begins with the synthesis of ancillary ligands that 

can stabilize reactive metal centers. If a complex shows unusual structural features or 

novel stoichiometric reactivity, this can often be tuned and optimized so that it may be 

applied in a catalytic fashion.  The design of the ancillary ligand plays a key role in this 

process, as it allows the direct tuning of the properties of the final complex by means of 

the denticity, donor ability, as well as the steric and electronic features of the ligand.  As 

many homogeneous catalysts currently in use are based on electron-rich late transition 

metals, typically the most desirable characteristics to target in designing a new metal 

complex for potential catalytic applications include a relatively low coordination number, 
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to allow substrate binding while ensuring the metal center is electron rich to facilitate key 

mechanistic steps such as oxidative addition. 

 In this regard, the focus of the research detailed in this document centers around 

the synthesis and study of reactive late metal complexes that are supported by N-

phosphinoamidine/amidinate ligands (Figure 1-1). 

 

Figure 1-1. General example of an N-phosphinoamidine pro-ligand with a recently 

reported Cr complex.4 

 

 These neutral or monoanionic, bidentate P,N-chelating ligands are anticipated to 

lead to highly reactive, low-coordinate late metal complexes that may have applications 

in catalysis.  To better place these ligands in the context of organometallic chemistry and 

ligand design, a brief overview of chemically similar ligands and the reactivity of their 

respective late metal complexes is detailed herein. 

1.2 Neutral Phosphine Ligands 

 

 Neutral tertiary phosphines (PR3, R = alkyl or aryl; Figure 1-2), represent an 

important, heavily studied, and widely used ligand class in organometallic chemistry.  

Phosphine ligands are L-type donors (neutral two-electron donor) that can be described as 

both σ-donors and π-acceptors.  
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Figure 1-2.  Examples of common tertiary phosphine ligands. 

 

 In previous studies, Tolman was able to quantify the relative donor strength and 

steric features of a series of mono- and bidentate neutral phosphines.5 Tolman observed 

that different substituents on phosphine ligands significantly affected donor strength. 

Experimentally, he established the relative donor strength by measuring the change in 

CO for a series of LNi(CO)3 complexes, where L represents a phosphine ligand. As an 

example, alkyl substituted phosphines proved to be much better σ-donors than aryl 

phosphines due to the greater s-character of sp2-hybridized orbitals of aryl substituents. 

He also developed a 3-D space filling model now known as the Tolman cone angle that 

quantified the steric pressure the ligand delivered to the metal coordination sphere; the 

respective angles for the phosphines depicted in Figure 1-2 are as follows, 182° (PtBu3) > 

170° (PCy3) > 145° (PPh3).  These studies enabled researchers to mindfully select 

phosphine ligands based on the characteristics they desired.  The availability and 

predictability of the behavior of a wide variety of phosphine ligands makes it relatively 

easy to tune complexes to fit a particular steric or electronic profile.  

 Many transition metal complexes supported by monodentate phosphines have 

proven to be efficient catalysts (Figure 1-3). A pioneering and popular example of this is 

RhCl(PPh3)3, also known as Wilkinson’s catalyst (A, Figure 1-3).  This complex earned 

fame as one of the first homogenous catalysts reported for the hydrogenation of olefins 

and led to an explosion of interest in this area.6  The mechanism of catalytic hydrogen 
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employing RhCl(PPh3)3 relies on dissociation of one the phosphine ligands to give a 

catalytically active species (Scheme 1-1).  In this regard, thoughtful ligand selection is 

essential, as the phosphine has to be relatively labile while still able to donate sufficient 

electron density to the metal to facilitate the oxidative addition of H2 in the subsequent 

step of the mechanism.  

 

Figure 1-3.  Examples of well-known catalysts supported by monodenate phosphine 

ligands:  Wilkinson’s catalyst (A),6 first generation Grubbs catalyst (B) used for olefin 

metathesis,7 and Pd(PPh3)4 (C) is commonly used in a variety of cross-coupling 

reactions.8  

 

 

Scheme 1-1. Simplified mechanism for the catalytic hydrogenation of propene utilizing 

RhCl(PPh3)3. 
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 To complement monodentate phosphine ligands, bidentate phosphines also 

represent a popular ligand class in organometallic chemistry (Figure 1-4).  As we shift 

from monodentate to bidentate ligands, additional stability is afforded to the complex by 

virtue of the chelate effect. The chelate effect refers to the enhanced ability of a 

multidentate ligand to bind to a metal compared to two monodentate ligands of 

equivalent donor strength. This phenomenon, in a thermodynamic sense, is dependent on 

the entropy of reaction. Basically, one could envision that two moles of a monodentate 

ligand is equal to one mole of a bidentate ligand in a chemical reaction; this means that 

less entropy is lost when the chelate complex is formed compared to the formation of a 

complex with two moles of a monodentate ligand. It can also be considered from a 

kinetic perspective. Assuming the rate constant for the binding of one equivalent of a 

monodentate ligand and one moiety or end of a bidentate ligand is equivalent, the rate for 

the binding of a second monodentate ligand intermolecularly is less than the rate for 

binding of the second end of a bidentate ligand intramolecularly. This can be rationalized 

by envisioning the binding of the second end of the bidentate ligand as a directed 

substitution rather than a random one. In a similar fashion, the rate to reattach a “lost” 

ligand is greater if it is tethered to a moiety that is still binding to the metal center. The 

additional thermodynamic stability conveyed by the chelate effect can be crucial in 

supporting reactive intermediates and low-coordinate complexes. 
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Figure 1-4. Examples of popular bidentate bisphosphines: 1,2-

bis(diphenylphosphino)ethane or dppe (D), JosiPhos (E)9, and DuPhos (F).10  

 

 Many phosphine ligands have had chiral moieties incorporated into their design to 

enable their potential use in asymmetric catalysis.  Examples of such ligands include both 

JosiPhos and DuPhos (E and F, Figure 1-4).  The name JosiPhos truly represents a family 

of ligands that can be tuned in a modular fashion, by altering the substitution at the R, R' 

and R" positions, in order to fit a desired electronic, steric, and chiral profile.  Ligands 

within this family have proven to be adept in many areas of catalysis that include, but are 

not limited to: enantioselective hydrogenation, hydroboration, and hydroformylation; 

cross-coupling reactions, and reductive amination.9  In this regard, JosiPhos is an 

excellent example of a ligand family that can be strategically varied to synthesize catalyst 

complexes that accommodate a wide range of reactivity, while keeping the general ligand 

motif constant.  DuPhos, developed by DuPont, is also an example of a privileged ligand 

family that relies on chiral (bis)phospholanes to confer asymmetric reactivity.  Although 

the DuPhos family also has a number of varied applications, it is most widely known for 

its utility in industrial relevant Rh-mediated asymmetric hydrogenations.10  The 

subsequent success of the DuPhos ligand family has also led to a wealth of interest in 

designing ligands that exploit the chiral phospholane motif.11  

 In summary, neutral mono- and bidentate phosphines have an array of 

applications in organometallic synthesis and catalysis.  At a fundamental level, the 
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relative ease with which such ligands can be tuned reliably enables researchers to make 

educated ligand choices to suit their specific reactivity applications.  Modular phosphine 

ligand families, including JosiPhos, also instill an appreciation of the subtleties of ligand 

design for optimization of a specific reaction or catalytic system. 

1.3 Neutral P,N-Ligands 

 As a complement to neutral bidentate P,P-donor ligands, neutral bidentate P,N-

ligands featuring a relatively soft P donor and hard N donor have shown to be of 

particular utility in tuning metal reactivity.  Due to the π-accepting nature of phosphines, 

such ligands can stabilize metals in low oxidation states, while the harder N-donor can 

act as a strong σ-donor to support metals in higher oxidation states.  The ability of a P,N-

ligand to stabilize metal centers in both high and low oxidation states is of particular 

importance to catalytic cycles that employ oxidative addition and reductive elimination 

steps.  As an aside to its electronic properties, hemilability arising from N-dechelation to 

open up an additional reactive site at the metal presents an interesting opportunity for 

catalysis, whereby highly reactive, catalytically active species may be accessed reversibly 

during the course of a reaction.12,13  Additionally, P,N ligands can convey some degree of 

regiocontrol by means of the trans effect, which can result in a relatively more labile site 

positioned trans to the P donor.14  An example of a reaction that could exploit this 

phenomenon is allylic substitution, where nucleophilic attack will preferentially take 

place at the carbon bound trans to phosphorus (Scheme 1-2).  Overall, P,N ligands 

represent an intermediate in electron donating ability compared to P,P- and N,N-bidentate 

ligands. 
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Scheme 1-2. General depiction of an allylic substitution reaction in which nucleophilic 

attack occurs at the carbon atom bound trans to phosphorus. 

 

 Interest in P,N-ligands has increased significantly over the past few decades.  

Prominent examples of P,N ligands that have sparked interest in their utility and 

subsequently played a key role in advancing late metal catalysis include 

phosphinooxazolines (PHOX) and Mor-DalPhos (Figure 1-5). 

 

Figure 1-5. Phosphinooxazoline (PHOX) motif (G)15 and Mor-DalPhos (H).16 

 

 PHOX ligands (G, Figure 1-5) represent a modular class of chiral P,N-ligands that 

have showed utility as ancillary ligands in a variety of catalytic systems.15  The general 

ligand motif has seen a significant amount of variation at the R and R’ positions, 

indicated in Figure 1-5.  Additionally, researchers have also explored replacing the 

phenylene backbone with other rigid groups based on ferrocene or substituted phenyl 

rings.  Initially, the PHOX ligand class was designed by Pfaltz and co-workers to support 

late metal complexes that catalyzed enantioselective allylic substitutions.17  PHOX 

complexes of palladium, tungsten, iridium, and platinum have all been shown to 

successfully mediate such allylic substitution reactions.  Beyond allylic substitution, 

PHOX ligands have shown propensity toward asymmetric hydrogenation, intermolecular 
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asymmetric Heck reactions, hydrosilylation of ketones and alkene/CO copolymerization 

among others.14,15  In many cases, the catalytic activity of P,N complexes outperformed 

analogous complexes supported by P,P- and/or N,N-ligation, suggesting that the mixed 

donor set is key to the increased reactivity observed.  This versatility, along with the 

modularity of the ligand, has cemented its reputation as a staple in asymmetric catalysis 

and a leading example with respect to neutral P,N ligands. 

 The relatively recent development of the DalPhos ligand family (H), more 

specifically Mor-DalPhos, has also led to significant advancements in the field of 

catalysis.16  Developed by the Stradiotto group, these ligands were initially designed to 

address challenges in Pd-catalyzed C-N and C-C cross coupling reactions.  Beginning 

with C-N cross coupling reactions, Stradiotto proposed that a neutral P,N ligand motif 

could offer an intermediate electronic environment with respect to other prominent 

ligands in the field (Figure 1-6).16  Building on this proposal, Stradiotto and co-workers 

synthesized a number of phenylene bridged P,N ligands to screen in the monoarylation of 

ammonia (Scheme 1-3).18  The initial screen showed that the ligand variant containing an 

ortho-morpholino group, Mor-DalPhos, gave exceptional results. 

 

Figure 1-6. Comparison of Pd-ligand interactions showing Buchwald’s 

biarylmonophosphine ligand and Hartwig’s JosiPhos variant; both have proven to be 

successful in C-N cross coupling.16 
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Scheme 1-3. General reaction scheme for the Pd-catalyzed monoarylation of ammonia. 

 Further studies showed that Mor-DalPhos could accommodate a broad scope of 

substrates while giving exceptional chemoselectivity, even in the presence of other amine 

moieties.18 Encouraged by these results, Stradiotto and co-workers sought to extend their 

cross-coupling system to other challenging coupling partners. In this regard, the 

monoarylation of hydrazine was successfully targeted (Scheme 1-4), based on the high 

value of aryl hydrazines in the synthesis of nitrogen heterocycles.19 Prior to this work, no 

examples of palladium cross-coupling of aryl electrophiles with hydrazines had been 

reported.  In a similar manner, Stradiotto and co-workers also wanted to extend the utility 

of the DalPhos ligands to the challenging monoarylation of acetone (Scheme 1-4).20 

Again, Mor-DalPhos proved to be an exceptional ligand in mediating this cross-coupling 

reaction.  Initial results showed good to excellent yields over a broad substrate scope.  

Not unlike the monoarylation of hydrazine, this was the first reported example of 

selective mono-α-arylation of acetone in the literature. In addition to palladium cross-

coupling, Mor-DalPhos has proven to be an effective ligand in the stereo- and 

regioselective hydroamination of internal alkynes.21 This work has since been expanded 

upon by Zhang and co-workers who continue to utilize the Mor-DalPhos ligand motif in a 

variety of gold-mediated transformations.22  
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Scheme 1-4. General reaction scheme for the monoarylation of hydrazine (a) and acetone 

(b). 

 

 In the last several years, the DalPhos ligand family has continued to lead to 

unprecedented reactivity in the field of catalysis. Of these recent developments, the most 

notable discovery has been the PAd-DalPhos ligand and its application in challenging 

nickel-mediated amine arylation reactions under mild conditions.23  

 The success of both the PHOX and DalPhos ligand families further demonstrates 

how ligand design can enable researchers to improve upon existing catalytic reactions, 

and also to develop entirely new catalytic processes.  Furthermore, since the inception 

and subsequent success of neutral P,N-ligands, it has become clear that they offer a 

unique electronic environment relative to P,P- and N,N-donor bidentate analogues, and as 

a result such ligands play an important role in advancing the field of late transition metal 

catalysis. 

1.4 Anionic P,P-, N,N-, and P,N-Ligands 

 In many catalytic processes, the active catalyst species features a cationic late 

metal center that is balanced by an outer sphere anion such as triflate (OSO2CF3
) or 

BX4
 (X = F, Ph, C6F5). Such cationic species, especially when coordinatively 

unsaturated, are considered to possess enhanced electrophilicity, which typically leads to 

enhanced reactivity.  While such complexes can be very active catalysts, there are also 

drawbacks associated with the generation of charge-separated species, including poor 
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solubility in nonpolar solvents, poor tolerance of polar or coordinating functional groups 

in potential substrates, and possible counterion effects that can complicate and/or 

diminish reactivity. An alternative strategy to synthesizing such charge separated 

complexes is to incorporate the negative charge within the ancillary ligand framework.  

In contrast to the neutral ligands discussed thus far, appropriately designed anionic 

ancillary ligands can support the formation of highly reactive low-coordinate late metal 

complexes, while avoiding the need for an accompanying counteranion. One can also 

envision that anionic ligands bind more tightly to formally cationic late metal fragments, 

thereby preventing degradation pathways that may be initiated by ancillary ligand 

dissociation.  Examples of monoanionic P,P-ligands are relatively few in comparison to 

the many neutral counterparts. However, (bis)phosphino borates (I, J), developed by the 

Peters group, have proven to be a promising example that will be detailed herein (Figure 

1-7).24  As a complement to this, monoanionic N,N-ligands such as diketiminates 

(nacnac, K)25 and amidinates (L)26 have become well-known in the organometallic 

literature, and will also be highlighted.  

 

Figure 1-7.  General bis(phosphino)borate (BP2
) ligand motif (I), a phenyl substituted 

example (J), general nacnac motif (K), and a general amidinate motif (L). 

 

1.4.1 Bis(phosphino)borate Ligation 

 Peters and co-workers initially targeted the synthesis of low coordinate Pt(II) 

alkyl complexes supported by [Ph2B(CH2PPh2)2] ligation with the hope of accessing 
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neutral alkyl complexes that could mediate facile C-H bond activation processes.27  

Indeed, the charge-neutral complex {Ph2B(CH2PPh2)2}Pt(Me)(THF) was shown to react 

with benzene C-H bonds at 50 °C to generate the corresponding phenyl complex, { 

Ph2B(CH2PPh2)2}Pt(Ph)(THF) (Scheme 1-5).  

 

Scheme 1-5. Benzene C-H bond activation mediated by {Ph2B(CH2PPh2)2}Pt(Me)(THF). 

 

 Prior to this work, examples of intermolecular C-H bond activation at Pt(II) 

centers supported by phosphine donor ligands were sparse and these phosphine-supported 

systems required high temperatures (125-150 °C) for such reactivity to occur. In a 

subsequent study, Peters and co-workers examined the kinetic and mechanistic profiles of 

structurally related neutral and cationic Pt(II) systems that each mediate benzene C-H 

bond activation with the goal of highlighting potential mechanistic distinctions between 

the systems (Scheme 1-6).28 The propensity for such structurally related neutral and 

cationic Pt(II) systems to mediate intermolecular benzene C-H bond activation was found 

to be generally comparable. However, the mechanism by which each system mediates 

this chemistry proved to be distinct, with intramolecular ligand metalation processes (C-

H bond activation of both BPh and PPh) playing a large role in the reactivity of 

complexes supported by [Ph2B(CH2PPh2)2] ligation. This phenomenon was postulated to 

be derived from electronic differences between the neutral and cationic complexes, 

whereby in the more electron rich neutral complex some of the anionic borate charge can 

be delocalized onto the aryl groups of the [Ph2B(CH2PPh2)2] ligand, which renders the 
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aryl groups better electron-pair donors than the aryl groups of the neutral bis(phosphino) 

ligands. Therefore, although benzene coordinates readily to the cationic platinum centers 

by outcompeting the ligand aryl donors, benzene coordination does not outcompete 

coordination of the aryl groups of the bis(phosphino)borate ligand, and intramolecular 

metalation processes become prevalent in this instance.  

 

Scheme 1-6. Proposed mechanisms for benzene C-H activation by zwitterionic 

(bis)phosphino borate complexes (top, only one pathway shown) and a cationic SiP2 

complex (bottom). 

 

 Peters and co-workers also synthesized a series of (bis)phosphino borate ligands 

featuring different substitution at both boron and phosphorus, and studied the 

corresponding Pt(II) methyl carbonyl complexes to investigate how such different 

substitution motifs affected the overall electronic properties of the resulting complexes.24 

In this study, Peters further sought to address the issue of whether a zwitterionic 
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description is most appropriate for neutral complexes supported by such bis(phosphino) 

borate ligands. As an alternative to the zwitterionic, charge-separated structure, one can 

envision resonance structures that delocalize the borate negative charge onto the metal 

via a ylide resonance contributor (Figure 1-8). Upon studying the CO of the resulting 

complexes, it became clear that altering substitution at the borate anion had little effect, 

whereas varying the substitution at the phosphorus donors had a more substantial effect 

on the CO stretching frequencies observed. Thus it can be concluded that the zwitterionic 

description of bis(phosphino)borate complexes is the most suitable.  

 

Figure 1-8. Resonance structures of the of (bis)phosphino borate ligands showing a 

potential ylide resonance contributor. 

  

 Following these initial reports by Peters, the chemistry of bis(phosphino) borate 

bearing complexes has mainly centered around the synthesis of low coordinate late metal 

complexes; a representative three-coordinate copper complex is shown in Figure 1-9.29  

With respect to catalytic applications, neutral bis(phosphino)borate palladium complexes 

were shown to be as active for the catalytic copolymerization of CO and ethylene as their 

cationic counterparts.30 Recently, the copolymerization of CO and ethylene has also been 

successfully demonstrated by bis(phosphino)borate nickel complexes, however, the yield 

of this reaction is limited by poor stability of the catalyst under the required reaction 

conditions.31 Peters has also shown that Rh(I) complexes supported by such ligands could 

successfully catalyze the intramolecular hydroacylation of 4-methyl-4-pentenal along 

with hydrogenation, hydrosilyation, and hydroboration of styrene.32 To complement this, 
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Cramer and co-workers reported asymmetric C-C bond activation of cyclobutanones also 

mediated by a chiral Rh(I) bis(phosphino)borate complex (Scheme 1-7).33  

 

Figure 1-9. Three-coordinate copper(I) complex supported by a (bis)phosphino borate 

ligand. 

 

Scheme 1-7. Reaction scheme for Rh(I) mediated C-C bond activation of 

cyclobutanones. 

 

1.4.2 Monoanionic N,N-donor Ligands 

 As a complement to monoanionic P,P-donor ligands, monoanionic N,N-ligands 

have also been investigated as ancillary ligands to support low-coordinate transition 

metal complexes. Moving from soft to hard donors, monoanionic N,N ligands typically 

function as LX-type ligands. Among these, diketiminates or “nacnac” ligands (K) 

represent a prominent example of this motif (Figure 1-10).25a,34 A key characteristic of the 

nacnac ligand family is the modular design, whereby the N-aryl substituents can be 

readily tuned largely for steric purposes. As such, nacnac ligands featuring bulky N-aryl 

groups have displayed remarkable ability to support low coordinate complexes of both 

early and late transition metals (Figure 1-10).  
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Figure 1-10.  General depiction of nacnac ligands (K) and examples of low-coordinate 

Fe35 and Rh36 complexes supported by nacnac ligation.  

 

 With respect to catalytic potential, nacnac has been shown to act as a non-

innocent ligand in bifunctional catalytic reactions including hydrogenation of alkenes and 

dehydrocoupling of amine boranes.37 As an example, ruthenium cations of the type 

shown in Scheme 1-8 have been proposed to catalyze the hydrogenation of styrene and 

dehydrogenation of ammonia borane in a bifunctional fashion, whereby H2 cleavage 

involves both the ruthenium center and the nacnac ligand. Nacnac-supported late metal 

complexes have demonstrated the ability to catalyze olefin hydrogenation,37 

polymerization,38 transfer dehydrogenation,39 selective alkene isomerization40 and 

hydrosilyation41 reactions. Reports of highly efficient catalysis using this ligand family 

are somewhat limited, most likely due to the rigidity and steric bulk typically associated 

with such complexes. 

 
Scheme 1-8.  Bifunctional activation of H2 by a nacnac supported Ru complex. 

 

 Nacnac late metal complexes have also been shown to stoichiometrically activate 

a variety of E-H (E = main group element) bonds, including examples of C-H, B-H and 
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N-H bond cleavage processes. Goldberg and co-workers have demonstrated a remarkable 

example of C-H bond activation using a (nacnac)PtIV complex (Scheme 1-9).42 In this 

reaction, (nacnac)PtMe3 undergoes thermal ethane elimination to give a highly reactive, 

three-coordinate (nacnac)PtMe intermediate. Subsequent metalation of the nacnac ligand, 

followed by methane elimination generates a strained and highly reactive three-

coordinate metalated species that can then undergo C-H bond activation of the alkane 

solvent.  -hydride elimination from the corresponding Pt(II) alkyl complex leads to the 

formation of an isolable olefin hydride complex. Olefin insertion into the Pt-H bond is 

reversible, which leads to the formation of an open coordination site that could allow for 

further alkane activation processes. Thus, a catalytic cycle for transfer dehydrogenation 

of alkanes can be envisioned, where olefin substitution in the Pt olefin hydride complex 

plays a key role (Scheme 1-10). Unfortunately, the olefin substitution process proved 

challenging, likely due to steric effects, and thus attempts to translate these stoichiometric 

C-H bond activation processes into a catalytic system were unsuccessful. It is important 

to note that this unusual chemistry is made possible by the ability of the nacnac ligand to 

support low-coordinate complexes. 
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Scheme 1-9. C-H bond activation mediated by (nacnac)Pt complexes. 
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Scheme 1-10. Proposed catalytic cycle for an alkane transfer dehydrogenation process 

mediated by (nacnac)Pt. 

  

 Despite the limitations noted above, nacnac supported complexes remain an 

active area of research with novel reactivity being continually developed.43  

 Bearing many similarities to diketiminate N,N-donor ligands, amidinates (Figure 

1-11, L) were developed by Sanger44 and co-workers in the 1970s and have proven to be 

a versatile ligand class that has found utility in both transition metal and main group 

reactivity applications.26 The substituents in amidinate ligands are readily modified, 

which allows for effective tuning of the steric and electronic features of their ensuing 

complexes. Amidinates typically behave as chelating LX-type ligands with small bite 

angles, similar to nacnac; however, they can also behave as monodentate or bridging 
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ligands (Figure 1-11). Transition metal amidinate complexes have shown diverse 

applications in catalysis and materials science. 

 

Figure 1-11.  General motif of the amidinate ligand (L) family and some possible metal 

binding modes.  

 

 Amidinate complexes have been shown to readily activate various E-H bonds and 

have been especially useful as olefin polymerization catalysts.45  Although recent studies 

have focused more on main group and lanthanide chemistry, a small number of catalytic 

reactions that make use of late transition metal amidinates have been reported.  One 

interesting application involves the use of Ru(II) arene complexes to catalyze the redox 

isomerization of allylic alcohols into their corresponding saturated ketones (Scheme 1-

11).26  For the majority of ruthenium complexes that can facilitate this reaction, the 

addition of base is required to initiate the catalytic cycle.46 In contrast to these examples, 

the ruthenium amidinate complex shown in Scheme 1-11 is able to operate under base-

free conditions. Ruthenium amidinate complexes have also been shown to catalyze allylic 

substitution reactions (Scheme 1-12).47 As shown in Scheme 1-12, the reaction begins 

with an oxidative addition of the allylic substrate to the metal center followed by CO2 

loss and nucleophilic attack on the resulting η3-allyl intermediate, which results in the 

release of the organic product and regeneration of the active catalyst. 
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Scheme 1-11. Ruthenium amidinate-mediated redox isomerization of an allylic alcohol to 

the corresponding saturated ketone.46 

 

 

Scheme 1-12. Generalized mechanism for Ru-mediated allylic substitution redox 

catalysis. 

 

 In summary, P,P- and N,N-donor monoanionic ligands have displayed excellent 

ability to support reactive, low-coordinate complexes, an important prerequisite for the 

development of new catalytic processes. Whereas the catalytic activity of neutral late 

metal complexes supported by such ancillary ligands has not been explored nearly as 

extensively as that of analogous cationic complexes, examples of very challenging 

stoichiometric bond activation processes promoted by neutral low-coordinate late metal 

species have emerged.   
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1.4.3 Monoanionic P,N-donor Ligands  

 In comparison to monoanionic N,N- and P,P-donor ligands, the chemistry of 

monoanionic P,N-ligands is remarkably underexplored.  Promising examples have been 

reported over the last two decades, but they are few and far between.  Theoretically, 

anionic P,N-ligands are an interesting ligand motif to explore in late metal chemistry, as 

they offer a mix of hard and soft donors and the anionic charge should promote tight 

binding to facilitate the isolation of low-coordinate complexes.   

 Of the few reported examples of anionic P,N-ligation, Stradiotto and co-workers 

reported on an interesting system involving a proposed zwitterionic, P,N-supported, 16-

electron ruthenium species that quickly decomposes by double geminal C-H activation of 

a RuNMe2 group to form a carbene hydride complex (Scheme 1-13).48,49  Treatment of 

the carbene hydride species with dichloromethane, followed by dehydrohalogenation of 

the resulting chloro carbene complex afforded a carbene complex where the indenyl ring 

has been further metalated; on the basis of EXSY NMR data, this latter complex was 

shown to provide access to the zwitterionic ruthenium carbene by way of a reversible Ru-

C(sp3) bond cleavage process (Scheme 1-13).50 In this case, although the P,N-ligand itself 

proved highly reactive and susceptible to multiple metalation processes, the ensuing 

complexes exhibited some interesting stoichiometric bond activation reactivity.  
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Scheme 1-13.  Zwitterionic P,N-supported Ru species that quickly decomposes by double 

geminal C-H bond activation to produce a carbene hydride complex. 

 

 Anionic P,N-ligands have also recently attracted the interest of industrial 

researchers for their potential application in olefin polymerization catalysis.51 Some 

motifs that bear significant structural similarities to the anionic ligands mentioned in 

Section 1.4 are shown in Figure 1-12. The coordination chemistry of these ligands has not 

been widely explored in the academic literature to date. 

 

Figure 1-12. Examples of monoanionic P,N-ligands; M and N have been developed in 

part by Symyx Technologies51 while O has been developed by Braunstein and co-

workers.52 
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Some interest has also surrounded the synthesis of anionic PHOX-type ligands 

(Scheme 1-14); such ligands have shown considerable promise in the Ru-mediated 

catalytic transfer hydrogenation of ketones. A comparison of the catalytic activity of 

complexes supported by such anionic ligands versus complexes featuring their analogous 

neutral counterparts concluded that the anionic-PHOX-supported complexes made for 

more efficient catalysis.53 Additionally, Kempe and Michlik recently reported on the 

alkylation of anilines by alcohols catalyzed by an anionic-P,N-ligated iridium complex 

(Scheme 1-15).54 This study also compared the activity of complexes supported by 

anionic P,N-ligands to that of complexes featuring neutral versions of the ligands and 

concluded that the anionic motif leads to increased activity in this system. 

 

Scheme 1-14. Deprotonation of a PHOX ligated Ru complex to generate the anionic 

PHOX ligand in situ. 

 

Scheme 1-15. Anionic-P,N-ligated Ir-catalyzed alkylation of anilines by alcohols. 
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1.5 Thesis Research Overview 

 In this context, this thesis details synthetic investigations into the late metal 

coordination chemistry of monoanionic, LX-type, P,N N-phosphinoamidinate ligands 

(Figure 1-13), including in some cases the application of such complexes in catalysis.  

The work described herein is part of an on-going collaborative effort between the 

Turculet and Stradiotto research groups at Dalhousie University and Chevron Phillips 

Chemical Company (herein, CPChem). Patented by CPChem,4 this new class of ligand is 

highly modular, with potential variation arising from modifying the substituents on either 

the ligand backbone or the P or N terminus. Prior to our collaboration, CPChem had 

focused their investigations exclusively on the neutral N-phosphinoamidine motif (Figure 

1-13), and showed that such neutral P,N-donor ligands have applications in olefin 

oligomerization catalysis (Scheme 1-16).4 The coordination chemistry of anionic N-

phosphinoamidinates had not been actively explored and represents the primary focus of 

my thesis studies. 

 

Figure 1-13. A neutral N-phosphinoamidine (left) and its deprotonation to give the 

lithium salt of an anionic N-phosphinoamidinate (right). 
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Scheme 1-16. General reaction scheme for the (N-phosphinoamidine)Cr catalyzed 

oligomerization of ethylene to selectively form 1-hexene and 1-octene. 

 

 The Dalhousie/CPChem research team has since demonstrated the remarkable 

ability of the monoanionic N-phosphinoamidinates in supporting unusual low-coordinate 

late metal complexes, and have since developed applications in bond activation and 

catalysis. Over the past several years, within the field of organometallic chemistry, there 

has been a major focus on developing efficient and inexpensive, base metal catalysts to 

replace the current state of the art that typically relies on expensive precious metal 

catalysts. Inspired by this challenge, N-phosphinoamidinate complexes of iron and cobalt 

were investigated by the CPChem/Turculet/Stradiotto team (Figure 1-14).55 These 

complexes, most notably the more sterically hindered iron species 1-2, displayed 

impressive activity toward the catalytic hydrosilyation of carbonyls under mild 

conditions. Complex 1-2 has proven to be among the most proficient Fe catalysts for such 

hydrosilyations reported in the literature to date. The scope, with respect to carbonyl 

compounds, extends to ketones, aldehydes, and esters.  
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Figure 1-14. Recently reported Fe and Co pre-catalysts supported by N-

phosphinoamidinates.55 

 

 Furthermore, these complexes were also tested toward the hydroboration of 

alkenes and ketones with HBpin.56 Complex 1-3 proved particularly adept at mediating 

this reaction for a variety of substrates under mild conditions. Most notably, 1-3 was 

predisposed to isomerize internal alkenes prior to hydroboration to selectively yield the 

terminally borylated product (Scheme 1-17).  

 

Scheme 1-17. Isomerization and subsequent terminal hydroboration of 4-octene.56  

 Encouraged by the remarkable reactivity of these first-row transition metal 

complexes, the initial goals of this thesis were to explore the synthesis and reactivity of 

low-coordinate second and third-row transition metal complexes. Chapter 2 will discuss 

the synthesis and reactivity of 16-electron Cp*Ru(II) (Cp* = η5-C5Me5) complexes 

supported by N-phosphinoamidinates.57 Coordinatively unsaturated Cp*RuLn and related 

complexes have a well-established track record of exhibiting new and unusual metal-

centered reactivity with diverse applications in organic synthesis.47, 58 As such, 

considerable focus continues to be directed toward developing new and isolable classes 

of such complexes and exploring their stoichiometric reactivity.  
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Intrigued by the ability of related (nacnac)Pt species in supporting low-coordinate 

reactive complexes (Section 1.4.2), structurally and electronically unique low-coordinate 

Pt(II) complexes supported by N-phosphinoamidinate ligands were developed in pursuit 

of unusual bonding motifs and reactivity. Chapter 3 details the synthesis and reactivity of 

an isolable, three-coordinate, neutral, 14-electron Pt(II) species.59 Chapter 4 will discuss 

the synthesis and reactivity of a Pt(II)-η3-benzyl complex that undergoes an 

unprecedented benzylic borylation reaction.60   

Within the spirit of moving toward the use of relatively abundant and inexpensive 

metals in catalysis, and building on previous advances in this area by the 

CPChem/Turculet/Stradiotto team, Chapter 5 examines the development of the 

manganese analog of 1-2 and 1-3. The remarkable ability of this new 

(P,N)Mn(N(SiMe3)2) complex to reduce amides, ketones, aldehydes, and esters under 

mild conditions is described. 
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CHAPTER 2: Synthesis, Structural Characterization, and Reactivity of Cp*Ru(N-

Phosphinoamidinate) Complexes 

 

2.1 Introduction 

 

 As stated in Chapter 1, coordinatively unsaturated Cp*RuLn (Cp* = η5-C5Me5) 

and related half-sandwich type complexes have a well-established track record of 

exhibiting unusual metal-centered reactivity,47, 58 with diverse applications in organic 

synthesis including but not restricted to redox isomerization/reductions, alkene-alkyne 

coupling, and cycloaddition chemistry.61 As such, considerable focus continues to be 

directed toward developing new and isolable classes of such complexes and exploring 

their stoichiometric reactivity. Collectively, such studies serve to enhance our 

understanding of the substrate transformations that can occur within the coordination 

sphere of coordinatively unsaturated Cp*RuLn species, and can represent an initial step 

toward the establishment of new metal-catalyzed transformations. 

 One of the most notable early examples of ruthenium half-sandwich complexes 

exhibiting exceptional reactivity was reported by Noyori and co-workers.62 Utilizing a 

16-electron (η6-p-cymene)Ru(κ2-N~N) complex where both N donors are acting as X 

ligands, they were able to demonstrate the reversible asymmetric transfer hydrogenation 

between alcohols and ketones in a catalytic fashion (Scheme 2-1). 

 

Scheme 2-1. Simplified transfer hydrogenation between alcohols and ketones with 

Noyori’s (η6-p-cymene) Ru(κ2-N~N) catalyst.  
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This work was instrumental in establishing the potential of these coordinatively 

unsaturated ruthenium half-sandwich complexes as both catalysts and targets for 

developing novel reactivity. Of particular interest to the work herein, with respect to 

Scheme 2-1, was the bifunctional nature of the metal and ligand. In this regard, the 

unsaturated ligand, specifically the Ru-NH nitrogen, essentially acts as an additional 

reactive site and “H+” acceptor as H2 is abstracted from propanol and added across the 

metal-ligand linkage. Experiments designed to test the bifunctional nature of anionic N-

phosphinoamidinate ligands in a similar manner would be informative in assessing their 

ability to participate in such reactions.  

 As alluded to above, our group was particularly interested in the Cp*Ru motif as 

Cp* is a bulky electron-rich ligand that acts as a strong donor, an important feature in 

developing reactive complexes. Although considerable attention has been paid to the 

study of both neutral Cp*RuL(X),63 complexes and [Cp*RuL2]
+X- salts (P, Figure 2-1),64 

reports documenting the preparation of isolable, coordinatively unsaturated and formally 

16-electron Cp*Ru(κ2-L~X) chelate complexes supported by monoanionic, LX-type 

ligands are rare, and involve primarily synthetic investigations of κ2-N,N amidinate (Q)47, 

58, 65 or β-diketiminate (R)66 complexes with some niche applications in catalysis (refer to 

Schemes 1-11 and 1-12 for examples of Cp*Ru(amidinate)-mediated reactivity). 

 It is worthy of mention that analogous Cp*Ru(κ2-P~N) species,67 derived from 2-

(diphenylphosphino)ethylamine and related ligands (S), have been implicated by Ikariya 

and co-workers as key intermediates in a diversity of synthetically useful metal-catalyzed 

transformations including the chemoselective hydrogenolysis of epoxides,68 the 

isomerisation of allylic alcohols (Scheme 2-2),69 the oxidative lactonization of 1,4-
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diols,70 and the hydrogenation of imides.71 Control experiments featured in these reports 

confirm the importance of tethered phosphino and primary/secondary amine moieties as a 

means of achieving optimal catalytic performance via Ru/NH bifunctional catalysis; such 

complexes typically outperformed related Cp*Ru(κ2-N~N) species.72 However, despite 

recent research efforts,48, 73 neither [Cp*Ru(κ2-P~N)]+X-, nor related neutral Cp*Ru(κ2-

P~N) species of the type invoked by Ikariya and co-workers featuring a tethered amido-

phosphine ancillary ligand (Scheme 2-2), have proven isolable prior to the work reported 

herein. 

 

Figure 2-1. Previously studied [Cp*RuL2]
+X- and Cp*Ru(κ2-L~X) complexes, and the 

new Cp*Ru(N-phosphinoamidinate) complexes featured herein (Ar = substituted aryl).   
 

 

Scheme 2-2. In situ formation of a Cp*Ru(κ2-P~N) invoked by Ikariya for the 

isomerisation of allylic alcohols.  
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 Inspired by the challenge of preparing the first examples of formally 16-electron 

Cp*Ru(κ2-P~N) species, the aforementioned Dalhousie/CPChem research team focused 

our attention on the application of N-phosphinoamidinate ligands in this regard. As 

mentioned in Section 1.5, this new P,N-ligand class was developed recently with an aim 

toward supporting highly active chromium-based ethylene tri-/tetramerization catalysts;4 

we have since shown that three-coordinate (N-phosphinoamidinate)metal(amido) have a 

variety of applications in catalysis.55,56 My work in developing the synthesis and 

spectroscopic/crystallographic characterization of the first isolable, formally 16-electron 

Cp*Ru(κ2-P~N) species, along with a brief stoichiometric reactivity survey involving 

these new complexes is detailed in this chapter. 

2.2 Results and Discussion 

2.2.1 Synthesis and characterization of Cp*Ru(κ2-P~N) species 

 Having previously reported on the synthesis of the phosphinoamidine ligands 2-

1a and 2-1b,55 one could envision that the reaction of such species with [Cp*RuCl]4 in 

the presence of a suitable base could provide access to 16-electron Cp*Ru(N-

phosphinoamidinate) complexes (Scheme 2-3). Treatment of 2-1a or 2-1b with 0.25 

equiv of [Cp*RuCl]4 in the presence of excess Cs2CO3 afforded the corresponding 16-

electron Ru complex 2-2a or 2-2b as a blue or dark green solid, respectively (quantitative 

on the basis of  31P NMR spectroscopy). Alternatively, treatment of 2-1b with nBuLi 

followed by reaction of the ensuing lithium salt with [Cp*RuCl]4 cleanly afforded 2-2b; 

in contrast, the use of nBuLi in place of Cs2CO3 in the preparation of 2-2a afforded 

multiple phosphorus-containing products, on the basis of 31P NMR data. Both complexes 

2-2a (67%) and 2-2b (using nBuLi, 82%) were readily isolated and appear to be stable at 
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room temperature under a nitrogen atmosphere both in solution and in the solid state. The 

highly colored nature of 2-2a (dark blue) and 2-2b (dark green) is consistent with 

previously reported 16-electron Cp*Ru complexes, including Cp*RuL(X),58,63 

Cp*Ru(amidinate),58,65 and Cp*Ru(diketiminate),66 which are typically blue or purple in 

color. The solution NMR (1H, 13C, 31P) spectra of 2-2a (Figure 2-4) and 2-2b (Figure 2-5) 

are consistent with their formulation as Cs-symmetric, diamagnetic, N-

phosphinoamidinate complexes. The 31P NMR spectra of 2-2a and 2-2b feature 

resonances at 128.2 and 124.9 ppm, which are significantly downfield relative to 2-1a 

(61.9 ppm) and 2-1b (61.4 ppm). The 1H NMR spectra (benzene-d6) of 2-2a and 2-2b  

feature a resonance attributed to the Cp* ligand at 1.21 and 1.19 ppm, respectively, as 

well as a resonance at 1.45 and 1.46 ppm, respectively, corresponding to the magnetically 

equivalent PtBu2 substituents. The 2,6-dimethyl substituted N-aryl group in 2-2a gives 

rise to a single C(aryl)Me 1H NMR resonance at 2.27 ppm. In the case of 2-2b, the 2,6-

diisopropyl substituted N-aryl group gives rise to a single set of C(aryl)iPr2 resonances, 

where the methyl groups on these substituents are diastereotopic, as indicated by their 

appearance as two doublets that integrate to six protons each at 1.37 and 0.80 ppm. The 

spectroscopic signature of these formally 16-electron, Cs-symmetric species 2-2a and 2-

2b differ significantly from their C1-symmetric 18-electron adducts (vide infra). 
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Scheme 2-3. Synthesis of Cp*Ru(N-phosphinoamidinate) complexes, 2-2a and 2-2b. 

Conditions: 2-1a, 0.25 [Cp*RuCl]4, excess Cs2CO3 (for 2-2a); 2-1b, nBuLi (one equiv., -

35 ºC), then 0.25 [Cp*RuCl]4 (for 2-2b).  

 

The solid state structures of both 2-2a and 2-2b were determined by using single 

crystal X-ray diffraction techniques (Figure 2-2, Tables 2-1 and 2-2; the latter are located 

at the end of the chapter). In both cases the complexes adopt a monomeric two-legged 

piano stool structure that is analogous to that previously observed for related 

crystallographically characterized Cp*RuL(X) complexes,58, 63  as well as complexes of 

the type Cp*Ru(amidinate),58, 65 and Cp*Ru(diketiminate).66 The Ru-P distances of 

2.3679(5) and 2.3599(5) Å for 2-2a and 2-2b, respectively, are slightly shorter than that 

of 2.395(2) Å reported for Cp*Ru(PiPr3)Cl,63a possibly due to the rigid chelating 

structure of the N-phosphinoamidinate complexes. The Ru-N(2) distance of 2.0734(16) Å 

in 2-2b is somewhat elongated relative to that of 2.0458(13) Å in 2-2a, which can most 

likely be ascribed to the greater steric demands of the isopropyl-functionalized ligand in 

2-2b. Nonetheless, these Ru-N distances fall within the range observed for 

crystallographically characterized Cp*Ru(amidinate) (2.073(3) Å)65 and 

Cp*Ru(diketiminate) (2.025(6)-2.071(2) Å)66 complexes. The solid state structures of 2-

2a and 2-2b are consistent with the Cs-symmetric species observed in solution, as 

indicated by the perpendicular orientation of the P-Ru-N(2) plane relative to the plane of 

the Cp* ligand. 
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Figure 2-2. Crystallographically determined structures of 2-2a (left) and 2-2b (right) 

employing 50% ellipsoids and with hydrogen atoms omitted for clarity. 

 

2.2.2 Probing the Reactivity of 2-2a and 2-2b 

 

Despite the apparent stability of the coordinatively unsaturated species 2-2a and 

2-2b, these complexes proved highly reactive towards two electron donor ligands, 

leading to the formation of 18-electron adducts (Scheme 2-4). Thus 2-2b was found to 

react readily with an atmosphere of CO to form the corresponding adduct 2-3, while 2-2a 

reacted with one equiv. of 2,6-xylylisocyanide to form 2-4. In the case of 2-3, the identity 

of this product as being a CO adduct of 2-2b was confirmed initially on the basis of NMR 

data, whereby a diagnostic 13C NMR resonance for the CO group was detected (212.4 

ppm), along with the observation of distinct resonances attributable to magnetically non-

equivalent tBu and isopropyl groups in both the 1H and 13C NMR spectra. Similarly for 2-

4, unique resonances in keeping with diastereotopic pairs of aryl-Me and tBu groups were 

observed in both the 1H and 13C NMR spectra. The proposed connectivity in 2-3 and 2-4 

was confirmed in the solid state on the basis of single-crystal X-ray diffraction data 

(Figure 2-3, Tables 2-1 and 2-2). While for both 2-3 and 2-4, the Ru-P bond distances 

(2.3652(6) Å and 2.3578(7) Å) and the P-Ru-N(2) bite angles (76.20(6)º and 77.32(5)º) 
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do not differ significantly from those observed in the precursor 16-electron complexes, 

other more notable variations in interatomic distances are observed upon adduct 

formation. A significant lengthening of the Ru-N(2) distance occurs on going from 2-

2a/2-2b to 2-4/2-3, possibly owing to a combination of increased congestion on forming 

a three-legged piano-stool structure, as well as a reduction in Ru-N π-bonding in the 18-

electron adducts in keeping with concepts described by Caulton and co-workers.63c 

Furthermore, the observed P-N(1) and N(2)-C(9) distances are shorter, while the N(1)-

C(9) distances are modestly longer in the adducts relative to 2-2a and 2-2b, thereby 

suggesting that adduct formation induces changes in the electronic structure of the 

coordinated N-phosphinoamidinate ligands. The Ru-CO (1.844(3) Å) distance in 2-3 is 

statistically equivalent to the related distances found in Cp*Ru(CO)(amidinate) (1.828(7) 

Å)65 and Cp*Ru(CO)(diketiminate) (1.837(2) Å)66a complexes. Furthermore, the carbonyl 

stretch in 2-3 (1902 cm-1) is intermediate between those reported for 

Cp*Ru(CO)(amidinate) (1888 cm-1)65 and Cp*Ru(CO)(diketiminate) (1910 cm-1)66a 

species. 

 

Scheme 2-4. Reactivity of Cp*Ru(N-phosphinoamidinate) complexes, 2-2a and 2-2b 

with two-electron (L) donors. 
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Figure 2-3. Crystallographically determined structures of 2-3 (left) and 2-4 (right) 

employing 50% ellipsoids and with hydrogen atoms omitted for clarity. 

 

 Encouraged by the ability of 2-2a and 2-2b to bind two-electron L-type donor 

ligands, attention was shifted toward exploring the reactivity of these complexes with E-

H bonds (E = main group element). Initial efforts in this regard focused on exploring the 

reactivity of 2-2a and 2-2b with ammonia borane (AB) at room temperature, given 

current interest in the use of AB as a material from which hydrogen may be generated 

under mild conditions.74,75 No reaction was observed upon combination of five equiv. of 

AB with 2-2b in THF (ca. 3 mL) over the course of 24h on the basis of 31P NMR data 

obtained from the reaction mixtures, possibly inhibited by the more bulky iPr groups 

limiting facile access to the metal center. Under similar conditions using 2-2a, the 

consumption of 2-2a and formation of a new organometallic product (2-5) was observed 

over the course of four hours by use of 31P NMR methods, accompanied by a change in 

colour of the solution from blue to dark red. Upon workup, 2-5 was obtained in 93% 

isolated yield. The structure of 2-5 depicted in Scheme 2.3 was elucidated on the basis of 

NMR spectroscopic data. Notably, 1H NMR resonances (benzene-d6) at 5.38 ppm and -

12.16 ppm suggest the presence of NH and RuH groups, respectively, and the location of 

the NH group was confirmed on the basis of nOe interactions observed between the NH 
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and the PtBu2 group. Moreover, both the 1H and 13C NMR spectra of 2-5 feature 

diastereotopic pairs of aryl-Me and tBu groups, in keeping with the proposed structural 

formulation. Efforts to monitor the progress of the reaction by use of NMR methods 

failed to detect any intermediates en route to 2-5; as such it remains unclear if 2-5 

represents the first-formed product of the reaction. Nonetheless, it is feasible that the 

initial site of protonation is at the Ru-N(aryl) nitrogen, followed by a net 1,3-proton shift 

to afford the observed product 2-5. Interestingly, this represents the first example of the 

N-phosphinoamidinate ligands participating in a bifunctional fashion where H2 is added 

across the metal-ligand framework in a similar manner to what is observed in Scheme 2-1 

and 2-2. 

While the formation of 2-5 from 2-2a corresponds to the net dehydrogenation of 

AB as desired, continued monitoring of the reaction by use of 1H and 11B NMR methods 

over the course of 24h confirmed the modest consumption of AB along with the 

formation of small amounts of cyclotriborazane (and/or cross-linked oligomers) and 

borazine as observed by 11B NMR,76 with minimal hydrogen evolution detected. In an 

effort to assess the ability of 2-5 to release hydrogen and regenerate 2-2a, benzene-d6 

solutions of 2-5 were heated at 75 °C and were monitored by use of 31P NMR methods. 

Over the course of five days, the clean conversion of 2-5 to 2-2a was observed. The rate 

of this conversion could be accelerated through the addition of norbornene (1-2 equiv.), 

whereby the clean conversion to 2-2a was observed after only 4h at 75 °C (Scheme 2-5). 
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Scheme 2-5. Reactivity of the Cp*Ru(N-phosphinoamidinate) complex 2-2a with 

ammonia borane and loss of dihydrogen from the resulting product 2-5. 

 

 It is also important to note that a variety of other reactions were attempted with 

complexes 2-2a and 2-2b. Reactions with primary silanes and substituted amine boranes 

were slow, required heating over prolonged periods of time, and led to the formation of 

multiple phosphorus-containing products; attempts to isolate individual species were 

unsuccessful. Complexes 2-2a and 2-2b also proved to be remarkably stable toward a 

number of reagents such as aryl halides, anilines, pinacol borane, phenols, isopropanol, 

and phenyl acetylene. Examples of these attempted reactions are presented in Scheme 2-

6. After deeming these reactions unsuccessful, efforts were refocused toward developing 

the platinum chemistry (Chapter 3 and 4) of the N-phosphinoamidinates, in hopes of 

synthesizing more reactive complexes. 
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Scheme 2-6. Examples of unsuccessful reaction attempts with 2-2a and 2-2b. 

 

2.3 Conclusions 

 In summary, within this chapter the synthesis and characterization of the first 

isolable, formally 16-electron Cp*Ru(κ2-P~N) species (2-2a and 2-2b), which are 

supported by N-phosphinoamidinate ligands has been described. These diamagnetic 

complexes exhibit a Cs-symmetric structure in both solution and the solid state, as 

determined on the basis of NMR spectroscopic and X-ray crystallographic data. Despite 

the stability of such complexes, they have been shown to readily coordinate two-electron 

(L) donors including carbon monoxide and 2,6-xylylisocyanide, affording 

crystallographically characterized C1-symmetric 18-electron Cp*Ru(L)(κ2-P~N) adducts 

(2-3 and 2-4). Preliminary reactivity studies confirmed that such complexes are capable 

of extruding hydrogen from ammonia borane in a bifunctional manner. Whereas no 
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reaction was observed upon combination of ammonia borane and 2-2b at room 

temperature, under similar conditions the less sterically hindered Cp*Ru(N-

phosphinoamidinate) complex 2-2a was cleanly transformed into 2-5 – a process that 

corresponds to the net transfer of hydrogen from ammonia borane to 2-2a. 

2.4 Statement of Contributions 

 Several researchers helped to bring this project to publication in the Canadian 

Journal of Chemistry and they are recognized herein. Dr. Adam Ruddy worked to refine 

the synthesis of the N-phosphinoamidinate ligands used in this work and the crystal data 

was solved by Dr. Craig Wheaton.  

2.5 Experimental Details 

General Considerations. All experiments were conducted under nitrogen in an MBraun 

glovebox or using standard Schlenk techniques. Dry, oxygen-free solvents were used 

unless otherwise indicated. Benzene, toluene and pentane were deoxygenated and dried 

by sparging with nitrogen and subsequent passage through a double-column solvent 

purification system purchased from MBraun Inc. Tetrahydrofuran and diethyl ether were 

purified by distillation from Na/benzophenone. All purified solvents were stored over 4 Å 

molecular sieves. Benzene-d6
 was degassed via three freeze-pump-thaw cycles and stored 

over 4 Å molecular sieves. The ligands 2-1a and 2-1b,55 and [Cp*RuCl]4
77 were prepared 

according to literature procedures. Ammonia borane was purchased from Aldrich and 

sublimed prior to use. All other reagents were used without further purification. 1H, 13C, 

and 31P NMR characterization data were collected at 300K on a Bruker AV-500 

spectrometer operating at 500.1, 125.7, and 202.5 MHz (respectively) with chemical 

shifts reported in parts per million downfield of SiMe4  for 1H and 13C, and 85% H3PO4 in 
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D2O for 31P. 1H and 13C NMR chemical shift assignments are based on data obtained 

from 13C-DEPTQ135, 1H-1H COSY, 1H-13C HSQC, and 1H-13C HMBC NMR 

experiments. In some cases, fewer than expected unique 13C NMR resonances were 

observed, despite prolonged acquisition times. X-Ray data collection was carried out by 

Dr. Robert MacDonald and Dr. Michael J. Ferguson at the University of Alberta X-ray 

Crystallography Laboratory, Edmonton, Alberta. Structural solution and refinement was 

conducted by Dr .Craig Wheaton (Dalhousie). Infrared spectra were recorded as thin 

films between NaCl plates using a Bruker Tensor 27 FT-IR spectrometer at a resolution 

of 4 cm-1. 

Synthesis of 2-2a. A solution of 2-1a (0.20 g, 0.54 mmol) in ca. 5 mL of THF was added 

by pipette to a solution of [Cp*RuCl]4 (0.15 g, 0.14 mmol) in ca. 5 mL of THF. An 

excess of Cs2CO3 (0.91 g, 2.79 mmol) was added to the resulting solution and the mixture 

was stirred for 5 hours at 45 °C. A gradual color change from brown to blue was 

observed. The solvent was removed under vacuum and the resulting blue solid was 

dissolved in ca. 10 mL of benzene. The benzene solution was subsequently filtered 

through Celite to remove any residual salts. The solvent was again removed under 

vacuum and the solid was triturated with pentane (1 mL x 3) to yield 2-2a as a blue solid 

(0.22 g, 67%). 1H NMR (500 MHz, benzene-d6):  δ 7.42 (d, 2 H, J = 7 Hz, Harom), 7.03 

(m, 2 H, Harom), 6.95 - 6.82 (overlapping resonances, 4 H, Harom), 2.27 (s, 6 H, Me), 1.45 

(d, 18 H, PtBu2, 
3JPH = 13 Hz), 1.21 (s, 15 H, Cp*).  13C{1H} NMR (125.7 MHz, 

benzene-d6):  δ 182.1 (NCN), 155.3 (Carom), 139.8 (Carom), 133.4 (Carom), 128.8 (CHarom), 

128.6 (CHarom), 128.0 (CHarom), 127.0 (CHarom), 123.7 (CHarom), 75.5 (Cp*), 35.9 (d, 

PCMe3, 
1JPC = 20 Hz), 29.4 (PtBu), 21.0 (CMe), 11.3 (Cp*). 31P{1H} NMR (202.5 MHz, 
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benzene-d6):  δ 128.2. Anal. Calcd for C33H47N2PRu: C, 65.64; H, 7.85; N, 4.64. Found: 

C, 65.29; H, 7.91; N, 4.34. Crystals of 2-2a suitable for X-ray diffraction analysis were 

grown from Et2O at -35° C. 

 

Figure 2-4. 1H NMR spectrum of 2-2a. 

Synthesis of 2-2b. A solution of 2-1b (0.36 g, 0.85 mmol) in ca. 20 mL of pentane was 

cooled to -35 °C and a slight excess of 2.5 M nBuLi (375 μl, 0.94 mmol) was added 

slowly by syringe. The reaction mixture was then allowed to warm to room temperature 

over the course of 15 minutes, during which time a white precipitate was observed. The 

supernatant was then carefully decanted and the remaining residue was dried under 

vacuum to yield the lithium salt of 2-1b (0.35 g; 31P NMR, 202.5 MHz, THF-d8: δ 74.8, 

br), which was used subsequently without further purification. A solution of the so-

formed lithium salt of 2-1b (0.31 g, 0.72 mmol) in ca. 5 mL of THF was added by pipette 

to a solution of [Cp*RuCl]4 (0.20 g, 0.18 mmol) in ca. 5 mL of THF. An immediate color 

change from brown to dark green was observed. After approximately 20 minutes, the 
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solvent was removed under vacuum and the remaining green solid was taken up in ca. 10 

mL of benzene. The benzene solution was filtered through Celite and the filtrate was 

collected. The filtrate solution was evaporated under vacuum and the solid was triturated 

with pentane (1 ml x 3)  to yield 2-2b as a dark green solid (0.39 g, 82%). 1H NMR (500 

MHz, benzene-d6):  δ 7.62 (broad apparent doublet, 2 H, Harom), 7.29 - 7.27 (overlapping 

resonances, 3 H, Harom), 6.91 - 6.85 (overlapping resonances, 3 H, Harom), 3.46 (sept, 2 H, 

3JHH = 7 Hz, CHMe2), 1.46 (d, 18 H, PtBu2, 
3JPH = 13 Hz), 1.37 (d, 6 H, 3JHH = 7 Hz, 

CHMe2), 1.19 (s, 15 H, Cp*), 0.80 (d, 6 H, 3JHH = 7 Hz, CHMe2).  
13C{1H} NMR (125.7 

MHz, benzene-d6):  δ 181.7 (d, JCP = 9 Hz, NCN), 154.7 (Carom), 142.8 (Carom), 138.6 (d, 

JCP = 18 Hz, Carom), 133.1 (CHarom), 129.3 (CHarom), 127.4 (CHarom), 124.9 (CHarom), 

124.7 (CHarom), 76.1 (Cp*), 36.8 (d, 1JCP = 20 Hz, PCMe3), 29.8 (PtBu), 29.5 (CHMe2), 

25.3 (CHMe2), 25.0 (CHMe2), 12.3 (Cp*).  31P{1H} NMR (202.5 MHz, benzene-d6): δ 

124.9.  Anal. Calcd for C37H55N2PRu:  C, 67.34; H, 8.40; N, 4.25. Found: C, 67.55; H, 

8.32; N, 4.41. Crystals of 2-2b suitable for X-ray diffraction analysis were grown from 

pentane at -35 °C. 
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Figure 2-5. 1H NMR spectrum of 2-2b. 

Synthesis of 2-3. A solution of 2-2b (0.025 g, 0.038 mmol) in ca. 1 mL of benzene was 

transferred to a J. Young NMR tube. The solution was degassed via three freeze-pump-

thaw cycles and the tube was subsequently exposed to ca. 1 atm of CO. A color change 

from dark green to amber brown was observed within five minutes after vigorous 

shaking. After approximately 20 minutes, the solvent was removed under vacuum to 

yield 2-3 as a pale yellow solid (0.026 g, 99 %). 1H NMR (500 MHz, benzene-d6):  δ 7.58 

(d, 2 H, J = 8 Hz, Harom), 7.12 - 7.07 (overlapping resonances, 3 H, Harom), 6.94 - 6.87 

(overlapping resonances, 3 H, Harom), 3.52 (sept, 1 H, 3JHH = 7 Hz, CHMe2), 3.08 (sept, 1 

H, 3JHH = 7 Hz, CHMe2), 1.56 (d, 9 H, 3JPH = 13 Hz,  PtBu), 1.40 - 1.29 (overlapping 

resonances, 27 H, Cp*, PtBu, CHMe2), 1.29 (d, 3 H, 3JHH = 7 Hz, CHMe2), 1.07 (d, 3 H, 

3JHH = 7 Hz, CHMe2), 0.55 (d, 3 H, 3JHH = 7 Hz, CHMe2).  
13C{1H} NMR (125.7 MHz, 

benzene-d6):  δ 212.4 (d, 2JCP = 20 Hz, CO), 175.1 (NCN), 149.9 (Carom), 144.8 (d, JCP = 
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15 Hz, Carom), 138.3 (d, JCP = 19 Hz, Carom), 132.7 (CHarom), 127.1 (CHarom), 125.8 

(CHarom), 125.4 (CHarom), 123.3 (CHarom), 96.0 (Cp*), 40.4 - 39.9 (overlapping 

resonances, PCMe3), 30.8 (PtBu), 29.6 (PtBu),  28.4 (CHMe2), 28.3 (CHMe2), 26.7 

(CHMe2), 25.9 (CHMe2), 24.9 (CHMe2), 23.8 (CHMe2), 10.9 (Cp*). 31P{1H} NMR 

(202.5 MHz, benzene-d6):  δ 139.9. IR (cm-1): 1902 (CO). Anal. Calcd for 

C38H55N2OPRu: C, 66.35; H, 8.06; N, 4.07. Found: C, 66.24 H, 8.21; N, 4.36. Crystals of 

2-3 suitable for X-ray diffraction analysis were grown from Et2O at -35 °C. 

Synthesis of 2-4. A solution of 2,6-xylylisocyanide (0.012 g, 0.094 mmol) in ca. 1 mL of 

Et2O was added by pipette to a solution of 2-2a (0.057 g, 0.094 mmol) in ca. 1 mL of 

Et2O. An immediate color change from blue to orange-yellow was observed. After 

approximately 20 minutes, the solvent was removed under vacuum to yield 2-4 as a 

bright yellow solid (0.027 g, 99 %). 1H NMR (500 MHz, benzene-d6):  δ 7.68 (d, 2 H, J = 

7 Hz, Harom), 6.99 - 6.88 (overlapping resonances, 4 H, Harom), 6.85 - 6.77 (overlapping 

resonances, 4 H, Harom), 6.66 (m, 1 H, Harom), 2.67 (s, 3 H, Me), 2.42 (s, 6 H, xylylNC), 

1.98 (s, 3 H, Me), 1.58 (d, 9 H, PtBu, 3JPH = 13 Hz), 1.43 - 1.39 (overlapping resonances, 

24 H, Cp* + PtBu). 13C{1H} NMR (125.8 MHz, benzene-d6):  δ 182.5 (d, JCP = 20 Hz, 

xylylNC), 176.5 (NCN), 153.2 (Carom), 141.1 (d, J = 19 Hz, Carom), 135.9 (Carom), 135.4 

(Carom), 134.2 (Carom), 133.1 (Carom), 130.6 (CHarom), 129.6 (CHarom), 129.5 (CHarom), 

129.1 (CHarom), 128.0 (CHarom), 127.3 (CHarom), 125.7 (CHarom), 123.8 (CHarom), 93.6 

(Cp*), 40.9 (d, PCMe3, 
1JCP = 14 Hz ), 39.2 (d, 1JCP = 31 Hz, PCMe3), 31.8 (PtBu), 30.5 

(PtBu), 23.4 (CMe), 22.8 (CMe), 21.1 (xylylNC), 11.4 (Cp*).  31P{1H} NMR (500 MHz, 

benzene-d6):  δ 149.1.  Anal. Calcd for C42H56N3PRu: C, 68.64; H, 7.68; N, 5.72. Found: 



 
 

48 
 

C, 68.59; H, 7.54; N, 5.66. Crystals of 2-4 suitable for X-ray diffraction analysis were 

grown from Et2O at -35 °C. 

Synthesis of 2-5. A solution of ammonia borane (0.15 g, 4.9 mmol) in ca. 2 mL of THF 

was added by pipette to a solution of 2-2a (0.057 g, 0.094 mmol) in ca. 1 mL of THF. A 

slow colour change from blue to dark red was observed over a period of 4 hours. The 

solvent was removed under vacuum, and the remaining red residue was redissolved in ca. 

5 mL of pentane and filtered through Celite. The filtrate solution was collected and was 

evaporated to dryness and the solid was triturated with pentane (1 ml x 3)  to yield 5 as a 

dark red solid (0.053 g, 93 %). 1H NMR (500 MHz, benzene-d6):  δ 7.02 (m, 2 H, Harom), 

6.92 (d, 1 H, J = 7 Hz, Harom), 6.78 - 6.73 (overlapping resonances, 4 H, Harom), 6.69 (d, 1 

H, J= 8 Hz, Harom), 5.38 (br d, 1 H, J = 5 Hz, NH), 2.68 (s, 3 H, CMe), 1.94 (s, 3 H, 

CMe), 1.75 (s, 15 H, Cp*), 1.36 (d, 9 H, PtBu, 3JPH = 13 Hz), 1.30 (d, 9 H, PtBu, 3JPH = 

13 Hz), -12.16 (d, 1 H, 2JHP = 42 Hz, RuH).  13C{1H} NMR (125.7 MHz, benzene-d6):  δ 

158.3 (d, NCN, J = 14 Hz), 149.4 (Carom), 134.7 (Carom), 133.1 (Carom), 131.0 (Carom), 

129.0 (CHarom), 128.9 (CHarom), 127.4 (CHarom), 124.5 (CHarom), 87.9  (Cp*), 40.2 

(PCMe3), 39.0 (d, PCMe3, 
1JPC = 26 Hz), 30.4 (d, PtBu, 3JCP = 5 Hz), 29.5 (d, PtBu, 3JCP 

= 8 Hz), 19.5 (CMe), 19.4 (CMe), 12.4 (Cp*).  31P{1H} NMR (202.5 MHz, benzene-d6):  

δ 160.8. IR (cm-1): 3404 (w, NH), 1981 (m, RuH). Anal. Calcd for C33H49N2PRu: C, 

65.43; H, 8.15; N, 4.62. Found C, 65.51; H, 8.27; N, 4.48. 

Details of Crystallographic Studies. Crystallographic data were obtained at 173(2) K on 

a Bruker PLATFORM/SMART 1000 CCD diffractometer or a Bruker D8/APEX II CCD 

diffractometer using graphite-monochromated Mo K(λ = 0.71073 Å) radiation for 2-2a, 

2-2b, and 2-4, or CuK (λ = 1.54178 Å) for 2-3. Unit cell parameters were determined 
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and refined on all reflections. Data reduction and correction for Lorentz polarization were 

performed using Saint-plus, and scaling and absorption correction were performed using 

the SADABS software package. Structure solution by direct methods and least-squares 

refinement on F2 were performed using the SHELXTL software suite. Except where 

noted, non-hydrogen atoms were refined with anisotropic displacement parameters, while 

hydrogen atoms were placed in calculated positions and refined with a riding model. 

Structural figures were generated with ORTEP-3. During the refinement of 2-3, the 

asymmetric unit was found to contain half an equivalent of diethyl ether, which was 

found to exhibit positional disorder that was treated satisfactorily. Due to this disorder 

within this solvate, hydrogen atoms on the solvate were omitted in the solution and 

refinement process. 
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Table 2-1. Crystallographic Solution and Refinement Data for 2-2a, 2-2b, 2-3 and 2-4. 

aR1 = Σ| |Fo| - |Fc| |/Σ|Fo|. wR2 = [Σ [w(Fo
2 - Fc

2)2]/ Σ [w(Fo
2)2]]1/2. w = 1/[σ2(Fo

2) + (mP)2 + nP], 

where P = (Fo
2 + 2Fc

2)/3. 

 

 

 

 2-2a 2-2b 2-3 

Empirical formula C33H47N2PRu C37H55N2PRu C40H55N2O1.5PRu 

Wavelength (Å) 0.71073 0.71073 1.54178 

Temperature (K) 173(2) 173(2) 173(2) 

Formula weight 603.77 659.87 719.90 

Crystal dimensions 0.40 x 0.29 x 0.17  
0.34 x 0.07 x 

0.04 
0.25 x 0.23 x 0.14 

Crystal system Triclinic monoclinic monoclinic 

Space group P(-1) P21/n P21/n 

a (Å) 9.5189(5)   14.4690(5) 12.1772(5) 

b (Å) 10.5877(5) 16.2674(5) 15.7345(7) 

c (Å) 15.5381(8) 14.9573(5) 19.4462(8) 

 (deg) 101.607(1) 90 90 

 (deg) 98.993(1) 102.87(1) 94.405(2) 

 (deg) 92.575(1) 90 90 

V (Å3) 1510.37(13) 3432.0(2) 3714.9(3) 

Z 2 4 4 

calcd (Mg/m3) 1.328 1.277 1.287 

µ (mm-1) 0.596 0.530 4.072 

Range of trans. 0.9076-0.7949 0.979-0.8416 0.5917-0.4353 

 limit (deg) 27.59 27.52 71.32 

 -12  h  12 -18  h  18 -14  h  14 

 -13  k  13 -21  k  21 -19  k  19 

 -20  l  20 -19  l  19 -23  l  23 

Total data collected 28597 30526 24246 

Independent reflections 6961 7893 7204 

Rint 0.0289 0.0414 0.0439 

Data/restraints/parameters 6961 / 0 / 347 7893 / 0 / 385 7204 / 0 / 439 

Goodness-of-fit 1.055 1.038 1.059 

R1 [Fo
2  2(Fo

2)]a 0.0242 0.0303 0.0418 

wR2 [Fo
2  –3( Fo

2)]a 0.0558 0.0699 0.1110 

Largest peak, hole (eÅ-3) 0.350, -0.394 0.442, -0.377 2.747, -0.560 
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Table 2-1 Continued 
 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
aR1 = Σ| |Fo| - |Fc| |/Σ|Fo|. wR2 = [Σ [w(Fo

2 - Fc
2)2]/ Σ [w(Fo

2)2]]1/2. w = 1/[σ2(Fo
2) + (mP)2 + nP], 

where P = (Fo
2 + 2Fc

2)/3. 

 

 

 

 

 2-4 

Empirical formula C42H56N3PRu 

Wavelength (Å) 0.71073 

Temperature (K) 173(2) 

Formula weight 734.94 

Crystal dimensions 
0.44 x 0.31 x 

0.07 

Crystal system triclinic 

Space group P(-1) 

a (Å) 9.6910(6) 

b (Å) 10.7791(7) 

c (Å) 18.5223(12) 

 (deg) 82.126(1) 

 (deg) 89.982(1) 

 (deg) 73.472(1) 

V (Å3) 1835.9(2) 

Z 2 

calcd (Mg/m3) 1.329 

µ (mm-1) 0.504 

Range of trans. 0.9656-0.8083 

 limit (deg) 27.54 

 -12  h  12 

 -13  k  14 

 -23  l  24 

Total data collected 24290 

Independent reflections 8369 

Rint 0.0453 

Data/restraints/parameters 8369 / 0 / 439 

Goodness-of-fit 1.031 

R1 [Fo
2  2(Fo

2)]a 0.0383 

wR2 [Fo
2  –3( Fo

2)]a 0.0757 

Largest peak, hole (eÅ-3) 0.731, -0.644 
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Table 2-2. Selected Interatomic Distances (Å) and Angles (º) for 2-2a, 2-2b, 2-3 and 2-4. 

 

aRu-CO 1.844(3); RuC-O 1.147(4). bRu-CN(xylyl) 1.878(3); bRuC-N(xylyl) 1.182(3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 2-2a 2-2b 2-3a 2-4b 

Ru-P 2.3679(5) 2.3599(5) 2.3652(6) 2.3578(7) 

Ru-N(2) 2.0458(13) 2.0734(16) 2.199(2) 2.1823(19) 

P-N(1) 1.7059(15) 1.6964(17) 1.668(2) 1.668(2) 

N(1)-C(9) 1.305(2) 1.308(2) 1.322(3) 1.318(3) 

(aryl)N(2)-C(9) 1.369(2) 1.374(3) 1.349(3) 1.348(3) 

P-Ru-N(2) 77.00(4) 77.76(5) 76.20(6) 77.32(5) 
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CHAPTER 3: Synthesis and Reactivity of a Neutral, Three-Coordinate Platinum(II) 

Complex Featuring Terminal Amido Ligation 

 

3.1 Introduction 

 

  Encouraged by the ability of N-phosphinoamidinate ligands to support low-

coordinate Cp*Ru complexes (Chapter 2), attention was turned to the preparation of 

alternative classes of low-coordinate complexes that might exhibit new and possibly 

useful reactivity with substrate molecules. As part of this effort, the synthesis and study 

of platinum derivatives was pursued, based in part on the intriguing behavior of related 

(nacnac)Pt species (Section 1.4.2).  

Low-coordinate platinum-group metal complexes are commonly invoked as key 

reactive intermediates in a range of prominent organometallic transformations.78 

Focusing on three-coordinate intermediates, these transformations include β-hydrogen 

elimination, C-H activation, thermal decomposition of dialkyls, insertion of olefins into 

Pt-H bonds, and electrophilic attack at Pt-C bonds, among others.79 The (nacnac)Pt 

chemistry of Goldberg and co-workers described in Section 1.4.2 features both C-H 

activation and β-hydrogen elimination initiated by proposed three-coordinate Pt(II) 

intermediates.42 The coordinatively unsaturated nature of these species leads to highly 

reactive intermediates, making their isolation a significant challenge (refer to Scheme 1-9 

and 1-10 for examples of C-H activation and β-hydrogen elimination initiated by 

transient three-coordinate (nacnac)Pt complexes). Furthermore, the propensity of the 

monoanionic nacnac ligands to support such low-coordinate, reactive platinum species is 

encouraging, considering their structural and electronic similarities with the N-

phosphinoamidinate ligands. 
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As alluded to above, there is considerable interest in preparing isolable examples 

of such otherwise transient species, so as to gain a more thorough appreciation of their 

structural and reactivity properties. While the conversion of stable four-coordinate 

(square planar), 16-electron complexes into highly reactive three-coordinate,80 14-

electron species is a commonly invoked mechanistic paradigm in platinum chemistry,81 

isolable three-coordinate Pt(II) complexes have until recently proven elusive.82 Indeed, 

the coordination chemistry of d8 species of Pt(II) is almost exclusively dominated by 

square planar species. Notwithstanding the utility of “operationally” or “masked” three-

coordinate Pt(II) compounds, such as those featuring a weak agostic interaction 

occupying the fourth coordination site where a C-H bond interacts with the metal center 

to form a three-center two electron bond (Figure 3-1),83 the structural characterization of 

bona fide three-coordinate Pt(II) species is limited to reports by the groups of 

Braunschweig84 and Conejero/Lledós85 (T and U, Figure 3-2). In each of these systems, 

the three-coordinate Pt(II) motif is achieved via anion abstraction, resulting in 

(di)cationic complexes. 

 

Figure 3-1. Early example of a “masked” three-coordinate Pt(II) complex featuring a 

weak agostic interaction occupying the fourth coordination site reported by Spencer and 

co-workers.83d 
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Figure 3-2. Previously reported low-coordinate platinum complexes (T–V), and the 

three-coordinate, formally 14-electron Pt(II) amido complex 3-1 featured here. 

 

Both T and U adopt T-shaped geometries, in keeping with calculations that 

predict the electronic stabilization of a T-shaped structure for low-spin Pt(II).82 The 

favored T-shaped molecular orbital diagram can be qualitatively derived by envisioning 

the removal of a ligand from the preferred square planar geometry for four-coordinate 

Pt(II) species resulting in minimal changes to the orbital energies. While the apparently 

Y-shaped neutral Pt(II) complex [(iPr)Pt(SiMe2Ph)2] V has been described in the 

literature,86 subsequent analysis suggests that this complex is more appropriately viewed 

as a Pt(0) σ-disilane species (Figure 3-2).87 By comparison, isolable three-coordinate, 

formally 14-electron Pt(II) complexes featuring terminal amido ligation have yet to be 

reported in the literature, owing in part to the considerable synthetic challenges 

associated with preparing monomeric (non-bridging) species of this type. Notably, such 

compounds are anticipated to be chemically distinct from T and U, due to the potential 
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for repulsive interactions between the amido lone pair and the Pt(II) d8 metal center.88 

Reactivity and computational investigations of such under-explored Pt(II) amido 

compounds are of particular significance, in that they would serve to advance our 

fundamental understanding of the chemical behavior of such low-coordinate, non-dative 

Pt-N species, as well as to provide the basis for developing new catalytic substrate 

transformations of nitrogen compounds to complement existing methodologies (e.g., 

hydroamination, Buchwald-Hartwig amination). In the context of hydroamination, one 

could envision the development of a protocol involving a three-coordinate Pt(II) amido 

species that could insert an alkene into the Pt-N bond, followed by oxidative addition of 

the desired amine, and subsequent reductive elimination of the hydroaminated product 

(Scheme 3-1); alternative processes involving protection of the alkyl could also be 

envisioned. Additionally, Gunnoe and co-workers have previously reported reactivity 

with four-coordinate Pt(II) diamido complexes that can readily cleave H2 across the Pt-N 

bond and have proposed that 1,2 C-H addition across this bond could also be feasible 

with a three-coordinate Pt amido.88e, 89  
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Scheme 3-1. Potential hydroamination mechanism utilizing a three-coordinate Pt amido 

species supported by the N-phosphinoamidinate ligand, 2-1b. 

 

 In this regard, Hartwig and Wolfe have only recently reported the first examples 

of alkene insertion into Pd-N bonds.90,91 Notably, the mechanism proposed by Hartwig 

and co-workers shown in Scheme 3-2 begins with dissociation of THF to form a three-

coordinate Pd amide species. This three-coordinate intermediate binds ethylene affording 

an olefin amido species that undergoes migratory insertion of the alkene into the Pd-N 

bond followed by β-hydrogen elimination to release the enamine and form a Pd-H species 

that rapidly decomposes. 
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Scheme 3-2. Proposed mechanism for the intermolecular migratory insertion of ethylene 

into a Pd-N bond. 

 

In this chapter the first isolable and crystallographically characterized three-

coordinate Pt(II) complex featuring terminal amido ligation (3-1) is presented, which is 

achieved by use of a sterically demanding N-phosphinoamidinate ancillary co-ligand. 

Density functional theory (DFT) calculations suggest relatively weak amide lone pair-to-

Pt π-donation and support a 14-electron assignment for 3-1. Stoichiometric reactivity 

studies confirm the viability of net O-H and C-H additions across, as well as isonitrile 

insertion into, the Pt-NH(1-Ad) linkage of the formally 14-electron complex 3-1. DFT 

calculations also provide insight into the reactivity and mechanisms of such O-H and C-H 

addition reactions. 

3.2 Results and Discussion 

 

3.2.1 Synthesis and Characterization of Platinum Amido Species 

 

 Initial synthetic investigations explored ligating the protonated N-

phosphinoamidine ligand 2-1b to platinum to generate useful precursors to a three-

coordinate Pt(II) complex beginning with the synthesis of a dichloride dimer 3-2. 
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Treatment of (COD)PtCl2 with 2-1b, followed by in situ HCl removal with Cs2CO3 

afforded the desired dimer 3-2 in 60% isolated yield (Scheme 3-3). The structure of 3-2 

was established on the basis of NMR data and confirmed by X-ray crystallography 

(Figure 3-3). 

Scheme 3-3. Synthesis of the dichloride dimer 3-2. 

 

 

Figure 3-3. Crystallographically determined structures of 3-2. Non-hydrogen atoms are 

represented by 30% Gaussian ellipsoids. Hydrogen atoms omitted for clarity. 

 

 One could envision that reactions designed to cleave 3-2 by selectively 

abstracting the halide atoms could offer a useful entry point toward synthesizing various 

low-coordinate platinum complexes. In particular, by using bulky lithium amides, the 
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dimer could be cleaved via halide abstraction to yield neutral three-coordinate Pt(II) 

amido complexes, anticipating that steric bulk from the amido, in harmony with the 

strongly donating and sterically demanding monoanionic P,N ligand 2-1b, could provide 

sufficient electron density and steric protection to stabilize a three-coordinate Pt(II) 

complex. Upon reacting 3-2 with 2,6-dimethyl anilide, the immediate formation of a new 

product 3-3 was detected on the basis of 31P NMR (δ 85.0, 1JPtP = 3533 Hz); this first 

formed product slowly and cleanly converted to a new phosphorus-containing species 3-4 

(31P = δ 92.5, 1JPtP = 3995 Hz). Attempts to crystallize 3-4 resulted in crystals that were 

twinned and could not be fully characterized. However, the connectivity information that 

could be obtained (Figure 3-4) suggests that upon ligation of the amide to give putative 3-

3, the complex underwent C-H activation of one of the peripheral methyl groups to afford 

what the X-ray data suggests is 3-4 (Scheme 3-4). A similar result was also observed on 

the basis of 31P NMR when 3-2 was exposed to the bulkier 2,6 diisopropyl anilide, 

however, no crystals suitable for refraction could be obtained of this material. 

  

Figure 3-4. Proposed final product 3-4 from the reaction of 3-2 with 2 equivalents of 2,6 

dimethyl anilide as determined by X-ray crystallography. 
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Scheme 3-4. Proposed scheme for the reaction of 3-2 with 2 equivalents of 2,6 dimethyl 

anilide, involving conversion of 3-3 to 3-4. 

 

 Although the apparent formation of 3-4 was both encouraging and interesting, it 

did not satisfy the search for an isolable three-coordinate platinum complex. In order to 

prevent metallation, the bulkier adamantyl amide was selected as it did not have any 

easily accessibly C-H bonds relative to 2,6-dimethyl or diisopropyl anilide. The synthetic 

route to the targeted three-coordinate Pt(II) amido complex 3-1 is presented in Scheme 3-

5. 
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Scheme 3-5. Synthesis of the neutral, three-coordinate, 14-electron Pt(II) amido species 

3-1. 
 

 Treatment of 0.5 equiv of 3-2 with LiNH(1-adamantyl) afforded 3-1 as an orange 

solid in 75% isolated yield. Both NMR and elemental analysis data support the view of 3-

1 as being a species of empirical formula [(P,N)Pt(NH(1-Ad))], lacking additional co-

ligands. Subsequent crystallographic characterization established the identity of 3-1 as 

being a three-coordinate Pt(II) complex featuring terminal (1-adamantyl)amido ligation 

(Figure 3-5). 

 

Figure 3-5. Crystallographically determined structures of 3-1. Non-hydrogen atoms are 

represented by 30% Gaussian ellipsoids. Hydrogen atoms with the exception of the 

amido NH are omitted for clarity. 
 

The coordination geometry at platinum in 3-1 deviates significantly from the T-

shaped configuration observed for T and U, owing in part to the steric demands of the 
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chelating N-phosphinoamidinate ligand (P-Pt-N2 bite angle of 77.88(5)º). Furthermore, 

the inequivalent P-Pt-N3(Ad) (129.82(7)º) and N2(aryl)-Pt-N3(Ad) (151.77(9)º) angles 

(ƩL-Pt-L 359.5º) indicate that the geometry about platinum in 3-1 also cannot simply be 

described as being trigonal or Y-shaped. No other crystallographically characterized 

Pt(II)-NH(alkyl) complex (three- or four-coordinate) has been reported previously. 

Hartwig and co-workers have detailed a series of T-shaped three-coordinate 

LPd(aryl)(NAr2) complexes supported by a bulky phosphine ligand (Figure 3-6).92 L-Pd-

N (166.00(9)-170.66(7) °) and C-Pd-N (88.75(11)-93.60(14) °) angles showed much 

closer agreement to a T-shaped assignment than 3-1 even with the bulky nature of the 

supporting phosphine ligand further suggesting that geometry of 3-1 was being strongly 

influenced by the bidentate N-phosphinoamidinate ligand. 

 

Figure 3-6. T-shaped three-coordinate LPd(aryl)(amido) species. 

 A survey of crystallographically characterized four-coordinate Pt(II)-NH(aryl) 

complexes revealed Pt-Namido distances (1.984(5)-2.125(5) Å)89, 93 that are statistically 

longer than the Pt-NH(1-Ad) distance found in 3-1 (1.914(2) Å). Although 3-1 proved to 

be unstable in air, no decomposition was observed upon heating THF solutions of 3-1 at 

75 ºC over the course of 72 h on the basis of 31P NMR analysis. 



 
 

64 
 

In an effort to evaluate possible Ptdπ-N(1-Ad)π interactions in 3-1, a variable-

temperature solution 1H NMR (300 MHz) study was conducted. At room temperature, 3-

1 exhibits sharp C-H resonances and effective CS symmetry that renders the isopropyl 

methine protons equivalent on the NMR timescale, in keeping with rapid rotation about 

the Pt-NH(1-Ad) bond. Upon cooling, decoalescence of the methine signal occurs (TC = -

65 ºC), with two somewhat broad methine proton signals observed at -80 ºC (Figure 3-7). 

Analysis of these NMR lineshape changes using the Gutowsky-Holm approximation94 

yields an estimated ΔG‡ value of 9.8 kcal/mol. This value is intermediate between those 

reported by Gunnoe and co-workers for hindered Ru-N bond rotation in 

TpRu(L)(L’)(NHPh) complexes (< 9 kcal/mol for L = L’ = P(OMe)3; 12 kcal/mol for L = 

CO, L’ = PPh3), which is remarkable given the three-coordinate nature of the alkylamido 

complex 3-1 relative to these octahedral, 18-electron complexes, and in light of 

competing RuN-Ph π-bonding, which serves to further disrupt potential Rudπ-NPhπ 

bonding interactions.95  These observations, along with the DFT results (vide infra), 

suggest the barrier to bond rotation of Pt-N is considerably small and supports the 

absence of a strong Pt-NH(1-Ad) multiple bond in 3-1. 
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Figure 3-7. Variable-temperature 1H NMR data for 3-1 (300 MHz, toluene-d8) 

investigating the possible Ptdπ-N(1-Ad)π interactions shown above. 

3.2.2 Probing the Reactivity of 3-1  

The migratory insertion of unsaturated substrates (e.g. alkenes, alkynes, 

isonitriles) into late metal-amido linkages represents a potentially useful elementary step 

in the functionalization of organonitrogen compounds and is uncommon in Pt-amido 

chemistry (see Section 3.1; Scheme 3-2 for recent developments in Pd-amido migratory 

insertion of alkenes).88d, 96 In a preliminary effort to ascertain if such insertion chemistry 

was feasible in the present system, 3-1 was treated with 2,6-xylyl isocyanide (2 equiv). 

Gratifyingly, the resulting platinum-functionalized amidine 3-5 was isolated as an 

analytically pure yellow solid (Scheme 3-6). The connectivity within 3-5, as observed in 
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the crystal structure (Figure 3-8), can be viewed as arising from desired 1,1-insertion of 

isonitrile into the Pt-NH(1-Ad) linkage of 3-1, followed by tautomerization and 

coordination of a second equivalent of isonitrile. It should be noted that performing this 

reaction with 1 equiv. of 2,6-xylyl isocyanide led to a mixture of products, suggesting 

that the coordination of a second equivalent of isonitrile was required to ensure stability 

of the resultant complex and/or that the kinetics of binding the second equivalent is fast. 

Attempts to extend this chemistry to unsaturated C-C bonds utilizing activated reagents 

such as diphenylacetylene were unsuccessful.   

 

Figure 3-8. Crystallographically determined structures of 3-5. Non-hydrogen atoms are 

represented by 30% Gaussian ellipsoids. Hydrogen atoms with the exception of the H4N 

hydrogens are omitted for clarity. 
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There is considerable interest in exploiting 1,2-E-H bond additions (E = main 

group element) across late metal-amido fragments in the development of new substrate 

transformations.88  In this regard, the basic and nucleophilic character of terminal amido 

groups within four-coordinate formally 16-electron Pt(II) amido complexes, which arises 

due to disruption of nitrogen-to-platinum π-bonding, has been established.89a However, 

given the view of three-coordinate 3-1 as being a formally 14-electron species on the 

basis of NMR and DFT data (vide infra), it is feasible to envision that analogous E-H 

bond additions would be inhibited by the expected propensity of 3-1 to simply bind two-

electron donors. In an initial test of this hypothesis, 3-1 was treated with 2,6-xylenol 

(Scheme 3-6); from this reaction mixture analytically pure [(P,N)Pt(O-2,6-xylyl)(NH2(1-

Ad))] 3-6, arising from net O-H bond addition across the Pt-NH(1-Ad) linkage of 3-1, 

was obtained as a pale yellow solid. The crystal structure of the formally 16-electron 

Pt(II) complex 3-6 (Figure 3-9) features a Pt-NH2(1-Ad) distance of 2.108(2) Å, which is 

notably longer (~0.2 Å) than the Pt-NH(1-Ad) distance found in 3-1 suggesting a weaker 

Pt-N bond. This could be potentially explained by increased steric crowding around the 

metal center or the reduced donating ability of NH2(1-Ad). The Pt-O(2,6-xylyl) distance 

in 3-6 (2.0760(17) Å) falls within the range observed in some other four-coordinate, 

formally 16-electron Pt(II) aryloxy complexes.89a, 93a, 97  
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Figure 3-9. Crystallographically determined structures of 3-6. Non-hydrogen atoms are 

represented by 30% Gaussian ellipsoids. Hydrogen atoms with the exception of the 

H3NA/H3NB are omitted for clarity. 

 

Encouraged by the observed net O-H bond addition across the Pt-NH(1-Ad) 

linkage of 3-1, attention was turned to exploring the reactivity of 3-1 with 

cyclohexylallene, given the dual propensity of allenes to participate in migratory insertion 

reactions, as well as to undergo deprotonation by Brønsted bases.98 Exposure of 3-1 to 

cyclohexylallene enabled the isolation of analytically pure pale yellow 3-7 (Scheme 3-6); 

single-crystal X-ray data (Figure 3-10) and solution NMR data support the identification 

of 3-7 as the depicted alkynyl methyl species (Figure 3-11).  



 
 

69 
 

 

Figure 3-10. Crystallographically determined structures of 3-7. Non-hydrogen atoms are 

represented by 30% Gaussian ellipsoids. Most hydrogen atoms are omitted for clarity. 

 
Figure 3-11.13C DeptQ 135 NMR spectrum of 3-7, aryl region is omitted for clarity. 

Diagnostic signals: 92.9 (d, CH2C≡CCy, 3JCP = 9 Hz), 84.2 (CH2C≡CCy), 10.9 (d, 

PtCH2, 
2JCP = 88 Hz). 
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Scheme 3-6. Synthesis of 3-5, 3-6, and 3-7 from 3-1 

 

3.2.3 Computational Investigations  
 

To examine the unique bonding of 3-1 and the mechanisms/activation barriers for 

phenol O-H and allene C-H bond additions across the Pt-NH(1-Ad) group DFT 

calculations were carried out in Gaussian 09. The free energies (and enthalpies in 

parenthesis) reported refer to M06/6-311+G(2d,p)[LANL2TZ(f)]//M06//6-

31G(d,p)[LANL2DZ] (see the experimental details at the end of this chapter). This 

methodology provides geometries very close to the crystal structures of 3-1, 3-5, 3-6, and 

3-7. For example, calculated Pt-C, Pt-N, Pt-O, and Pt-P distances deviate by an average 

of only 0.05 Å and the P-Pt-N2 and P-Pt-N3(Ad) angles in 3-1 differ by ~4°. For all 

reaction pathways examined solvation was incorporated using the implicit SMD model of 

n-pentane. 



 
 

71 
 

While 3-1 is formally a 14-electron Pt(II) complex there is the possibility that the 

NH(1-Ad) amido group can donate an electron pair to the platinum center, which 

corresponds to Pt-NHR  Pt=NHR resonance and an increase in electron count around 

platinum (Figure 3-7). Variable temperature NMR analysis of 3-1 suggested that such 

bonding interactions were negligible (Section 3.2.1; Figure 3-7). Inspection of the M06 

molecular orbitals (Figure 3-12) indeed shows overlap of the NH(1-Ad) amido electron 

pair with the platinum metal center in the highest occupied molecular orbital (HOMO), 

but the wavefunction has a significant degree of localization on the amido nitrogen. This 

suggests that 3-1 is best described as a 14-electron complex. There is also the possibility 

that the nitrogen from the P,N-ligand results in π donation to Pt; however, there is overall 

a Nπ-Ptdπ antibonding interaction. 

 

Figure 3-12. HOMO and LUMO orbitals for 3-1. 
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The reaction of 2,6-xylenol with 3-1 leads to the Pt(II) aryloxy complex 3-6 by 

net O-H bond addition across the Pt-N bond (Scheme 3-5). Despite significant searching 

a stable π-coordination between 2,6-xylenol and 3-1 could not be located. Instead, there is 

an O-coordination complex that precedes O-H bond addition and leads to TS1 (Figure 3-

13) with ΔG‡ = 12.5 kcal/mol relative to separated reactants. TS1 is similar to other 1,2-

addition reactions to metal-amido complexes and involves simultaneous phenol 

deprotonation and formation of the Pt-OAr bond. The polar nature of the breaking O-H 

bond and forming N-H suggests that this transition state is probably best described as an 

intramolecular proton transfer followed by an ion-pair collapse to form the Pt-O bond. 

Intrinsic reaction coordinate (IRC) calculations indicate that TS1 directly connects 3-4 

with the O-coordination complex and no intervening species. Intermolecular proton 

transfer and an oxidative addition/reductive elimination sequence was also examined. 

Both of these pathways were found to be higher in energy versus the pathway involving 

TS1. 

 

Figure 3-13. Transition-state structures for 3-6 and 3-7 with bond lengths in Å. 
 

Cyclohexylallene C-H addition to 3-1 leads to the Pt(II) alkynyl complex 3-7 

(Scheme 3-5). Similar to the reaction with 2,6-xylenol, the reaction pathways for 

intermolecular proton transfer and oxidative addition/reductive elimination between 
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cyclohexylallene and 3-1 are not energetically viable. The lowest energy reaction 

pathway identified that leads to 3-7 occurs by TS2 (Figure 3-13) with G‡ = 22.3 (H‡ 

4.5) kcal/mol relative to reactants. This transition state involves concomitant C-H 

deprotonation by the terminal NH(1-Ad) fragment, allene to alkyne  electron 

rearrangement, and nucleophilic attack of the allene CH2 terminus to the platinum metal 

center. 

3.3 Conclusions 

 In summary, an unprecedented three-coordinate Pt(II) complex (3-1) featuring 

terminal amido ligation was prepared and characterized by use of NMR spectroscopic, X-

ray crystallographic, and DFT methods. No evidence for strong stabilizing agostic 

interactions was found and both NMR spectroscopic and DFT analysis supports a 14-

electron formulation with minimal Pt-N π bonding. Net O-H and C-H additions across, as 

well as isonitrile insertion into, the terminal Pt-amido linkage of 3-1 were observed. The 

coordinative/electronic unsaturation of the platinum amido species 3-1 described herein 

makes it an attractive precursor for investigations of intermolecular substrate activation 

and functionalization. Additional comments with respect to future work utilizing 3-1 and 

complexes of this nature will be detailed in Chapter 6. 

3.4 Statement of Contributions 

 Several researchers helped to bring this project to publication in Angewandte 

Chemie and they are recognized herein. Doo-Hyun Kwan and Daniel H. Ess of Brigham 

Young University were responsible for all computational work featured in this chapter. 

Michael J. Ferguson of the University of Alberta was responsible for X-ray 

crystallography data collection and structure elucidation.  
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3.5 Experimental Details 

General Considerations. All experiments were conducted under nitrogen in an 

MBraun® glovebox or using standard Schlenk techniques. Dry, oxygen-free solvents 

were used unless otherwise indicated. Benzene, toluene and pentane were deoxygenated 

and dried by sparging with nitrogen and subsequent passage through a double-column 

solvent purification system purchased from MBraun® Inc. Tetrahydrofuran and diethyl 

ether were purified by distillation from Na/benzophenone. All purified solvents were 

stored over 4 Å molecular sieves. Benzene-d6
 was degassed via three freeze-pump-thaw 

cycles and stored over 4 Å molecular sieves. All reagents were purchased from 

commercial suppliers and used without further purification. Throughout, Ad is used as an 

abbreviation for 1-adamantyl. 1H, 13C, and 31P NMR characterization data were collected 

at 300K on a Bruker® AV-500 spectrometer operating at 500.1, 125.7, and 202.5 MHz 

(respectively) with chemical shifts reported in parts per million downfield of SiMe4  for 

1H and 13C, and 85% H3PO4 in D2O for 31P. 1H and 13C NMR chemical shift assignments 

are based on data obtained from 13C-DEPTQ135, 1H-1H COSY, 1H-13C HSQC, and 1H-

13C HMBC NMR experiments. In some cases, fewer than expected unique 13C NMR 

resonances were observed, despite prolonged acquisition times. In the syntheses of 3-5, 

3-6, and 3-7 the reported yields correspond to isolated analytically pure material; 31P{1H} 

NMR analysis of the corresponding reactions in progress revealed ≥80% conversion to 

the desired products. 

Synthesis of 3-1.  A room temperature solution of 3-2 (0.21 g, 0.16 mmol) in ca. 5 mL of 

THF was treated with a solution of LiNHAd (0.051 g, 0.32 mmol) in ca. 1 mL of THF. A 

color change from yellow to orange was noted immediately upon addition. The reaction 
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mixture was allowed to stand at room temperature for 1 hour. The volatile components of 

the reaction mixture were then removed in vacuo to afford an orange solid. The solid 

residue was triturated with pentane (3 × 1 mL) and then redissolved in ca. 5 mL of 

benzene. The benzene solution was filtered through Celite® and evaporated to dryness. 

The remaining solid residue was once again triturated with pentane (3 × 1 mL) and dried 

under vacuum to afford 3-1 as an orange solid (0.19 g, 75%). 1H NMR (500 MHz, 

benzene-d6):  7.62 (d, 2 H, JHH = 7 Hz, Harom), 7.04 - 6.98 (overlapping resonances, 3 H, 

Harom), 6.93 - 6.87 (overlapping resonances, 3 H, Harom), 4.94 (br d, 1 H, 3JHP = 8 Hz, 

NH), 3.85 (sept, 2 H, 3JHH = 7 Hz, CHMe2), 1.95 (br s, 3 H, HAd), 1.60 - 1.55 

(overlapping resonances, 12 H, HAd + CHMe2), 1.54 - 1.47 (overlapping resonances, 24 

H, HAd + PtBu), 1.04 (d, 6 H, 3JHH = 7 Hz, CHMe2). 
13C{1H} NMR (125.7 MHz, 

benzene-d6):   177.39 (Carom), 146.0 (Carom), 145.6 (Carom), 131.2 (CHarom), 129.6 

(CHarom), 127.8 (CHarom), 127.2 (CHarom), 124.5 (CHarom), 57.4 (NCAd), 48.8 (CH2Ad), 

39.4 (d, PCMe3, 
1JCP = 41 Hz), 37.3 (CH2Ad), 31.1 (CHAd), 29.4 (PCtBu), 28.7 (CHMe2), 

25.7 (CHMe2), 23.5 (CHMe2). 
31P{1H} NMR (202.5 MHz, benzene-d6):  122.7 (s with 

Pt satellites,1JPPt = 3226 Hz). Anal. Calcd for C37H56N3PPt: C, 57.80; H, 7.34; N, 5.46. 

Found: C, 57.44; H, 7.12; N, 5.57. Crystals of 3-1 suitable for X-ray diffraction analysis 

were grown from a concentrated pentane solution at -35 °C. 

Synthesis of 3-2. A thick-walled glass reaction vessel containing a magnetic stir bar and 

adapted with a PTFE stopcock was charged with (COD)PtCl2 (0.30 g, 0.80 mmol). A 

solution of 2-1b (0.34 g, 0.80 mmol) in ca. 20 mL of THF was added, resulting in a tan-

colored suspension. The reaction mixture was stirred and heated at 70 °C for 18 h, giving 

rise to a clear yellow solution. The solution was allowed to cool to room temperature and 
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a suspension of Cs2CO3 (0.52 g, 1.60 mmol) in a minimal amount of THF was added. 

The reaction mixture was then stirred for 2 h at room temperature. The resulting bright 

yellow suspension was filtered through Celite® and the volatile components were 

subsequently removed in vacuo. The remaining yellow solid was then redissolved in ca. 

10 mL of toluene and filtered through a Celite® plug to remove any residual salts. The 

solution was then concentrated to ca. 1 mL volume and refrigerated at -35 °C to 

precipitate yellow crystalline 3-2 (0.30 g, 60% yield). 1H NMR (500 MHz, benzene-d6):  

 7.53 (m, 2 H, Harom), 7.09 (m, 1 H, Harom), 7.02-7.00 (overlapping resonances, 2 H, 

Harom), 6.84 (m, 3 H, Harom), 3.70 (sept, 2 H, 3JHH = 7 Hz, CHMe2), 1.64 (d, 6 H, 3JHH = 7 

Hz, CHMe2), 1.40 (d, 18 H, PtBu, 3JPH = 15 Hz), 0.99 (d, 6 H, 3JHH = 7 Hz, CHMe2). 

13C{1H} NMR (125.7 MHz, benzene-d6):   179.01 (Carom), 145.9 (Carom), 144.8 (Carom), 

134.5 (d, NCN, 2JCP = 24 Hz), 131.4 (CHarom), 129.5 (CHarom), 127.7 (CHarom), 127.5 

(CHarom), 124.2 (CHarom), 39.9 (d, PCMe3, 
1JCP = 40 Hz), 28.9 (CHMe2), 28.6 (PCMe3), 

25.2 (CHMe2), 23.9 (CHMe2). 
31P{1H} NMR (202.5 MHz, benzene-d6):   97.6 (s with Pt 

satellites,1JPPt = 3900 Hz). Anal. Calcd for C54H80Cl2N4P2Pt2: C, 49.58; H, 6.16; N, 4.28. 

Found: C, 49.32; H, 6.36; N, 4.09. Crystals of 3-2 suitable for X-ray diffraction analysis 

were grown from a concentrated toluene solution at room temperature.  

Synthesis of 3-5.  A solution of 3-1 (0.10 g, 0.13 mmol) in ca. 3 mL of pentane was 

treated with a solution of 2,6-xylyl isocyanide (0.035 g, 0.27 mmol) in ca. 1.5 mL of 2:1 

pentane:THF. The reaction mixture was allowed to stand at room temperature for 18 h. 

The solution was then concentrated in vacuo to ca. 1 mL volume and was refrigerated at -

35 °C for 18 h to afford 3-5 (0.048 g, 35%) as a yellow crystalline solid. 1H NMR (500 

MHz, benzene-d6):   7.54 (d, 2 H, JHH = 7 Hz, Harom), 7.07 (d, 2 H, JHH = 7 Hz, Harom), 
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7.03 (d, 2 H, JHH = 7 Hz, Harom), 7.00 - 6.84 (overlapping resonances, 8 H, Harom), 6.28 (s, 

1 H, NH), 3.89 (sept, 2 H, 3JHH = 7 Hz, CHMe2), 2.54 (s, 6 H, Me2C6H3), 2.48 (s, 6 H, 

Me2C6H3), 1.57 - 1.54 (overlapping resonances, 21 H, HAd + PtBu), 1.38 (d, 6 H, 3JHH = 7 

Hz, CHMe2), 1.35 (br s, 6 H, HAd), 1.17 (m, 6 H, HAd), 1.04 (d, 6 H, 3JHH = 7 Hz, 

CHMe2). 
13C{1H} NMR (125.7 MHz, benzene-d6):   178.3 (Carom), 151.3 (Carom), 149.9 

(Carom), 144.2 (Carom), 142.2 (Carom), 136.9 (d, PNCN, 2JCP = 19 Hz), 133.6 (Carom), 131.2 

(CHarom), 129.5 (Carom), 129.0 (CHarom), 128.9 (CHarom), 128.6 (CHarom), 127.3 (CHarom), 

125.6 (CHarom), 124.4 (CHarom), 123.8 (2C, CHarom), 121.0 (CHarom), 57.2 (NCAd), 42.0 

(CH2Ad), 38.7 (d, PCMe3, 
1JCP = 35 Hz), 35.5 (CH2Ad), 29.2 (d, PCMe3, 

2JCP = 4 Hz), 29.1 

(CHAd), 28.5 (CHMe2), 25.1 (CHMe2), 23.8 (CHMe2), 21.8 (Me2C6H3), 21.7 (Me2C6H3). 

31P{1H} NMR (202.5 MHz, benzene-d6):  100.1 (s with Pt satellites,1JPPt = 3314 Hz). 

Anal. Calcd for C55H74N5PPt:  C, 64.06; H, 7.23; N, 6.79. Found:  C, 64.23; H, 7.41; N, 

6.55. Crystals of 3-5 suitable for X-ray diffraction analysis were grown from a 

concentrated pentane/THF solution at -35 °C. 

Synthesis of 3-6. A room temperature solution of 2,6-xylenol (0.035 g, 0.19 mmol) in ca. 

1 mL of pentane was added to a suspension of 3-1 (0.15 g, 0.19 mmol) in ca. 5 mL of 

pentane. The resulting pale yellow solution was allowed to stand at room temperature for 

1 h, over the course of which yellow crystals precipitated from solution. The reaction 

mixture was refrigerated at -35 °C to facilitate further precipitation of crystalline 

material. The supernatant solution was discarded and the remaining yellow crystalline 

solid was dried in vacuo to afford 3-6 as a pale yellow solid (0.080 g, 46% yield). 1H 

NMR (500 MHz, benzene-d6):   7.61 - 7.58 (overlapping resonances, 2 H, Harom), 7.27 

(t, 1 H, JHH = 8 Hz, Harom), 7.10 - 7.03 (overlapping resonances, 4 H, Harom), 6.93 - 6.88 
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(overlapping resonances, 3 H, Harom), 6.62 (t, 1 H, JHH = 7 Hz, Harom), 3.95 (sept, 2 H, 

3JHH = 7 Hz, CHMe2), 3.12 (br s, 2 H, PtNH2), 2.38 (s, 6 H, O-2,6-Me2C6H3), 1.77 (br s, 3 

H, HAd), 1.45 - 1.43 (overlapping resonances, 24 H, HAd + PtBu), 1.37 (d, 6 H, 3JHH = 7 

Hz, CHMe2), 1.32 (br s, 6 H, HAd), 0.96 (d, 6 H, 3JHH = 7 Hz, CHMe2).  
13C{1H} NMR 

(125.7 MHz, benzene-d6):   179.8 (Carom), 164.6 (Carom), 146.7 (Carom), 144.3 (Carom), 

135.7 (d, PNCN, 2JCP = 23 Hz), 132.4 (CHarom), 130.4 (CHarom), 129.3 (CHarom), 127.7 

(CHarom), 126.9 (CHarom), 123.9 (CHarom), 114.9 (CHarom), 55.8 (NCAd), 44.6 (CH2Ad), 

38.3 (d, PCMe3, 
1JCP = 40 Hz), 36.2 (CH2Ad), 30.8 (CHAd), 29.0 - 29.1 (overlapping 

resonances, PCMe3 + CHMe2), 25.0 (CHMe2), 24.5 (CHMe2), 19.7 (OCCMe). 31P{1H} 

NMR (202.5 MHz, benzene-d6):  86.1 (s with Pt satellites, 1JPPt = 3770 Hz). Anal. Calcd 

for C45H66N3OPPt:  C, 60.66; H, 7.47; N, 4.72. Found:  C, 60.77; H, 7.83; N, 4.39. 

Crystals of 3-6 suitable for X-ray diffraction analysis were grown from a concentrated 

pentane solution at -35 °C. 

Synthesis of 3-7. A solution of 3-1 (0.11 g, 0.14 mmol) in ca. 3 mL of 5:1 pentane:THF 

was treated with cyclohexylallene (21 µL, 0.14 mmol). The reaction mixture was allowed 

to stand at room temperature for 18 h, over the course of which a subtle color change 

from orange to light orange-yellow was observed. Concentration of the solution to ca. 1 

mL volume resulted in the formation of small pale yellow crystals. The crystals were 

washed with ca. 2 mL of cold (-30 °C) pentane and dried in vacuo to afford analytically 

pure 3-7 (0.036 g, 28%). 1H NMR (500 MHz, benzene-d6):   7.60 (d, 2 H, JHH = 7 Hz, 

Harom), 7.13 - 7.07 (overlapping resonances, 3 H, Harom), 6.95 - 6.86 (overlapping 

resonances, 3 H, Harom), 4.52 (br s with Pt satellites, 2 H, 2JHPt = 65 Hz, NH2), 3.92 (br s, 

2 H, CHMe2), 2.36 (br s, 1 H, HCy), 1.97 (s, 6 H, HAd), 1.90 (s, 3 H, HAd), 1.77 (m, 2 H, 
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HCy), 1.69 (m, 2 H, HCy) 1.51 - 1.43 (overlapping resonances, 32 H, HAd + PtBu + CHMe2 

+ HCy), 1.38 (br d, 2 H, 3JPH = 8 Hz, PtCH2), 1.31 - 1.18 (overlapping resonances, 4 H, 

HCy), 0.99 (br d, 6 H, 3JHH = 7 Hz, CHMe2). 
13C{1H} NMR (125.7 MHz, benzene-d6):   

( Carom), 147.2 (Carom), 145.1 (Carom), 137.8 (d, PNCN, 2JCP = 21 Hz), 131.5(CHarom), 

127.2 (CHarom), 126.3 (CHarom), 123.9 (CHarom). 92.9 (d, CH2C≡CCy, 2JCP = 9 Hz), 84.2 

(CH2C≡CCy), 55.5 (NCAd), 45.7 (CH2Ad), 38.6 (d, PCMe3, 
1JCP = 25 Hz), 36.4 (CH2Ad), 

34.9 (CH2Cy), 31.0 (CHCy), 30.6 (CHAd), 29.2 (d, PCMe3, 
2JCP = 5 Hz), 28.5 (CHMe2), 

26.9 (CH2Cy), 25.5 (CH2Cy), 24.5 (CHMe2), 24.0 (CHMe2), 10.9 (d, PtCH2, 
2JCP = 88 Hz). 

31P{1H} NMR (202.5 MHz, benzene-d6):  102.0 (s with Pt satellites, 1JPPt = 2235 Hz). 

Anal. Calcd for C46H70N3PPt:  C, 62.00; H, 7.29; N, 4.71. Found:  C, 61.88; H, 7.63, N, 

4.82. Crystals of 3-7 suitable for X-ray diffraction analysis were grown from a 

concentrated THF/pentane solution at room temperature. 

Crystallographic Solution and Refinement Details.  Crystallographic data for each of 

3-2, 3-5, and 3-7 were obtained at 173(±2) K on a Bruker® D8/APEX II CCD 

diffractometer using graphite-monochromated Cu K  ( = 1.54178 Å) radiation, 

employing a sample that was mounted in inert oil and transferred to a cold gas stream on 

the diffractometer. Crystallographic data for 3-1 were obtained at 173(±2) K and for 3-6 

at 193(±2) K on a Bruker® D8/APEX II CCD diffractometer using graphite-

monochromated Mo K ( = 0.71073 Å) radiation, employing a sample that was 

mounted in inert oil and transferred to a cold gas stream on the diffractometer. Programs 

for diffractometer operation, data collection, and data reduction (including SAINT) were 

supplied by Bruker®. Gaussian integration (face-indexed) was employed as the 

absorption correction method throughout. All structures were solved by use of intrinsic 
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phasing methods and were refined by use of full-matrix least-squares procedures (on F2) 

with R1 based on Fo
2 2 (Fo

2) and wR2 based on Fo
2  –3 (Fo

2). Anisotropic 

displacement parameters were employed for all the non-hydrogen atoms of 3-1, 3-2 and 

3-7. During the structure solution process for 3-5, two crystallographically-independent 

molecules of (P,N)iPrPt[C(NH-2,6-Me2C6H3)(=NAd)](C≡N-2,6-Me2C6H3) (A and B) 

along with 0.75 equivalents of pentane and 0.25 equivalents of THF were located in the 

asymmetric unit; for convenience, only molecule A is discussed in the text. Anisotropic 

displacement parameters were employed for all non-hydrogen atoms of molecules A and 

B. The non-hydrogen atoms of the THF solvate were modeled anisotropically with an 

occupancy of 0.5. The disordered pentane solvate was comprised of three pentane 

molecules (C5-C19). The carbon atoms in two of the pentane molecules (C10-C14 and 

C15-C19) were refined anisotropically with an occupancy of 0.5. The carbon atoms in the 

remaining pentane molecule (C5-C9) were refined isotropically with an occupancy of 

0.5. The C–C and the C…C distances within the solvent pentane molecules were 

restrained to be 1.53(1) and 2.50(1) Å, respectively. During the structure solution process 

for 5 an equivalent of pentane was located in the asymmetric unit. The carbon atoms in 

this disordered pentane molecule (C1S-C5S) were modeled in a satisfactory manner over 

two positions with occupancies of 0.6667 and 0.3333, respectively. The carbon atoms 

(C1SA-C5SA) in the major component of the disordered solvent pentane molecule were 

refined anisotropically, while the atoms in the minor component (C1SB-C5SB) were 

refined with a common isotropic displacement parameter. The C–C distances of the 

minor component of the disordered solvent pentane molecule were restrained to be 

1.53(1) Å. Anisotropic displacement parameters were employed for all remaining non-
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hydrogen atoms in 5. The N-H atoms in 3-1, 3-5, 3-6, and 3-7 were each located in the 

difference map and refined isotropically. Otherwise, all hydrogen atoms were added at 

calculated positions and refined by use of a riding model employing isotropic 

displacement parameters based on the isotropic displacement parameter of the attached 

atom. In all cases non-hydrogen atoms are represented by Gaussian ellipsoids at the 30% 

probability level. Additional crystallographic information is provided in Appendix A. 

Computational Details. All geometry optimizations were converged to stationary points 

and evaluated by a full Hessian calculation and vibrational analysis to confirm each 

structure as a minimum or first-order saddle point (transition state). All energy 

calculations were performed with an ultrafine integration grid. The LANL2TZ(f) 

pseudopotential/basis set for Pt was obtained from the EMSL Basis Set Exchange website 

(https://bse.pnl.gov/bse/portal).  

M06/6-311+G(2d,p)[LANL2TZ(f)](large)//M06//6-31G(d,p)[LANL2DZ](small) free 

energies and enthalpies (at 298 K and 1 atm) are the sum of: E(large) + Gsolv(small) + 

EZPE(small) + H(small) + nRT - TS. NBO analysis was carried with the default version 

connect with Gaussian® 09. 
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CHAPTER 4: Dehydrogenative B-H/C(sp3)-H Benzylic Borylation Within the 

Coordination Sphere of Platinum(II)  

 

4.1 Introduction 

 In working toward the goals of this thesis related to the pursuit of low-coordinate 

and reactive late metal species, (κ2-P,N)M(η3-benzyl) complexes of the group 10 metals 

were identified as attractive targets for inquiry.99 LnM(η3-benzyl) compounds are well-

known for both palladium and nickel, with palladium η3-benzyl species being the most 

extensively studied of such complexes to date. These complexes have been employed as 

pre-catalysts and invoked as intermediates in a number of cross-coupling,100 benzylic 

alkylation,101 arene functionalization,102 and cycloaddition103 reactions among others. 

Nickel species of this type have a smaller reaction scope than their palladium 

counterparts. However, they are competent catalysts in olefin polymerizations104 and are 

often invoked as intermediates in a variety of cross-coupling,105 hydrovinylation,106 and 

hydrocyanation107 reactions. Surprisingly, studies on platinum η3-benzyl complexes are 

comparatively limited.99 Spencer and co-workers studied a series of platinum η3-benzyl 

complexes featuring bisphosphine ligands with a focus on establishing the structural and 

electronic properties of these complexes; this work did not feature any substantial 

reactivity surveys.108 Previous work within the Stradiotto group explored some 

stoichiometric reactivity of a zwitterionic (κ2-P,S)Pt(η3-benzyl) complex supported by a 

P,S indene co-ligand; however, reactivity studies for such (η3-benzyl)platinum complexes 

can still be considered in their infancy.109  

In developing reactivity of (η3-benzyl)metal complexes, one could envision that 

the reaction of the target 16-electron (κ2-P,N)M(η3-benzyl) species with RnE-H bonds (E 
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= main group element) could, upon loss of toluene, afford new and potentially unusual 

low-coordinate (κ2-P,N)M(ERn) compounds similar to 3-1 (Scheme 4-1).110 

 

Scheme 4-1. Theoretical activation of an E-H bond to give (κ2-P,N)M(ERn) upon loss of 

toluene.  

 

Alternatively, in situ dissociation of the aryl moiety of the benzyl ligand, which restores 

aromaticity and thus should be considered energetically favorable, would expose an 

additional reactive site. In this context, such species could be described as “masked” 

three-coordinate complexes (Scheme 4-2).   

 

Scheme 4-2. Theoretical in situ dissociation to form (κ2-P,N)M(η1-benzyl). 

Of particular interest to the Dalhousie/CPChem research team is the application of 

such complexes toward C-H borylation reactions following the success of 1-3 in 

mediating hydroboration reactions. The direct borylation of C-H bonds has emerged as an 

effective strategy for the functionalization of hydrocarbons,111 whereby the derived 

organoboranes can be exploited as synthons in a diversity of transformations,112 including 

Suzuki-Miyaura113 cross-couplings. Although a number of metal catalysts have been 

identified that are capable of promoting C(sp2)-H borylation reactions, selective benzylic 
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borylation of methylarenes has proven challenging, in keeping with the established 

favorability of C(sp2)-H versus C(sp3)-H bond activation.114 The first efficient catalytic 

benzylic borylations were disclosed by Marder and co-workers,115 whereby toluene, p-

xylene and mesitylene were each preferentially borylated at benzylic positions by use of 

pinacolborane (HBPin) in the presence of catalytic amounts of RhCl(PiPr3)2(N2); 

alternative catalyst systems capable of selective benzylic (poly)borylation have been 

identified,116 in some cases making use of B2Pin2 or Et3SiBPin as borylating agents. A 

notable trend that is observed in this chemistry is the activating effect of a BPin group 

with regard to subsequent C(sp3)-H benzylic borylation reactions, in some cases resulting 

in di- or triborylation of the methylarene substrate thus making the monoborylated 

product a challenging target (Scheme 4-3). Additionally, such systems often require 

elevated temperatures, which are typically in excess of 100 °C. 

 

Scheme 4-3. Prototypical metal-catalyzed benzylic (poly)borylation of toluene. 

 One plausible mechanism for the benzylic borylation of toluene with HBPin 

proposed by Marder and co-workers,115 and later supported on the basis of computational 

analysis,117 is outlined in Scheme 4-4.  
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Scheme 4-4. Mechanism for the benzylic borylation of toluene with HBPin proposed by 

Marder and co-workers. 

 

This reactivity involves formation of an L2Rh(η3-benzyl) complex (W) via 

toluene C(sp3)-H bond activation, followed by borane B-H oxidative addition to give 

intermediate X, and C-B reductive elimination to give L2RhH and the benzylic 

monoborylation product PhCH2BPin; related pathways involving σ-bond metathesis 

could also be envisioned. Subsequent benzylic C(sp3)-H bond activation of PhCH2BPin 

by L2RhH with loss of H2 to give Y represents a potentially important stoichiometric step 

en route to what for some catalysts is the favored diborylation product PhCH(BPin)2 

(Scheme 4-5). 
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Scheme 4-5. Generalized benzylic borylation of toluene derived from Scheme 4-4 with 

the proposed precursor to diborylation Y. 

 

 Despite the significant recent progress with regard to the development of metal 

catalysts for benzylic (poly)borylation (vide supra), no experimental support for key 

stoichiometric steps that may underpin such important C-H functionalization reactions 

(e.g., W → X → Y, Scheme 4-5), has been reported. This chapter will detail the first 

transformations of the type W → Y, in which a pre-formed (η3-benzyl)platinum complex 

(4-1) undergoes net stoichiometric dehydrogenative B-H/C(sp3)-H benzylic borylation 

under mild conditions. Density functional theory (DFT) calculations provide insight 

regarding the mechanism of these transformations.  

4.2 Results and Discussion 

4.2.1 Synthesis and Characterization of  (κ2-P,N)M(η3-benzyl) Complexes  

 As stated above, the initial goal of this project was the synthesis of late metal η3-

benzyl complexes to pursue potentially novel and unusual reactivity. In this regard, work 

began in isolating a series of (κ2-P,N)M(η3-benzyl) species (M = Ni, Pd, Pt).  

 Beginning with the synthesis of the (κ2-P,N)Pt(η3-benzyl) complex 4-1, treatment 

of the platinum chloride dimer 3-2 with BnMgCl was envisioned as the most direct route 

to the desired complex. However, this approach afforded a mixture of products, as 

evidenced by the complexity of the 31P NMR spectrum acquired of the crude reaction 

mixture. In this regard, an alternative synthetic strategy had to be developed. Treatment 
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of the N-phosphinoamidine 2-1b with (COD)PtCl(η1-benzyl), followed by exposure to 

base afforded the N-phosphinoamidinate complex 4-1 in 73% isolated yield (Scheme 4-

6). 

 

Scheme 4-6. Synthesis of the (κ2-P,N)Pt(η3-benzyl) complex 4-1. 

Synthesis of the related (κ2-P,N)M(η3-benzyl) (M= Ni, Pd) species was 

approached in a stepwise fashion by first synthesizing the precursor [(κ2-P,N)MCl]2 

dimers. Treatment of the N-phosphinoamidine 2-1b with NiCl2(dme), followed by 

exposure to base afforded [(κ2-P,N)NiCl]2 (4-2) in 84% isolated yield (Scheme 4-7). [(κ2-

P,N)PdCl]2 (4-3) was synthesized using an analogous protocol beginning with 

(CH3CN)2PdCl2, and was isolated in 64% yield (Scheme 4-7). The structures of 4-2 and 

4-3 were confirmed on the basis of both NMR spectroscopic and X-ray crystallography 

analysis (Figure 4-1). In contrast to what was observed with 3-2, treatment of 4-2 and 4-3 

with BnMgCl resulted in the desired (κ2-P,N)M(η3-benzyl) complexes (M = Ni, 4-4, 

yield = 93%; M = Pd, 4-5, yield = 72%) (Scheme 4-7). 
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Scheme 4-7. Synthetic protocol for the isolation of chloride dimers 4-2 and 4-3 followed 

by treatment with BnMgCl to yield (η3-benzyl)metal complexes 4-4 and 4-5. 

 

 

Figure 4-1. Crystallographically determined structures of 4-2 and 4-3. Non-hydrogen 

atoms are represented by 30% Gaussian ellipsoids. Hydrogen atoms omitted for clarity. 
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The connectivity within each of 4-1, 4-4, and 4-5 was confirmed on the basis of 

NMR spectroscopic and X-ray crystallographic data (Figure 4-2). In keeping with the 

relatively few crystallographically characterized (η3-benzyl)metal complexes reported 

thus far in the literature,108a, 109 each of the two crystallographically independent 

molecules of 4-1 exhibit progressively longer Pt-C distances on going from Pt-CH2 

(~2.06-2.07 Å) to Pt-Cipso (~2.31-2.32 Å) to Pt-Cortho (~2.42-2.44 Å) (Figure 4-2); similar 

trends were observed for the related complexes 4-4 (Ni-C: 1.9584(15), 2.0765(13), and 

2.2205(15) Å; Figure 4-3) and 4-5 (Pd-C: 2.082(4), 2.233(4), and 2.372(5) Å; Figure 4-

4). A summary of relevant bond lengths is presented in Table 4-1.  

 

Figure 4-2. Crystallographically determined structure of 4-1 showing one of the two 

crystallographically independent molecules. Non-hydrogen atoms are represented by 30% 

Gaussian ellipsoids. Most hydrogen atoms omitted for clarity. 
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Figure 4-3. Crystallographically determined structure of 4-4. Non-hydrogen atoms are 

represented by 30% Gaussian ellipsoids. Most hydrogen atoms omitted for clarity. 

 

 
Figure 4-4. Crystallographically determined structure of 4-5. Non-hydrogen atoms are 

represented by 30% Gaussian ellipsoids. Most hydrogen atoms omitted for clarity. 
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4.2.2 Probing the Reactivity of (κ2-P,N)M(η3-benzyl) Complexes  

 Initially the reactivity between 4-1 and R2NHBH3 (R2N = H2N, tBuHN or Me2N, 

5 equiv) at 23 ˚C in THF was examined. In all cases relatively clean conversion to a 

single product 4-6 was detected after 18 h on the basis of 31P NMR data. The same 

transformation was observed under similar conditions when using only 1 equiv 

tBuNH2BH3, from which 4-6 was isolated in 92% yield (Scheme 4-8). While under 

analogous conditions (5 equiv NH3BH3, 23 ˚C, THF) no reaction was observed when 

using 4-4 in place of 4-1, vigorous bubbling was observed in reactions with 4-5. 

However, unlike the clean formation of 4-6, 31P NMR analysis of the reaction mixture 

after 18 h revealed less than 50% consumption of 4-5, along with the formation of 

multiple unidentified phosphorus-containing products.   

 

Scheme 4-8. Synthesis of 4-6 displaying the net H2 transfer from R2NHBH3 across the 

metal-ligand framework. 

 

 The identification of 4-6 as (κ2-P,N-[H])PtH(η1-benzyl) (Scheme 4-8) was made 

initially on the basis of 1H NMR data, with diagnostic resonances observed for Pt-H (-

1.85 ppm; 2JPH = 237 Hz, 1JPtH = 1413 Hz), Pt-CH2 (4.02 ppm; 3JPH = 8 Hz, 2JPtH = 119 

Hz), and N-H (5.18 ppm) groups. X-Ray diffraction analysis confirmed this structural 

assignment (Figure 4-5), with the observed (aryl)N-CN and PN-CN distances in 4-6 

(1.289(6) and 1.364(6) Å, respectively), relative to those in 4-1 (1.344(4), 1.350(3); 

1.315(4), 1.318(3) Å, respectively), supporting the view of N-phosphinoamidine ligation 
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in 4-6.118 Negligible conversion to 4-6 was observed upon exposure of 4-1 to H2 (~ 1 atm, 

23 ˚C, THF or C6D6), and upon heating (C6D6, 90 ˚C, 72 h) slow loss of H2 from 4-6 to 

regenerate 4-1 was observed as the dominant transformation (31P NMR), rather than 

toluene elimination. Notably, this reactivity parallels that described in Chapter 2 

concerning the reaction of 2-2a with NH3BH3 (Scheme 2-5), and provides additional 

evidence for the ability of complexes supported by N-phosphinoamidinates to behave in a 

bifunctional manner. Additionally, this reaction suggests that in situ dissociation of the 

aryl moiety of the benzyl ligand within (η3-benzyl)metal complexes to open up an 

additional reactive site is feasible; such complexes can be envisioned as “masked” three-

coordinate species (Scheme 4-2).  

 

Figure 4-5. Crystallographically determined structure of 4-6. Non-hydrogen atoms are 

represented by 30% Gaussian ellipsoids. Most Hydrogen atoms omitted for clarity. 

  

With the knowledge that (κ2-P,N)Pt-NH(1-Ad) 3-1 is a stable three-coordinate 

species, 4-1 was treated with adamantyl amine in an attempt to synthesize 3-1 by N-H 

activation of the amine followed by loss of toluene as proposed in Scheme 4-1. However, 
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no conversion to 3-1 was detected by use of NMR spectroscopy even after prolonged 

heating at elevated temperatures. X-Ray crystallography data indicated that crystals 

isolated from the mother liquor were simply the (κ2-P,N)Pt(NH2(1-Ad))(η1-benzyl) 

adduct (Figure 4-6). This reaction was not pursued further. 

 

Figure 4-6. Crystallographically determined structure of (κ2-P,N)Pt(NH2(1-Ad))(η1-

benzyl). Non-hydrogen atoms are represented by 30% Gaussian ellipsoids. Most 

hydrogen atoms omitted for clarity. 

 

 Intrigued by the reactivity properties of 4-1 with amine boranes, attention was 

turned to reactions involving HBPin and catecholborane (HBCat, Scheme 4-9). 

Preliminary experiments involved treatment of 4-1 with equimolar HBPin in C6D6 at 45 

˚C, whereby slow but complete conversion of 4-1 to (κ2-P,N)Pt(η3-PhCH(BPin)) (4-7) in 

the absence of intermediates was observed over 5 days (1H and 31P NMR). Unlike 4-6, 

neither Pt-H nor N-H resonances were present in the 1H NMR spectrum of 4-7; rather, 

signals attributable to a coordinated PhCH(BPin) ligand were apparent within a C1-

symmetric structure. When excess HBPin is employed, the conversion of 4-1 into 4-7 is 
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quantitative at 23 ˚C (5 equiv, 36 h; 10 equiv, 12 h), thereby highlighting the remarkably 

mild nature of this selective benzylic C(sp3)-H borylation chemistry in contrast to the 

elevated temperatures typically requiered to promote such reactions. Treatment of 4-1 

with HBCat either at 23 ˚C (5 equiv, 18 h) or 65 ˚C (1 equiv, 18 h) similarly resulted in 

the clean formation of the structurally analogous C(sp3)-H borylation product 4-8 

(Scheme 4-9); the more reactive nature of HBCat relative to HBPin is in keeping with 

established trends.111-112  

Scheme 4-9. Synthesis of 4-7 and 4-8 derived from benzylic borylation of the benzyl 

ligand.  

 

The metrical parameters within the X-ray structures of 4-7 and 4-8 (Figure 4-7) 

mirror those found in 4-1, including progressively longer Pt-CHB (4-7, 2.119(3) Å; 4-8, 

2.1351(19) Å), Pt-Cipso (4-7, 2.260(3) Å; 4-8, 2.2682(19) Å), and Pt-Cortho (4-7, 2.394(3) 

Å; 4-8, 2.3860(19) Å) distances (Table 4-8). 
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Figure 4-7. Crystallographically determined structures of 4-7 and 4-8. Non-hydrogen 

atoms are represented by 30% Gaussian ellipsoids. Most hydrogen atoms omitted for 

clarity. 

 

 4-1 4-4 4-5 4-7 4-8 

M-P 2.2073(8); 2.2037(7) 2.1248(4) 2.2278(11) 2.2177(7) 2.2253(5) 

M-N 2.091(2); 2.081(2) 1.9293(11) 2.089(3) 2.078(2) 2.0766(15) 

M-CH2  2.072(3); 2.063(3) 1.9584(15) 2.082(4) 2.119(3) 2.1351(19) 

M-Cipso 2.308(3); 2.321(3) 2.0765(13) 2.233(4) 2.260(3) 2.2682(19) 

M-Cortho 2.416(3); 2.439(3) 2.2205(15) 2.372(5) 2.394(3) 2.3860(19) 

 

Table 4-1. Selected interatomic distances (Å) for 4-1, 4-4, 4-5, 4-7, and 4-8. Independent 

molecules of 4-1 are separated by a semicolon. 

 

 Notably, the transformation of 4-1 into 4-7 or 4-8 represents the first reported 

stoichiometric dehydrogenative B-H/C(sp3)-H benzylic borylation reactions (cf W → Y, 

Scheme 4-5). The distinct ability of 4-1 to engage in this chemistry was apparent in 
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reactivity studies employing the nickel and palladium species 4-4 and 4-5 in combination 

with excess borane (5 equiv, C6D6, 23 ˚C); negligible conversion was observed with 

HBPin, whereas partial consumption of 4-4 and 4-5, along with the formation of multiple 

phosphorus-containing products, was observed when using HBCat (31P NMR). 

 Platinum-catalyzed C-H borylation chemistry is limited to two recent reports 

involving C(sp2)-H borylation with HBPin or B2Pin2.
119 In an effort to observe a catalytic 

turnover corresponding to the dehydrogenative C(sp3)-H benzylic borylation of toluene 

with HBPin, toluene solutions of 4-7 were heated either conventionally (105 ˚C, 24 h) or 

by use of microwave methods (200 ˚C, 1 h). Under both conditions 4-7 proved to be 

remarkably inert, with no evidence of decomposition or conversion to 4-1 observed (31P 

NMR). In keeping with 4-1, no reaction between 4-7 and H2 (~ 1 atm, C6D6, 23 ˚C, 72 h) 

was detected on the basis of 1H and 31P NMR data. Furthermore, in monitoring the 

reaction of 4-1 with excess HBPin at 23 ˚C in toluene-d8 solution, no evidence for 

deuterium incorporation into the product 4-7 was observed (1H and 2H NMR). 

4.2.3 Computational Mechanistic Studies 

 To directly examine mechanistic details of the unusual stoichiometric benzylic 

borylation reaction between 4-1 and HBPin, we performed DFT calculations. In all 

calculations, the complete κ2-P,N (2-1b) ligand was modeled along with comprehensive 

conformational searching. Gaussian 09120 was used to calculate all structures and energies 

using M06/def2-TZVP//M06/LANL2DZ[6-31G**] theory121 with the SMD122 continuum 

solvent model for toluene. As a structural comparison, M06 accurately replicated the 

crystallographically determined unsymmetrical η3-benzyl interaction in 4-1, with the 

more weakly donating Ph moiety coordinated trans to phosphorus. However, the ground-
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state conformation of 4-1 can be fluxional. Isomerization of the η 3-benzyl ligand where 

the Ph group is trans to the amido donor requires a free energy change of only ~6 

kcal/mol, which is important for accessible reaction pathways. 

 Scheme 4-10 shows a few of the most important reaction mechanisms that were 

considered for benzylic borylation. Pathway A initiates possible open-shell mechanisms 

through Pt-benzyl bond homolysis to give Pt and benzyl radicals, which in turn could 

react with HBPin. Despite benzylic radical stabilization, the Pt-C bond homolysis 

requires a moderately large G of 48 kcal/mol, and therefore is not favorable. Pathway B 

begins with benzylic -hydrogen migration, affording a Pt(H)=CHPh intermediate that 

could then undergo 1,2-addition with HBPin. The kinetics and thermodynamics of 

pathway B are potentially viable with G‡ of 35 kcal/mol and G = 34 kcal/mol; 

however, these energetics are larger than pathway C, which involves -HBPin 

coordination to give 4-1(HBPin) followed by B-H bond activation. 
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Scheme 4-10. Plausible mechanisms considered by use of DFT calculations for B-

H/C(sp3)-H benzylic borylation. Thermodynamic and kinetic free energies in kcal/mol 

relative to separated 4-1 + HBPin. 

 

The most favorable σ-HBPin coordination intermediate, 4-1(HBPin) (Figure 4-8) 

features an elongated B-H bond (1.40 Å) trans to the amido group, in keeping with 

reports of σ-B-H bonding to Ru.123 Relatively short Pt-B (2.14 Å) and Pt-H (1.66 Å) 

distances are observed, along with pyramidalization at boron. 

 After coordination of HBPin to 4-1 to give 4-1(HBPin), there are several possible 

B-H activation transition states. The lowest free energy transition-state structure 

identified, TS1, is shown in Figure 4-8. In this σ-bond metathesis transition state124 the 

major changes from 4-1(HBPin) involve rupture of the Pt-benzyl bond and formation of 

the B-benzyl bond. The B-H and Pt-H bond lengths are only slightly perturbed. TS1 
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directly borylates the benzylic carbon and forms a Pt-H intermediate with ∆G‡ = 19.4 

kcal/mol. The alternative σ-bond metathesis transition state where toluene is formed 

along with a Pt-BPin intermediate is ~10 kcal/mol higher in free energy than TS1, in 

keeping with our qualitative experimental observations (vide supra). TS1 is 

geometrically similar to a transition state proposed by Hartwig and co-workers,116e in 

which an Ir-benzyl fragment undergoes σ-bond metathesis with coordinated HBPin. 

 

Figure 4-8. DFT structures for 4-1(HBPin), B-H activation TS1, and C-H activation 

TS2. Most hydrogen atoms omitted for clarity. Distances reported in Å.      
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 Conformational rearrangement of the (2-P,N)Pt(H)-coordinated PhCH2BPin 

provides an orientation for benzylic C-H activation by way of a second σ-bond 

metathesis transition state, TS2 (Figure 4-8). Coordination of PhCH2BPin in this context 

is a few kcal/mol more favorable than toluene due to the more electron rich benzylic C-H 

groups in the former; it is possible that PhCH2BPin remains coordinated between TS1 

and TS2. 

 

Scheme 4-11. Outline of proposed B-H activation and C-H activation en route to 

dihydrogen and 4-7. All energies in kcal/mol.    

 

 In traversing TS2, dihydrogen and 4-7 are formed in a process that is ~4 kcal/mol 

lower in free energy than an oxidative addition/reductive elimination sequence; however, 

this relatively small energy difference indicates that these two pathways may be 

competitive. The ∆G‡ for TS2 is 26.2 kcal/mol and ∆H‡ = 14.8 kcal/mol. The magnitude 

of this activation enthalpy calculated at 298 K is consistent with this transition state 

governing the reaction rate and the experimentally measured Eyring activation 

parameters ∆H‡ = 18(1) kcal/mol and ∆S‡ = 6(3) eu at 300 K. Our proposal of rate 

limiting C-H activation in this double σ-bond metathesis pathway (Scheme 4-11) 



 
 

101 
 

complements the computationally based proposal by Marder and co-workers,117 whereby 

Rh-CH2Ph borylation occurs by an oxidative addition/reductive elimination sequence 

featuring rate limiting C-H activation. After TS2 there is a weakly coordinated Pt-H2 

complex (H-H distance = 0.87 Å), and subsequent liberation of dihydrogen from the Pt 

coordination sphere followed by η3-benzyl coordination results in 4-7 and a reaction free 

energy that is exothermic by ~5 kcal/mol. 

4.3 Conclusion 

 In summary, this chapter outlines the first stoichiometric dehydrogenative B-

H/C(sp3)-H benzylic borylation reactions, which arise from the reactivity of the pre-

formed (3-benzyl)metal complex 4-1 with pinacolborane or catecholborane at room 

temperature. Exploration of the mechanism by use of density-functional calculations 

indicates that such reactions proceed via consecutive -bond metathesis steps. Given the 

considerable relevance of such reactivity to catalytic methylarene C-H functionalization 

processes, significant interest remains in exploring the generality of such transformations. 

Additionally, 4-6 represents a rare example of a platinum alkyl hydride species generated 

by the bifunctional abstraction of H2 from amine boranes. As stated in Section 4.1, the 

(3-benzyl)platinum motif remains remarkably underexplored and the reactivity studies 

detailed herein demonstrate the potential of such complexes to participate in novel and 

unusual reactivty. 

4.4 Statement of Contributions 

Several researchers helped to bring this project to publication in Angewandte 

Chemie and they are recognized herein. Jack T. Fuller and Daniel H. Ess of Brigham 

Young University were responsible for all computational work featured in this chapter. 
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Michael J. Ferguson and Robert McDonald of the University of Alberta were responsible 

for X-ray crystallography data collection and structure elucidation. Casper Macaulay was 

responsible for the synthesis and reactivity studies of 4-2 and 4-4.  

4.5 Experimental Details 

General experimental considerations. Unless stated all experiments were conducted at 

23 °C under nitrogen in an MBraun glovebox or using standard Schlenk techniques. Dry, 

oxygen-free solvents were used unless otherwise indicated. Benzene, toluene, and 

pentane were deoxygenated and dried by sparging with nitrogen and subsequent passage 

through a double-column solvent purification system purchased from MBraun Inc. 

packed with alumina and copper-Q5 reactant. Tetrahydrofuran and diethyl ether were 

purified by distillation under nitrogen from Na/benzophenone. All purified solvents were 

stored over 4 Å molecular sieves. Benzene-d6 and toluene-d8
 were degassed via three 

freeze-pump-thaw cycles and stored over 4 Å molecular sieves. All other reagents were 

purchased from commercial suppliers and used without further purification. 1H, 13C, and 

31P NMR characterization data were collected at 300 K on a Bruker AV-500 spectrometer 

operating at 500.1, 125.7, and 202.5 MHz (respectively) with chemical shifts reported in 

parts per million downfield of SiMe4 for 1H and 13C, and 85% H3PO4 in D2O for 31P. 1H 

and 13C NMR chemical shift assignments are based on data obtained from 13C-

DEPTQ135, 1H-1H COSY, 1H-13C HSQC, and 1H-13C HMBC NMR experiments. In 

some cases, fewer than expected unique 13C NMR resonances were observed, despite 

prolonged acquisition times. 

 



 
 

103 
 

Synthesis of 4-1. To a glass flask fitted with a re-sealable PTFE stopper was added a 

magnetic stir bar and a solution of 2-1b (0.36 g, 0.84 mmol) in THF (20 mL), followed 

by the addition of CODPtBnCl (0.36 g, 0.84 mmol) resulting in a dark yellow solution. 

After sealing the flask with a PTFE stopper, the reaction flask was partially submerged in 

an oil bath that was set to 65 °C and magnetic stirring was initiated. After 18 h, the 

reaction mixture was cooled to room temperature, the flask was opened, and then a 

suspension of Cs2CO3 (0.55 g, 1.7 mmol) in a minimal amount of THF was added to the 

reaction flask. The reaction flask was then re-sealed and magnetic stirring at room 

temperature was initiated; after 18 h a bright yellow opaque reaction mixture resulted. 

This solution was filtered through Celite, the eluent was collected, and the solvent was 

removed in vacuo. The resulting yellow powder was then redissolved in benzene (10 mL) 

and filtered through a Celite plug to remove any residual salts. The benzene was then 

removed in vacuo from the collected eluent and the resulting yellow solid was triturated 

with pentane (3 x 1 mL) and dried in vacuo yielding analytically pure 4-1 (0.44 g, 73%). 

1H NMR (500 MHz, benzene-d6):  7.70 (m, 2H, Harom), 7.07-7.05 (m, 2H, Harom), 7.00 

(m, 1H, Harom), 6.90 (m, 3H, Harom), 6.49 (m, 5H, Harom), 3.37 (apparent septet, 2H, 3JHH = 

7 Hz, MeCHMe), 2.47 (s with Pt satellites, 2H, 2JPtH = 34 Hz, PtCH2Ph), 1.40 (d, 18H, 

3JPH = 15 Hz, PtBu2), 1.05 (d, 6H, 3JHH = 7 Hz, MeCHMe), 0.90 (d, 6H, 3JHH = 7 Hz, 

MeCHMe). 13C{1H} NMR (125.7 MHz, benzene-d6):  176.1 (Carom), 149.6 (Carom), 

142.7 (Carom), 136.1 (d, 2JPC = 20 Hz, PNCN), 133.5 (Carom), 131.2 (CHarom), 128.6 

(CHarom), 127.1 (CHarom), 126.9 (CHarom), 124.9 (CHarom), 123.2 (CHarom), 120.3 (Carom), 

115.0 (d, 2JPC = 7 Hz, CHarom), 38.6 (d, 1JPC = 41 Hz, PCMe3), 28.5 (d with Pt satellites, 

2JPC = 4 Hz, 3JPtC = 25 Hz, PCMe3), 28.2 (MeCHMe), 24.3 (MeCHMe), 23.7 (MeCHMe), 
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18.1 (s with Pt satellites, 1JPtC = 343 Hz, PtCH2Ph). 31P{1H} NMR (202.5 MHz, benzene-

d6):  109.6 s with Pt satellites, 1JPtP = 5075 Hz). Anal. Calcd for C34H47N2PPt: C, 57.53; 

H, 6.67; N, 3.95. Found: C, 57.87; H, 6.93; N, 3.96. Crystals suitable for X-ray 

diffraction analysis were grown from pentane at -35 °C. 

Synthesis of 4-2. A glass vial containing a magnetic stir bar was charged with 2-1b (0.40 

g, 0.95 mmol), NiCl2(dme) (0.21 g, 0.95 mmol), and subsequently THF (8 mL), resulting 

in the formation of a bright purple solution. Magnetic stirring was initiated. After 30 min, 

a solution of LiN(SiMe3)2 (0.16 g, 0.95 mmol) dissolved in THF (4 mL) was added to the 

stirring solution, which turned orange-red. After 20 min, the volatile components were 

removed in vacuo. The remaining residue was triturated with pentane (3 × 3 mL), taken 

up in benzene (10 mL), and the mixture was filtered through Celite. The eluent was 

collected and the volatile components were removed in vacuo. The resulting red residue 

was triturated with pentane (3 × 3 mL) and dried in vacuo to afford analytically pure 4-2 

(0.41 g, 84% yield) as a dark red solid. 1H NMR (500 MHz, benzene-d6): δ 7.31 (m, 4H, 

Harom), 7.03 (m, 2H, Harom), 6.91-6.89 (overlapping resonances, 4H, Harom), 6.84-6.75 

(overlapping resonances, 6H, Harom), 4.03 (apparent septet, 4H, 3JHH = 7 Hz, MeCHMe), 

1.94 (d, 12 H, 3JHH = 7 Hz, MeCHMe), 1.55 (d, 36 H, 3JPH = 14 Hz, PtBu2), 0.98 (d, 12 H, 

3JHH = 7 Hz, MeCHMe). 13C{1H} NMR (125.7 MHz, benzene-d6): δ 177.4 (Carom, from 

HMBC), 145.2 (Carom), 135.2 (d, 2JPC = 22 Hz, PNCN), 130.8 (CHarom), 128.8 (CHarom), 

127.1 (CHarom), 126.0 (CHarom), 123.4 (CHarom), 39.3 (d, 1JPC = 25 Hz, PCMe3), 29.1 

(MeCHMe), 28.4 (PCMe3), 24.7 (MeCHMe), 23.5 (MeCHMe). 31P{1H} NMR (202.5 

MHz, benzene-d6): δ 118.5. Anal. Calcd for C54H80Cl2N4Ni2P2: C, 62.64; H, 7.79; N, 

5.41. Found: C, 62.53; H, 7.90; N, 5.43. 
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Synthesis of 4-3. To a glass vial containing a magnetic stir bar and (CH3CN)2PdCl2 (0.15 

g, 0.44 mmol) was added a solution of 2-1b (0.19 g, 0.44 mmol) in THF (15 mL). 

Magnetic stirring was initiated, and after 18 h the reaction mixture (containing the 

presumptive intermediate (2-P,N-[H])PdCl2) was comprised of an orange solution and a 

yellow precipitate. The reaction mixture was then treated with Cs2CO3 (0.29 g, 0.89 

mmol), followed by magnetic stirring for 18 h. Afterwards, the reaction mixture was 

filtered through Celite, and the solvent was removed from the collected eluent in vacuo. 

The resulting yellow powder was then redissolved in toluene (10 mL) and filtered 

through a Celite plug. The solvent was then removed from the collected eluent in vacuo, 

and the yellow solid residue was triturated with pentane (3 x 1 mL). The residue was then 

dried in vacuo yielding analytically pure 4-3 (0.16 g, 64%). 1H NMR (500 MHz, 

benzene-d6):  7.48 (m, 4H, Harom), 7.10 (m, 2H, Harom), 7.02-7.00 (m, 4H, Harom), 6.85 

(m, 6H, Harom), 3.77 (apparent septet, 4H, 3JHH = 7 Hz, MeCHMe), 1.69 (d, 12H, 3JHH = 7 

Hz, MeCHMe), 1.43 (d, 36H,  3JPH = 15 Hz, PtBu2), 1.01 (d, 12H, 3JHH = 7 Hz, 

MeCHMe). 13C{1H} NMR (125.7 MHz, benzene-d6):  176.8 (Carom), 145.5 (Carom), 

145.0 (Carom), 134.6 (d, 2JPC = 26 Hz, PNCN), 131.0 (CHarom), 129.0 (CHarom),  127.2 

(CHarom), 126.6 (CHarom), 123.6 (CHarom), 40.6 (d, 1JPC = 30 Hz, PCMe3), 28.8 

(MeCHMe), 28.3 (m, PCMe3), 24.7 (MeCHMe), 23.4 (MeCHMe). 31P{1H} NMR (202.5 

MHz, benzene-d6):  142.8. Anal. Calcd for C54H80Cl2N4P2Pd2: C, 57.35; H, 7.13; N, 

4.95. Found:  C, 57.21; H, 7.14; N, 4.60. Crystals suitable for X-ray diffraction analysis 

were grown from toluene at room temperature. 

Synthesis of 4-4. A glass vial containing a magnetic stir bar was charged with [(2-P,N-

1)NiCl]2 (0.078 g, 0.075 mmol) and Et2O (4 mL), and magnetic stirring was initiated. Into 
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a separate vial BnMgCl (1.0M in Et2O, 150 μL, 0.150 mmol) was delivered via 

microsyringe, followed by the addition of Et2O (2 mL); this mixture was then added to 

the solution of 4-2 as prepared above, resulting in a color change from red-orange to 

orange. After 18 h, the volatile components were removed in vacuo, leaving an orange, 

amorphous solid residue. This residue was triturated with pentane (2 × 3 mL) and was 

then extracted into benzene (10 mL), followed by filtration through Celite. From the 

collected eluent the benzene was removed in vacuo. The resulting orange residue was 

triturated with pentane (3 × 3 mL) and dried in vacuo to afford analytically pure 4-4 

(0.080 g, 93%). 1H NMR (300 MHz, benzene-d6):  δ 7.59 (m, 2H, Harom), 7.11 – 7.01 

(overlapping resonances, 3H, Harom), 6.91 – 6.87 (overlapping resonances, 3H, Harom), δ 

6.66 (m, 1H, Harom), 6.47 (m, 2H, Harom), 6.20 (m, 2H, Harom), 3.37 (apparent septet, 2H, 

3JHH = 7 Hz, MeCHMe), 1.59 (d, 2H, 3JPH = 3 Hz, NiCH2Ph), 1.43 (d, 18H, 3JPH = 14 Hz, 

PtBu2), 1.11 (d, 6H, 3JHH = 7 Hz, MeCHMe),  0.85 (d, 6H, 3JHH = 7 Hz, MeCHMe). 

13C{1H} NMR (75.4 MHz, benzene-d6): δ 176.1 (Carom, from HMBC), 150.4 (Carom, from 

HMBC), 142.5 (Carom), 137.3 (d, 2JPC = 20 Hz, PNCN), 133.7 (d, 3JPC = 2 Hz, CHarom), 

131.4 (CHarom), 128.3 (CHarom, from HMBC), 126.9 (CHarom), 126.2 (d, 4JPC = 2 Hz, 

CHarom), 124.4 (CHarom), 123.4 (CHarom), 117.2 (apparent singlet, Carom), 112.4 (d, 2JPC = 5 

Hz, CHarom), 38.1 (d, 1JPC = 28 Hz, PCMe3), 28.8-28.7 (overlapping resonances, 

MeCHMe and PCMe3), 24.1 (MeCHMe), 23.9 (MeCHMe), 19.5 (d, 2JPC = 11 Hz, 

NiCH2Ph). 31P{1H} NMR (121.5 MHz, benzene-d6): δ 118.9. Anal. Calcd. for 

C34H47N2NiP: C, 71.22; H, 8.26; N, 4.89. Found: C, 71.26; H, 8.31; N, 4.95. Crystals 

suitable for X-ray diffraction analysis were grown from a concentrated pentane/Et2O 

solution at room temperature. 
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Synthesis of 4-5. To a glass flask fitted with a re-sealable PTFE stopper was added a 

magnetic stir bar, a solution of 4-3 (0.22 g, 0.192 mmol) in benzene (20 mL), and 

BnMgCl (1.0 M, 384 µL, 0.384 mmol), the latter via microsyringe. After sealing the flask 

with a PTFE stopper, the reaction flask was partially submerged in an oil bath that was 

set to 60 °C and magnetic stirring was initiated. Over the course of 18 h, the initially 

orange reaction mixture transitioned to dark brown coloration. After cooling to room 

temperature, the reaction mixture was filtered through Celite and the solvent was 

removed from the collected eluent in vacuo. The resulting brown powder residue was 

redissolved in a minimal amount of toluene, and was set to crystallize at -35 °C. Brown 

crystals of 4-5 that formed were isolated via removal of the supernatant, and drying of the 

crystals in vacuo (0.17 g, 72%). 1H NMR (500 MHz, benzene-d6):  7.68 (m, 2H, Harom), 

7.03 (s, 3H, Harom), 6.91 (m, 3H, Harom), 6.59 (m, 3H, Harom), 6.43 (m, 2H, Harom), 3.35 

(apparent septet, 2H, 3JHH = 7 Hz, MeCHMe), 2.48 (s, 2H, PdCH2Bn), 1.38 (d, 18H, 3JPH 

= 15 Hz, PtBu2), 1.04 (d, 6H, 3JHH = 7 Hz, MeCHMe), 0.93 (d, 6H, 3JHH = 7 Hz, 

MeCHMe). 13C{1H} NMR (125.7 MHz, benzene-d6):  174.1 (Carom), 149.6 (Carom), 

142.0 (Carom), 137.1 (d, 2JPC = 20 Hz, PNCN), 132.3 (d, 3JPC = 3 Hz, CHarom), 131.0 

(CHarom), 128.5 (CHarom), 127.1 (CHarom), 127.0 (d, 4JPC = 4 Hz, CHarom), 124.3 (Carom), 

124.1 (CHarom), 123.2 (CHarom), 117.0 (d, 2JPC = 8 Hz, CHarom), 38.5 (d, 1JPC = 29 Hz, 

PCMe3), 28.6 (d, 2JPC = 4 Hz, PCMe3), 28.5 (MeCHMe), 26.0 (2JPC = 8 Hz, PdCH2Ph), 

24.2 (MeCHMe), 23.5 (MeCHMe). 31P{1H} NMR (202.5 MHz, benzene-d6):  130.3. 

Anal. Calcd for C34H47N2PPd: C, 65.74; H, 7.63; N, 4.51. Found: C, 65.49; H, 7.71; N, 

4.24. Crystals suitable for X-ray diffraction analysis were grown from mixture of pentane 

and toluene at -35 °C. 
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Synthesis of 4-6. To a solution of 4-1 (0.10 g, 0.14 mmol) in THF (10 mL) in a glass vial 

containing a magnetic stir bar was added a solution of t-butylamine borane (0.012, 0.14 

mmol) that had been dissolved in a minimal amount of THF. Magnetic stirring was 

initiated and the reaction solution changed from a pale yellow to brown within 0.5 h. 

After 18 h the solvent was removed in vacuo and the resultant yellow-brown solid was 

re-dissolved in toluene (5 mL). This solution was then filtered through a Celite plug. The 

eluent was collected and then concentrated in vacuo to about 1 mL, followed by storage 

at -35 °C to induce crystallization. The dark supernatant solution was then removed via 

pipette and the resulting yellow crystals were dried in vacuo, yielding analytically pure 4-

6 (0.092, 92%). 1H NMR (500 MHz, benzene-d6):   7.70 (m, 2H, Harom), 7.24 (m, 2H, 

Harom), 7.11 (m, 2H, Harom), 7.00 (m, 1H, Harom), 6.91 (s, 3H, Harom) 6.80-6.75 (m, 3H, 

Harom), 5.18 (br s, 1H, NH), 4.02 (d with Pt satellites, 2H, 3JPH = 8 Hz, 2JPtH = 119 Hz, 

PtCH2Ph), 3.44 (apparent septet, 2H, 3JHH = 7 Hz, MeCHMe), 1.54 (d, 6H, 3JHH = 7 Hz, 

MeCHMe), 1.18 (d, 18H, 3JPH = 14 Hz, PtBu2), 1.04 (d, 6H, 3JHH = 7 Hz, MeCHMe), -

1.85 (d with Pt satellites, 1H, 2JPH = 237 Hz, 1JPtH = 1413 Hz, PtH). 13C{1H} NMR (125.7 

MHz, benzene-d6):  165.2 (Carom), 165.1 (Carom), 155.7 (Carom), 148.3 (Carom), 140.5 

(Carom), 132.7 (d, 2JPC = 5 Hz, PNCN), 130.2 (CHarom), 129.7 (CHarom), 128.4 (CHarom), 

127.6 (CHarom), 127.4 (CHarom), 126.3 (Carom), 123.3 (CHarom), 121.9 (CHarom), 38.0 (d, 

1JPC = 9 Hz, PCMe3), 28.4 (MeCHMe), 28.1 (d, 2JPC = 8 Hz, PCMe3), 24.2 (MeCHMe), 

22.9 (MeCHMe), -2.05 (s with Pt satellites, 1JPtC = 667 Hz, PtCH2Ph). 31P{1H} NMR 

(202.5 MHz, benzene-d6): 107.6 s with Pt satellites, 1JPtP = 1762 Hz). Anal. Calcd for 

C34H49N2PPt: C, 57.35; H, 6.94; N, 3.94. Found: C, 57.14; H, 6.82, N, 4.17. Crystals 

suitable for X-ray diffraction analysis were grown from toluene at -35 °C. 
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Synthesis of 4-7. To a solution of 4-1 (0.15 g, 0.20 mmol) in toluene (10 mL) in a glass 

vial containing a magnetic stir bar was added pinacolborane (148 µL, 1.0 mmol) via 

microsyringe; magnetic stirring was then initiated. After 36 h, 31P NMR analysis of the 

reaction mixture revealed the clean formation of 4-7. At this point, the reaction mixture 

was concentrated in vacuo to about 1 mL followed by storage at -35 °C to induce 

crystallization, which afforded 4-7 as a yellow crystalline solid. The supernatant was 

removed via pipette. The yellow crystals were then washed with a minimal amount of 

cold (-35 °C) pentane and dried in vacuo yielding analytically pure 4-7 (0.077, 45%). 1H 

NMR (500 MHz, benzene-d6):   7.70 (m, 2H, Harom), 7.26 (d, 1H, 3JHH = 7 Hz, Harom), 

7.06 (t, 1H, 3JHH = 8 Hz, Harom),  6.90-6.70 (m, 7H, Harom), 6.50 (br t, 1H, 3JHH = 7 Hz, 

Harom), 6.07 (br s, 1H, Harom), 4.77 (apparent septet, 1H, 3JHH = 7 Hz, MeCHMe), 3.20 (s, 

1H, CHBPin),  2.54 (apparent septet, 1H, 3JHH = 7 Hz, MeCHMe), 1.69 (d, 3H, 3JHH = 7 

Hz, MeCHMe), 1.61 (d, 9H,  3JPH = 15 Hz, PtBu2), 1.39 (d, 3H, 3JHH = 7 Hz, MeCHMe), 

1.31 (d, 9H,  3JPH = 15 Hz, PtBu2), 1.13 (s, 6H, OCMe2), 1.05 (s, 6H, OCMe2), 0.55 (d, 

3H, 3JHH = 7 Hz, MeCHMe), 0.48 (d, 3H, 3JHH = 7 Hz, MeCHMe). 13C{1H} NMR (125.7 

MHz, benzene-d6):  176.2 (Carom), 150.1 (Carom), 143.4 (Carom), 143.1 (Carom), 135.8 (d, 

2JPC = 20 Hz, PNCN), 131.4 (Carom), 128.5 (CHarom), 128.3 (CHarom), 127.1 (CHarom), 

126.1 (CHarom),  125.2 (CHarom), 124.1 (Carom), 123.4 (CHarom), 123.2 (CHarom), 100.4 

(CHarom, from HSQC/HMBC), 82.5 (OCMe2), 39.2-38.3 (m, 2 PCMe3), 29.2 (MeCHMe), 

29.0 (d, 2JPC = 4 Hz, PCMe3), 28.5 (d, 2JPC = 3 Hz, PCMe3), 27.6 (MeCHMe), 25.8 

(OCMe2), 25.2 (OCMe2), 25.1 (MeCHMe), 24.8 (MeCHMe), 23.8 (MeCHMe), 22.4 

(MeCHMe), 18.0 (CHBPin, from HSQC). 31P{1H} NMR (202.5 MHz, benzene-d6):  

111.9 s with Pt satellites, 1JPtP = 5285 Hz). 11B NMR (96.3 MHz, benzene-d6):  32.6 
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broad s, 1/2 = 860 Hz). Anal. Calcd for C40H58N2O2BPPt: C, 57.48; H, 6.99; N, 3.38. 

Found: 57.19; H, 6.81; N, 3.17. Crystals suitable for X-ray diffraction analysis were 

grown from toluene at -35 °C. 

Synthesis of 4-8. A method directly analogous to the preparation of 4-7 was employed, 

using 4-1 (0.15, 0.21 mmol), and catecholborane (113 µL, 1.05 mmol) in place of 

pinacolborane, with a reaction time of 18 h. The target product 4-8 was obtained as an 

analytically pure, yellow crystalline solid (0.12 g, 64 %). 1H NMR (500 MHz, benzene-

d6):   7.62 (m, 2H, Harom), 7.25 (d, 1H, 3JHH = 8 Hz, Harom), 7.07 (m, 4H, Harom), 6.95 (d, 

1H, 3JHH = 8 Hz, Harom), 6.88-6.83 (m, 6H, Harom), 6.79 (m, 1H, Harom) 6.71 (m, 1H, Harom) 

6.57 (br t, 1H, 3JHH = 7 Hz, Harom), 4.55 (apparent septet, 1H, 3JHH = 7 Hz, MeCHMe), 

3.37 (s, 1H, CHBCat),  2.60 (apparent septet, 1H, 3JHH = 7 Hz, MeCHMe), 1.69 (d, 3H, 

3JHH = 7 Hz, MeCHMe), 1.32 (d, 9H,  3JPH = 15 Hz, PtBu2), 1.31 (d, 9H,  3JPH = 15 Hz, 

PtBu2), 1.21 (d, 3H, 3JHH = 7 Hz, MeCHMe), 0.59 (d, 3H, 3JHH = 7 Hz, MeCHMe), 0.53 

(d, 3H, 3JHH = 7 Hz, MeCHMe). 13C{1H} NMR (125.7 MHz, benzene-d6): 176.2 

(Carom), 149.8 (Carom), 148.9 (Carom), 143.7 (Carom), 143.1 (Carom), 135.2 (d, 2JPC = 23 Hz, 

PNCN), 131.3 (CHarom), 128.7 (CHarom), 127.2 (CHarom), 127.1 (CHarom), 125.6 (CHarom), 

123.4 (CHarom), 122.5 (CHarom), 118.0 (CHarom), 112.0 (CHarom), 108.9 (CHarom), 39.3-38.1 

(m, 2 PCMe3), 29.1 (MeCHMe), 28.4 (d, 2JPC = 3 Hz, PCMe3), 28.2 (d, 2JPC = 4 Hz, 

PCMe3), 27.7 (MeCHMe), 25.0 (MeCHMe), 24.7 (MeCHMe), 23.6 (MeCHMe), 22.5 

(MeCHMe), 18.0 (CHBCat, from HSQC). 31P{1H} NMR (202.5 MHz, benzene-d6):  

111.0 (s with Pt satellites, 1JPtP = 4799 Hz). 11B NMR (96.3 MHz, benzene-d6):  34.6 

broad s, 1/2 = 700 Hz). Anal. Calcd for C40H50BN2O2PPt:  C, 58.04; H, 6.09; N, 3.38. 
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Found:  C, 58.19; H, 6.32, N, 3.27. Crystals suitable for X-ray diffraction analysis were 

grown from toluene at -35 °C. 

Protocol for kinetic experiments. The reaction of 4-1 with HBPin leading to 4-7 was 

chosen for kinetic analysis, as it was found to proceed slower than the reaction with 

HBcat, thereby enabling more data to be collected. To obtain the rate constant k at 300 K, 

4-1 was treated with five different concentrations of HBPin (10, 15, 20, 25, 30 equiv) and 

in each case the formation of 4-7 was plotted against time to establish kobs for each 

reaction as seen below. The kobs data were then plotted against concentration of HBPin, 

from which the second order rate constant was extracted (Figure 4-15). In the case of 

room temperature kinetic experiments, 4-1 was weighed out into a small shell vial (0.010 

g, 0.0141 mmol). Ferrocene was weighed out into a separate shell vial (0.005, 0.0282 

mmol). A calibrated microsyringe was used to transfer 0.5 mL of toluene-d8 to 4-1. A 

pipette was then used to transfer the solution to the vial containing ferrocene and then to 

an NMR tube. HBPin was added via microsyringe in varying concentrations (10, 15, 20, 

25, 30 equiv with respect to 4-1) and the time of addition was noted. The NMR tube was 

then inserted to a 300 MHz Bruker NMR spectrometer and the function multizg3.ml was 

used to standardize sampling time. Acquisition parameters were adjusted to 16 scans and 

a relaxation delay of 6 seconds to ensure proper integration values. The resulting spectra 

were integrated against the ferrocene standard to determine the concentration of 4-7 in 

the sample. Experiments conducted at 310, 315, 320, and 325 K, from which an Eyring 

plot was derived, were performed in a similar manner, with the exception that 20 equiv 

HBPin was employed throughout. The NMR spectrometer was heated to the selected 

temperature prior to addition of HBPin and the temperature was confirmed by using an 
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80% ethylene glycol sample in DMSO-d6.
125 Once the sample was inserted it was given 

10 minutes to equilibrate before sampling began to ensure the rate measured aligned with 

the desired temperature. In all cases the graphing software Kaleidagraph was used to plot 

and analyze the data. 

  

Figure 4-9. Concentration of 4-7 vs. time in the reaction of 4-1 with HBPin (10 equiv) at 

300 K.  
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Figure 4-10. Concentration of 4-7 vs. time in the reaction of 4-1 with HBPin (15 equiv) 

at 300 K.  

 

Figure 4-11. Concentration of 4-7 vs. time in the reaction of 4-1 with HBPin (20 equiv) 

at 300 K.  
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Figure 4-12. Concentration of 4-7 vs. time in the reaction of 4-1 with HBPin (25 equiv) 

at 300 K.  

 

Figure 4-13. Concentration of 4-7 vs. time in the reaction of 4-1 with HBPin (30 equiv) 

at 300 K.  
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Figure 4-14.  Determination of the second order rate constant (m2 in M-1s-1) for the 

reaction of 4-1 with HBPin at 300 K. 

 

Figure 4-15.  Concentration of 4-7 vs. time in the reaction of 4-1 with HBPin (20 equiv) 

at 310 K. 
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Figure 4-16.  Concentration of 4-7 vs. time in the reaction of 4-1 with HBPin (20 equiv) 

at 315 K. 

 

Figure 4-17.  Concentration of 4-7 vs. time in the reaction of 4-1 with HBPin (20 equiv) 

at 325 K. 



 
 

117 
 

 

 

Figure 4-18. Eyring analysis based on the temperature dependence of the reaction of 4-1 

with HBPin to give 4-7 (20 equiv HBPin; 300-325 K) yielding H‡ = 18(1) kcal/mol and 

S‡ = 6(3) eu at 300 K.  

Crystallographic solution and refinement details. In each case crystallographic data 

were obtained at or below 193(±2) K on a Bruker D8/APEX II CCD diffractometer using 

either graphite-monochromated Mo K ( = 0.71073 Å) or Cu K ( = 1.54178 Å) 

radiation, employing a sample that was mounted in inert oil and transferred to a cold gas 

stream on the diffractometer. Programs for diffractometer operation, data collection, and 

data reduction (including SAINT) were supplied by Bruker. Gaussian integration (face-

indexed) was employed as the absorption correction method throughout. All structures 

were refined by use of full-matrix least-squares procedures (on F2) with R1 based on Fo
2 

(Fo
2) and wR2 based on Fo

2  –3(Fo
2). Anisotropic displacement parameters were 

employed for all the non-hydrogen atoms of each complex. During the structure solution 
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process for 4-1, two crystallographically independent molecules (A and B) were located 

in the asymmetric unit and were refined in a satisfactory manner. During the structure 

solution processes for 4-3 and 4-8 half an equivalent of toluene was located in the 

asymmetric unit and was refined in a satisfactory manner whereby all atoms were refined 

with an occupancy of 0.5 and a common isotropic displacement parameter. Distances 

involving the methyl carbon of the disordered solvent toluene molecule were constrained 

during refinement: d(C1S–C7S) = 1.52(1) Å, d(C2S...C7S) = d(C6S...C7S) = 2.52(1) Å.  

The carbon-atom positions for the toluene phenyl ring were refined as an idealized 

regular hexagon with a C–C bond distance of 1.390 Å. During the structure solution 

process for 4-2 half an equivalent of Et2O was located in the asymmetric unit and was 

refined in a satisfactory manner whereby all atoms in the solvent molecule were refined 

with an occupancy factor of 0.5. In the case of 4-7, the near-zero final refined value of the 

Flack parameter (0.020(2)) suggests that the correct configuration was chosen. The 

crystal structure of [(2-P,N)PdCl]2 features half a molecule in the asymmetric unit, with 

the other half of the molecule (primed atoms) generated via the crystallographic inversion 

center (0.5, 0, 0.5) at the center of the Pd2Cl2 ring. Otherwise, all hydrogen atoms were 

added at calculated positions and refined by use of a riding model employing isotropic 

displacement parameters based on the isotropic displacement parameter of the attached 

atom. In all cases non-hydrogen atoms are represented by Gaussian ellipsoids at the 30% 

probability level. Additional crystallographic information is provided in the Appendix A. 
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CHAPTER 5: A Manganese Pre-Catalyst for the Mild Reduction of Amides, 

Ketones, Aldehydes, and Esters 

 

5.1 Introduction 

 

 As stated in Chapter 1, over the past several years there has been a major focus on 

developing efficient and cheap base metal catalysts to replace the current state-of-the-art 

that typically relies on expensive precious metal catalysts. The recent development of (κ2-

P,N)M(N(SiMe3)2 (M = Fe 1-2; Co 1-3) species by the Dalhousie/CPChem research team 

has led to impressive applications in base metal catalysis. Notably, complex 1-2 has 

proven to be among the most proficient iron catalysts for hydrosilyation of carbonyl 

compounds reported in the literature to date.55 In moving beyond iron and cobalt, and 

inspired by the recent renaissance of manganese catalysis in organic synthesis,126 the 

Dalhousie/CPchem team focused on synthesizing a manganese analog of 1-2/1-3 to 

pursue potentially novel and improved reactivity. 

 A variety of factors contribute to making manganese an attractive metal for 

catalysis. As it is the third most abundant transition metal in the earth’s crust behind iron 

and titanium, it can be cheaply obtained. Furthermore, manganese is relatively non-toxic 

and biocompatible, which makes it particularly attractive to the pharmaceutical industry. 

Of particular interest to the Dalhousie/CPChem research team are the impressive recent 

examples of manganese-mediated carbonyl reductions based on transfer 

hydrogenation,127 hydrogenation,128 hydroboration,129 and hydrosilylation.130   
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Figure 5-1. Recently reported manganese homogeneous catalysts: (PDI)Mn 

hydrosilylation catalyst (Z);130a (PNP)Mn pincer catalyst for imine synthesis from 

alcohols and amines (middle);131 (PNP)Mn pincer catalyst for the hydrogenation of esters 

to alcohols (right)132.  

  

The reduction of carbonyl compounds is an important class of transformations 

that is employed widely in synthetic chemistry.133 In moving beyond the use of harsh 

alkali metal hydrides (e.g., LiAlH4) and related reductants, transition metal catalysis 

offers an effective alternative for such transformations. While platinum-group metal 

catalysts were examined early on, the high cost and low abundance of such metals has 

created motivation for the development of competitive late 3d transition metal 

catalysts,134 most notably featuring iron, cobalt, and nickel. As such, a diversity of 

effective base metal-catalyzed carbonyl reduction protocols have emerged, including 

atom-economical transformations using hydrogen as the reductant. Complementary 

transformations such as hydrosilylation135 are also of interest, in that in some cases they 

are successful when direct hydrogenation fails, and can be carried out conveniently 

without the need for pressurized reaction vessels.  

 Whereas useful base metal catalysts for the hydrosilative reduction of ketones, 

aldehydes, and/or esters have been developed,134, 135b selective reductions of amides to 

amines have proven to be significantly more challenging.136 The first reports of such 

transformations were disclosed simultaneously by the groups of Beller137 and 

Nagashima,138 whereby tertiary amides were reduced by use of PMHS (PMHS = 
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polymethylhydrosiloxane) in the presence of Fe(CO)5 or Fe3(CO)12  (6-30 mol% Fe), 

either under thermal (100 ˚C, 24 h) or photochemical activation (25 ˚C, 9 h). Subsequent 

reports by the groups of Sortais and Darcel,139 Buitrago and Adolfsson,140 and Driess141 

document the use of N-heterocyclic carbene-ligated Fe species for such transformations, 

which in some cases operate under mild reaction conditions. The Co-catalyzed 

hydrosilative reduction of amides is limited to a report by the group of Darcel and 

Sortais,142 whereby Co2(CO)8 (1 mol% Co) was used primarily in combination with 

PMHS (100 ˚C, 3-16 h); in selected challenging transformations PhSiH3 proved to be 

more effective, and photochemically activated reductions were also described. Amide 

reductions employing Ni catalysis are also rather uncommon. Following a report by 

Mamillapalli and Sekar,143 whereby complete reduction of both keto and amide groups in 

-keto amides was achieved by use of Ni-catalyzed hydrosilylation with Ph2SiH2 (5 

mol% Ni(OAc)2, 10 mol% TMEDA, 10 mol% KOtBu, 25 ˚C), Garg and co-workers144 

disclosed the use of PhSiH3 in amide reductions by use of NiCl2(dme) (10 mol% Ni, 115 

˚C, 24 h). Remarkably, Beller and co-workers have recently reported on the relatively  

mild reduction of tertiary and secondary amides using Zn(OAc)2 (tertiary amides: 10 

mol%, 25-65 °C, 20-30 h; secondary amides: 20 mol%, 100 °C, 72 h); however, these 

typically required long reaction times and an excess of the silane reductant.145 This was 

followed by a report by Adolfsson and co-workers using ZnEt2 to reduce tertiary amides 

in the presence of LiCl and PMHS (5 mol% Zn, 10 mol% LiCl, 25-40 °C, 24 h), again 

requiring long reaction times and an excess of the silane reductant.146 This progress 

notwithstanding, the base metal-catalyzed reduction of amides remains a significant 
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challenge. Moreover, no single catalyst system (base metal or other) that is capable of 

effecting the hydrosilative reduction of amides, ketones, aldehydes, and esters is known. 

Conversely, prior to the work presented in this chapter, the Mn-catalyzed 

reduction of amides to amines was limited to two entries (dimethylformamide or 

diethylformamide)147 employing a tertiary silane reductant and CpMn(CO)3 (5 mol%), 

either under thermal (120 ˚C, 24 h) or photochemical activation (25 ˚C, 12-18 h).148  

     In this context, as part of the Dalhousie/CPChem research team’s goals of 

targeting highly effective base metal catalysts supported by N-phosphinoamidinate 

ligation,55 attention was turned to the preparation and application of manganese pre-

catalysts of this type. This chapter will detail the preparation of the new (2-

P,N)Mn(N(SiMe3)2) complex 5-1, which is capable of effecting the hydrosilative 

reduction of tertiary amides to tertiary amines in a manner that is competitive with the 

most effective catalysts known for such transformations. Pre-catalyst 5-1 is also shown to 

accommodate a breadth of carbonyl substrates in such reductions (amides, ketones, 

aldehydes, and esters) that is unrivaled by any previously reported catalyst, in most cases 

at room temperature. 

5.2 Results and Discussion 

5.2.1 Synthesis and Characterization of (2-P,N)Mn(N(SiMe3)2) (5-1) 

 The targeted (2-P,N)Mn(N(SiMe3)2) pre-catalyst 5-1 was selected as an entry 

point for exploration of the Mn-catalyzed reduction of amides and other carbonyl 

compounds, on the basis of the outstanding performance of the analogous iron complex 

(1-2) in the reduction of ketones, aldehydes, and esters.56 Treatment of the appropriate N-

phosphinoamidine pro-ligand (2-1b) with Mn(N(SiMe3)2)2 afforded 5-1, which was 
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isolated as an analytically pure yellow solid in 73% yield (Scheme 5-1). The measured 

magnetic moment (Evans’ method, 300 K, µeff = 5.9 µB) is consistent with a high-spin 

Mn(II) (SMn = 5/2) center, and crystallographic data (Figure 5-2) confirm the three-

coordinate, distorted trigonal planar nature of 5-1 (anglesMn = 360˚). 

 

Scheme 5-1. Synthesis of (2-P,N)Mn(N(SiMe3)2), the manganese analog of 1-2/1-3. 

 

Figure 5-2. Crystallographically determined structure of 5-1. Selected interatomic 

distances (Å) and angles (˚) within the two crystallographically independent molecules of 

5-1: Mn-P 2.5319(4) and 2.5045(4), Mn-N(1) 2.0722(12) and 2.0946(11), Mn-N(3) 
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1.9742(12) and 1.9696(12), P-Mn-N(1) 78.93(3) and 78.25(3), P-Mn-N(3) 135.20(4) and 

141.28(4), N(1)-Mn-N(3) 145.54(5) and 140.11(5). 

 

5.2.2 Catalytic Reduction of Tertiary Amides Employing 5-1 

     Having prepared 5-1, the ability of this pre-catalyst to effect the reduction of 

tertiary amides under conditions of modest heating and relatively short reaction times was 

evaluated (5 mol% 5-1, 75 ˚C, 1 h; Figure 5-3). The choice of PhSiH3 as the reductant 

was made in light of the utility of this reductant in other base metal-catalyzed 

hydrosilative reduction of amides (vide supra), and on the basis of our previous 

examination of acetophenone reduction employing 1-2, whereby the use of alternative 

silanes including PMHS afforded poor results. Under these conditions, pre-catalyst 5-1 

proved effective in enabling the high-yielding and selective reduction of various tertiary 

amides to the corresponding tertiary amines. By use of this protocol, N-benzyl piperidines 

featuring substitution on both the piperidine and aryl rings were successfully generated, 

including the hindered variant 5-2e; N-benzylmorpholine (5-2f) was obtained similarly in 

high isolated yield (85%). In examining the reduction of tertiary dibenzylamide variants, 

derived tertiary dibenzylamines featuring (hetero)benzyl, substituted benzyl, and aliphatic 

substituents (5-(2g-2k)) were prepared efficiently. The reduction of tertiary amides 

leading to dialkyl or aryl/alkyl benzylamine products (5-2l and 5-2m) also proved 

feasible. 
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Figure 5-3. Catalytic reduction of tertiary amides to tertiary amines employing 5-1. 

Reaction conditions: Unless stated otherwise, amide (0.4 mmol), PhSiH3 (0.4 mmol), 

benzene (500 L), 5-1  (5 mol%), 75 ˚C, 1 h. Target product identity confirmed on the 

basis of NMR analysis, and conversion to 5-2 determined by use of calibrated GC 

methods. Isolated yields in parentheses. [a] 5-1  (2 mol%), 25 ˚C, 18 h. [b] 3 h. [c] 2 

mol% 1, 25 ˚C, 48 h. 

 

 Comparative experiments confirmed the superiority of 5-1 relative to both 1-2 and 

Mn(N(SiMe3)2)2. In the case of amide reductions leading to 5-2k (5 mol% pre-catalyst, 

75 ˚C, 1 h) 70% conversion was achieved by use of Mn(N(SiMe3)2)2 (cf. >90% with 5-1), 

whereas a complex mixture of products including unreacted tertiary amide and 5-2k 

(~1:1 ratio) was formed when using 1-2. Similarly, <50% conversion to 5-2l was 

achieved when using either Mn(N(SiMe3)2)2 or 1-2 under conditions where >90% 

conversion to 5-2l was attained by use of 5-1 (5 mol% pre-catalyst, 75 ˚C, 1 h). In 

keeping with our preliminary conjecture (vide supra), the use of PMHS (1 or 2 equiv, in a 

manner analogous to that described by Beller and co-workers137) with 5-1 in several test 
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reactions afforded low conversion of the tertiary amide, under conditions where complete 

conversion to the target tertiary amine was achieved when using PhSiH3 (Figure 5-3). 

The ability to conduct such reductions on a proportionally larger scale (3.55 mmol amide) 

was demonstrated in the successful synthesis of 5-2k (0.930 g, 98% isolated yield; 5 

mol%, 5-1, 75 ˚C, 4 h). 

     It is worthy of mention that in the absence of photochemical activation, the 

reduction of simple tertiary amides at room temperature by use of a 3d transition metal 

catalyst is unknown.146, 149 In this context, the ability of 5-1 to effect such unprecedented 

transformations (2 mol% 5-1, 25 ˚C, 18 h; Figure 5-3) was examined. Several of the 

tertiary amide substrates under investigation herein displayed high conversion to the 

desired tertiary amine under room temperature conditions, including the formation of N-

benzylpiperidine (5-2a), N-benzylmorpholine (5-2f), tribenzylamine (5-2h), and N,N-

dimethylbenzylamine (5-2l). However, limitations to this chemistry were encountered. 

Despite the high isolated yield of 5-2g (89%) that was achieved by use of 5-1 at elevated 

temperature, poor conversion of the thiophene-derived amide substrate was observed at 

room temperature. In this regard, room temperature experiments for each amide substrate 

were not conducted as it became evident that elevated temperatures were required for full 

conversion in select cases. In stating this, 75 °C was chosen to accommodate the broad 

range of substrates shown in Figure 5-3, whilst keeping reaction times short. 

Furthermore, efforts to extend the use of 5-1 to the reduction of secondary amides have 

thus far proven unsuccessful. 
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5.2.3 Catalytic Reduction of Ketones and Aldehydes Employing 5-1 

Given the success of 5-1 in the room temperature reduction of tertiary amides, the 

ability of this pre-catalyst to effect the reduction of alternative carbonyl substrates under 

mild conditions was explored further (1 mol% 5-1, 25 ˚C, 4 h). Acetophenone and 

derivatives featuring electron-donating, electron-withdrawing, and extended aromatic 

substituents were each reduced successfully (5-3a to 5-3d), as was benzophenone leading 

to 5-3e (Figure 5-4). Related acetophenone variants featuring sterically demanding alkyl 

or heteroaryl functionality, as well as 4-heptanone, were also well accommodated, 

leading to 5-3f to 5-3h in high yield. Aldehyde reduction was also achieved under mild 

conditions by use of 5-1, leading to benzyl alcohol variants featuring electron-donating, 

electron-withdrawing, ortho-, and heteroaryl functionality (5-3i to 5-3m). The 

observation of unreacted PhSiH3 (each featuring three reducing equivalents) in these 

reactions suggests that that sub-stoichiometric amounts of the reductant may, in principle, 

be employed. 
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Figure 5-4. Catalytic reduction of ketones and aldehydes employing 5-1. Reaction 

conditions: Ketone/aldehyde (0.8 mmol), PhSiH3 (0.8 mmol), benzene (500 L), 5-1 (1 

mol%), 25 ˚C, 4 h. Conversion to 5-3 determined by use of calibrated GC methods. 

Isolated yields in parentheses. 

 

To place this work in context, Trovitch’s manganese pre-catalysts featuring 

phosphine-tethered bis(imino)pyridine ligation130a, 130b, 130d can function effectively at <1 

mol% loading, and represent the most active catalysts known for the hydrosilylation of 

aldehydes and ketones. While lower loadings or shorter reaction times were not explored 

exhaustively, it is evident that 5-1 is less active than the Trovitch catalysts (Figure 5-1, 

Z). However, 4-heptanone proved to be an unusually reactive substrate in our study using 

5-1, with vigorous bubbling and a distinct exotherm noted upon mixing under our 

standard conditions (Figure 5-4). Further examination revealed that at the 0.25 mol% 5-1 

loading level the reduction of 4-heptanone is complete within 2 minutes; high conversion 

is also achieved for this ketone at lower loadings (0.1 mol% 5-1, 25 ˚C, 4 h).  
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5.2.4 Catalytic Reduction of Esters Employing 5-1 

In exploring further the scope of carbonyl reductions that can be achieved by use 

of 5-1, the selective reduction of methyl esters to alcohols under mild conditions was 

briefly examined (1 mol% 5-1, 25 ˚C, 4 h; Figure 5-5); the first examples of such room 

temperature transformations were achieved by use of 1-2.55 A series of methyl benzoate 

derivatives featuring electron-donating or electron-withdrawing groups were efficiently 

reduced under these conditions, as was methyl heptanoate. Tracking the reaction progress 

revealed that high (but incomplete) conversions were achieved throughout after only 1-2 

h. In this regard, pre-catalyst 5-1 is apparently more effective for the hydrosilative 

reduction of methyl esters, in comparison to Trovitch’s phosphine-tethered 

bis(imino)pyridine manganese pre-catalyst system (Z) under similar conditions,130a and is 

competitive with the most effective catalysts known for the hydrosilative reduction of 

esters to alcohols at room temperature.55 ,150 

 

Figure 5-5. Catalytic reduction of esters employing 5-1. Reaction conditions: Ester (0.8 

mmol), PhSiH3 (0.8 mmol), benzene (500 L), 5-1 (1 mol%), 25 ˚C, 4 h. Conversion to 

5-3 determined by use of calibrated GC methods. Isolated yields in parentheses. 

[a]Conversion based on silyl ether formation. 

 

5.3 Conclusions 

 In summary, the newly developed Mn pre-catalyst 5-1 is shown to be broadly 

useful for the hydrosilative reduction of carbonyl compounds, including at room 
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temperature, with the established scope (amides, ketones, aldehydes, and esters) 

exceeding that demonstrated previously by any other catalyst system under such mild 

conditions. In particular, the normally challenging reduction of tertiary amides to tertiary 

amines that is achieved with broad scope by use of 5-1 proceeds under conditions that are 

competitive with the most effective 3d transition metal catalysts known for such 

transformations, thereby establishing a new class of synthetically useful Mn-catalyzed 

transformations. These results complement the already established utility of the N-

phoshphinoamidinates in supporting low-coordinate, highly reactive, base metal 

catalysts. 

5.4 Statement of Contributions 

 This work is published in Angewandte Chemie. Robert McDonald of the 

University of Alberta was responsible for X-ray crystallography data collection and 

structure elucidation of 5-1. 

5.5 Experimental Details 

General experimental considerations. Unless stated all experiments were conducted 

under nitrogen in an inert-atmosphere glovebox or by using standard Schlenk techniques. 

Dry, oxygen-free solvents were used unless otherwise indicated. Benzene and pentane 

were deoxygenated and dried by sparging with nitrogen and subsequent passage through 

a double-column solvent purification system packed with alumina and copper-Q5 

reactant. All purified solvents were stored under nitrogen over 4 Å molecular sieves. 

Benzene-d6 was degassed via three freeze-pump-thaw cycles and stored under nitrogen 

over 4 Å molecular sieves. Benchtop dichloromethane used in the synthesis of amide 

substrates was stored over 4 Å molecular sieves. All liquid ketones, aldehydes, esters, 
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and phenylsilane were degassed via three repeated freeze−pump−thaw cycles and stored 

over 4 Å molecular sieves. The N-phosphinoamidine 2-1b and [Mn(N(SiMe3)2)2]
151 were 

prepared using literature procedures. All other solvents and reagents were purchased from 

commercial suppliers and were used without further purification. 1H and 13C NMR 

characterization data were collected at 300 K on a Bruker AV-300 spectrometer operating 

at 300.1 and 75.5 MHz (respectively) with chemical shifts reported in parts per million 

downfield of SiMe4. Flash chromatography was carried out on silica gel using Silicycle 

SiliaFlash 60 silica (particle size 40–63 m; 230–400 mesh), or using neutral alumina 

(150 mesh; Brockmann-III; activated). 

Synthesis of 5-1. A solution of the N-phosphinoamidine 2-1b (0.295 g, 0.692 mmol) in 

pentane (10 mL) was added by pipette to a vial containing [Mn(N(SiMe3)2)2] (0.260 g, 

0.692 mmol), resulting in a beige slurry that quickly changed to a clear yellow solution. 

This mixture was allowed to react for 4 h, and was subsequently filtered through a short 

Celite plug. The reaction solution was then concentrated under vacuum to ca. 1 mL, 

followed by storage at -35 °C to induce crystallization. Following crystallization, the 

yellow-brown supernatant was then removed via pipette, and the remaining bright yellow 

crystals were crushed and dried under vacuum, affording analytically pure 5-1 as a bright 

yellow powder (0.324 g, 73%). Magnetic susceptibility (Evans’ method, 300 K) µeff = 5.9 

µB. 1H NMR (300 MHz, benzene-d6):  9.49 (broad singlet), 2.28 (broad singlet), 1.40-

0.88 (overlapping resonances), 0.10 (singlet). C33H58MnN3PSi2, Calculated:  C, 62.03; H, 

9.15; N, 6.58. Found: C, 62.44; H, 8.97; N, 6.51. Crystals suitable for X-ray diffraction 

analysis were grown from pentane at -35 °C. 
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Synthesis of amide substrates. With the exception of reactions involving 

cyclohexanecarbonyl chloride, 2-thiophenylcarbonyl chloride, and trimethylacetyl 

chloride, which were conducted under nitrogen, amide substrates were prepared in air 

following modified literature procedures.152 The acyl chloride (10 mmol) was added 

slowly to a magnetically stirred solution of the amine (11 mmol), Et3N (12.5 mmol), and 

dichloromethane (30 mL) at room temperature. The exothermic reactions typically boiled 

for a short time following complete addition of the acyl chloride. The reaction mixture 

was stirred magnetically for 1 h at room temperature and then was diluted with 

dichloromethane (20 mL). The solution was transferred to a separation funnel and was 

washed with 1M HCl (50 mL). The organic layer was filtered on a short silica gel 

column, and was washed with ethyl acetate/hexane (1:1). The solvent was removed under 

reduced pressure. The substrate was then transferred to an inert-atmosphere glovebox and 

redissolved in a minimal amount of benzene. The solution was filtered through a short 

Celite plug to remove any residual solids, and the benzene was removed under reduced 

pressure. Purity of the amide was confirmed by 1H and 13C NMR. Note that commercially 

available “2,6-dimethylpiperidine (mostly cis)” was used in the synthesis of the amide 

that in turn was reduced to form 5-2e. 

General procedure for determining conversions of amide substrates (GP1). In an 

inert-atmosphere glovebox, 5-1 (5 mol%, 13 mg) was weighed into an oven-dried vial to 

which benzene-d6 (500 μL) was added. The amide substrate (0.4 mmol) and phenylsilane 

(49 μL, 0.4 mmol) were then added to the vial and the reaction mixture was transferred to 

an oven-dried NMR tube and the tube was sealed. The NMR tube containing the reaction 

mixture was then placed into an oil bath at 75 °C and allowed to react for 1 h (unless 
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indicated). Full conversion to the desired amine product was verified on the basis of 1H 

and 13C NMR spectroscopic analysis of the crude reaction mixture. The reaction mixture 

was then diluted with Et2O (1 mL) and filtered through a short Celite plug. The mixture 

thus obtained was then analyzed by use of GC methods against a dodecane internal 

standard, to determine the conversion of the amide substrate to the corresponding amine. 

General procedure for determining conversions of carbonyl substrates other than 

amides (GP2). In an inert-atmosphere glovebox, 5-1 (1 mol%, 5 mg) was weighed into 

an oven-dried vial to which benzene-d6 (500 μL) was added. The carbonyl substrate (0.8 

mmol) and phenylsilane (98 μL, 0.8 mmol) were added to the vial and the reaction 

mixture was transferred to an oven-dried NMR tube and the tube was sealed. The 

reaction was monitored by use of 1H NMR spectroscopic methods to ensure full 

conversion of the carbonyl substrate to a mixture of silyl ether products. After 4 h (full 

consumption of the carbonyl substrate was often observed earlier), the reaction mixture 

was hydrolyzed via treatment with 20% NaOH (2 mL) and stirred for 3 h; ester substrates 

were allowed to stir for 18 hours in 3 mL of 20% NaOH to ensure full hydrolysis to the 

corresponding alcohol. The organic layer was extracted with Et2O (3 × 3 mL), dried over 

MgSO4, filtered through a short Celite plug, and concentrated under reduced pressure. 

The crude residue was then analyzed by use of GC methods against a dodecane internal 

standard, to determine the conversion of the substrate to the corresponding alcohol. 
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Characterization of isolated catalytic products. 

NMR Spectra for isolated products provided in Appendix B 

1-Benzylmorpholine, 5-2f  

 

The title compound was prepared following GP1. The reaction mixture was purified 

through filtration on a neutral alumina column followed by a short silica gel column, both 

washed with ethyl acetate. 85% yield. 1H NMR (300.1 MHz, CDCl3) δ 2.44 (m, 4H), 3.50 

(s, 2H), 3.71 (m, 4H), 7.22-7.32 (m, 5H). 13C{1H} NMR (75.5 MHz, CDCl3) δ 53.7, 63.6, 

67.1, 127.3, 128.4, 129.3, 137.8. Spectral data are in close agreement with previously 

reported 1H and 13C{1H} NMR characterization data for the title compound.152b 

N,N-Dibenzyl-1-(thiophen-2-yl)methanamine, 5-2g 

 

The title compound was prepared following GP1. The reaction mixture was purified 

through filtration on a neutral alumina column, washing with ethyl acetate and hexane 

(1:10). The resultant white solid was washed with a minimal amount of ice cold pentane. 

89% yield. 1H NMR (300.1 MHz, CDCl3) δ 3.53 (s, 4H), 3.69 (s, 2H), 6.82-6.86 (m, 2H), 

7.12-7.17 (m, 3H), 7.22-7.26 (m, 4H), 7.34-7.37 (m, 4H). 13C{1H} NMR (75.5 MHz, 

CDCl3) δ 52.3, 57.7, 124.8, 125.6, 126.5, 127.1, 128.4, 128.8, 139.5, 143.4. Spectral data 

are in close agreement with previously reported 1H and 13C{1H} NMR characterization 

data for the title compound.152b 
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Tribenzylamine, 5-2h 

 

The title compound was prepared following GP1. The reaction mixture was purified 

through filtration on a neutral alumina column, washing with ethyl acetate and hexane 

(1:10). 95% yield. 1H NMR (300.1 MHz, CDCl3) δ 3.48 (s, 6H), 7.12-7.17 (m, 3H), 7.21-

7.26 (m, 6H), 7.32-7.35 (m, 6H). 13C{1H} NMR (75.5 MHz, CDCl3) δ 58.0, 127.0, 128.4, 

128.9, 139.8. Spectral data are in close agreement with previously reported 1H and 

13C{1H} NMR characterization data for the title compound.152b 

N,N-Dibenzyl-2,2-dimethylpropan-1-amine, 5-2k 

 

The title compound was prepared following GP1. The reaction mixture was purified 

through filtration on a short silica gel column, washing with ethyl acetate and hexane 

(1:10). 94% yield. 1H NMR (300.1 MHz, CDCl3) δ 0.68 (s, 9H), 2.21 (s, 2H), 3.48 (s, 

4H), 7.08-7.28 (m, 10H). 13C{1H} NMR (75.5 MHz, CDCl3) δ 28.6, 33.2, 60.9, 65.9, 

126.9, 128.2, 129.3, 140.4. Spectral data are in close agreement with previously reported 

1H and 13C{1H} NMR characterization data for the title compound.152b 
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1-Naphthyl ethanol, 5-3d 

 

The title compound was prepared following GP2. The reaction mixture was purified 

through filtration on a short silica gel column, washing with diethyl ether. The resultant 

white solid was washed with a minimal amount of ice cold pentane. 88% yield. 1H NMR 

(300.1 MHz, CDCl3) δ 1.60 (d, J = 6.3 Hz, 3H), 2.02 (br s, 1H), 5.08 (q, J = 6.3 Hz, 1H), 

7.48-7.54 (m, 3H), 7.82-7.87 (m, 4H). 13C{1H} NMR (75.5 MHz, CDCl3) δ 25.3, 70.6, 

123.9. 125.9, 126.3, 127.8, 128.1, 128.4, 133.0, 133.4, 143.3. Spectral data are in close 

agreement with previously reported 1H and 13C{1H} NMR characterization data for the 

title compound.153  

4-Heptanol, 5-3h 

 

The title compound was prepared following GP2. The reaction mixture was purified 

through filtration on a short silica gel column, washing with diethyl ether. 97% yield. 1H 

NMR (300.1 MHz, CDCl3) δ 0.91 (t, J = 6.9 Hz, 6H). 1.35-1.45 (m, 8H), 1.76 (br s, 1H), 

3.59 (m, 1H). 13C{1H} NMR (75.5 MHz, CDCl3) δ 14.2, 18.9, 39.7, 71.5. Spectral data 

are in close agreement with previously reported 1H and 13C{1H} NMR characterization 

data for the title compound.154  
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Benzyl alcohol, 5-3i 

  

The title compound was prepared following GP2. The reaction mixture was purified 

through filtration on a short silica gel column, washing with diethyl ether. 83% yield 

(benzaldehyde), 93% yield (methyl benzoate). 1H NMR (300.1 MHz, CDCl3) δ 2.52 (br s, 

1H), 4.66 (s, 2H), 7.28-7.40 (m, 5H). 13C{1H} NMR (75.5 MHz, CDCl3) δ 65.2, 127.1, 

127.7, 128.6, 140.9. Spectral data are in close agreement with previously reported 1H and 

13C{1H} NMR characterization data for the title compound.55  
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CHAPTER 6: Conclusion 

 As stated in Chapter 1 (Section 1.5), the overarching theme of this thesis was to 

investigate the ability of the N-phosphinoamidinate ligand class in supporting low-

coordinate, reactive complexes. In this regard, this work has demonstrated the successful 

application of this relatively new class of ligands in supporting such complexes, 

including species that display unusual bonding motifs, unprecedented reactivity, and 

exceptional catalytic activity. 

 Chapter 2 detailed the synthesis and characterization of the first isolable, formally 

16-electron Cp*Ru(κ2-P~N) species (2-2a and 2-2b) supported by N-phosphinoamidinate 

ligands. Species of this nature have been commonly invoked as key intermediates in a 

variety of catalytic transformations. Despite the stability of these complexes, they have 

been shown to readily coordinate two-electron (L) donors including carbon monoxide 

and 2,6-xylylisocyanide, affording crystallographically characterized C1-symmetric 18-

electron Cp*Ru(L)(κ2-P~N) adducts (2-3 and 2-4).  Perhaps the most notable result was 

the extrusion of hydrogen from ammonia borane in a bifunctional manner by 2-2a 

displaying the ability of the N-phosphinoamidinate ligand to play an active role in 

reactions via protonation of the ligand backbone. Encouragingly, this process was also 

found to be cleanly reversible which is of particular importance when considering 

applications of similar species in reactions such as transfer hydrogenation. Additional 

reactivity studies on 2-2a/2-2b showed that they were relatively inert toward a variety of 

reagents, or the reactivity was uncontrolled leading to multiple new complexes that could 



 
 

139 
 

not be easily separated and isolated. Potential avenues for future work regarding these 

complexes could include experimenting with different substitution patterns on the N-

phosphinoamidinate or varying the co-ligand (Cp*) to fine tune the electronic and steric 

properties of these complexes. 

 Chapter 3 detailed the synthesis and characterization of an unprecedented three-

coordinate 14-electron Pt(II) complex (3-1) featuring terminal amido ligation, which is 

the first of this type. The coordinative and electronic unsaturation of the 3-1 makes it an 

attractive precursor for future investigations of intermolecular substrate activation and 

functionalization. In this regard, 3-1 readily added E-H bonds across the Pt-amido 

linkage. Furthermore, it displayed a propensity for isonitrile insertion into the Pt-N bond. 

This is particularly interesting considering the notable reports of alkene insertion into Pd-

N bonds discussed in Section 3.1. Although preliminary studies toward alkene/alkyne 

insertion into the Pt-N bond of 3-1 were unsuccessful they can still be considered in their 

infancy. As mentioned above, very little variation of the N-phosphinoamidinate ligand 

motif has been fully explored in a systematic manner (ligand variant → transition metal 

complex → reactivity studies) and perhaps advances in this area could help to guide 

future synthetic design of such three-coordinate Pt(II) complexes. Again, another logical 

route to pursue in fine tuning these complexes for the desired reactivity is the variation of 

the amide co-ligand. It became evident that exposure to amides with easily accesible C-H 

bonds will result in metalation to form a four-coordinate species (Scheme 3-4, 3-4); 

however, the proposed three-coordinate Pt-N(aryl) precursor to the metalation product 

was observable by use of 31P NMR, suggesting that a species of this type could be 

isolable if substitution on the aryl ring was moved from the ortho to the meta or para 
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position to distance it from the metal center. Furthermore, considering the stability of 3-1 

even under prolonged periods of heating, the exploration of the three-coordinate Pt(II) 

motif should not be limited to platinum amido species. The work reported herein focused 

on platinum amido species as it was speculated donation from the nitrogen lone pair 

could be crucial in the stabilization of such species; perhaps the strongly donating, 

monoanionic N-phosphinoamidinate provides enough electron density to the metal center 

to stabilize other classes of three-coordinate Pt(II) complexes.  In this regard, it could be 

envisoned that a new series of complexes based on 3-1 could be synthesized and 

systematically studied. 

Chapter 4 describes the first stoichiometric dehydrogenative B-H/C(sp3)-H 

benzylic borylation reactions, which arise from the reactivity of the pre-formed (3-

benzyl)metal complex 4-1 with pinacolborane or catecholborane at room temperature. 

Notably, this reaction was not catalytic even when heated in toluene and an excess of the 

desired borane. In this regard, study of these key stoichiometric steps could help guide 

catalyst design to address the current challenges in borylation chemistry (mono vs 

polyborylation). Additionally, 4-6 represents a rare example of a platinum alkyl hydride 

species generated by the bifunctional abstraction of H2 from amine boranes and remains 

an interesting target for further studies considering the ability of these complexes to 

release H2 and reform 4-1. With the view that (3-benzyl)metal complexes can be seen as 

“masked” three-coordinate complexes, one could envision multiple reaction pathways for 

substrate binding and activation (see Scheme 4-1 and 4-2 for examples) and as stated in 

Section 4.1, the (3-benzyl)platinum motif remains remarkably underexplored. Further 

reactivity studies are required to ascertain the full utility of such species . 
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 Chapter 5 details the synthesis of the newly developed manganese pre-catalyst 5-1 

and the applications of this species in hydrosilative reduction of carbonyl compounds, 

including at room temperature, with the established scope (amides, ketones, aldehydes, 

and esters) exceeding that demonstrated previously by any other catalyst system under 

such mild conditions. Most notably, the reduction of tertiary amides to tertiary amines 

proceeds under conditions that are competitive with the most effective 3d transition metal 

catalysts known for such transformations, thereby establishing a new class of 

synthetically useful Mn-catalyzed transformations. However, the mechanism of action of 

5-1 in these hydrosilative reductions is unknown. Studies intended to evaluate the 

mechanism of such reactions could aid in directing the design of future pre-catalysts. One 

could envision multiple possible pathways that include but are not limited to: in situ 

formation of a (2-P,N)MnH species followed by CO insertion into the Mn-H bond, 

alternatively, an in situ manganese species behaves as a Lewis acid interacting with CO 

and thus making the carbon susceptible to hydride attack. 

In conclusion, the N-phosphinoamidinates have thus far proven to be highly 

modular ligands capable of supporting low-coordinate, electron rich, reactive complexes. 

This ligand motif has allowed access to stable complexes of ruthenium, platinum, 

palladium, nickel, manganese, iron, and cobalt. Many of the complexes presented have 

unique characteristics, unusual bonding motifs, and/or mediate unprecedented reactivity 

and in some cases represent a new class of complexes entirely. In this regard, these novel 

species can be viewed as templates for future innovation and continued exhaustive and 

thorough reactivity studies will continue to expand upon the utility of the complexes and 

chemistry detailed herein 
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APPENDIX A:  Crystallographic Experimental Details 

(κ2-P,N)Pt-NH(1-Ad) 3-1 

A.  Crystal Data 

formula C37H56N3PPt 

formula weight 768.90 

crystal dimensions (mm) 0.27  0.19  0.18 

crystal system triclinic 

space group P1̅ (No. 2) 

unit cell parametersa 

 a (Å) 9.7878 (4) 

 b (Å) 12.6667 (6) 

 c (Å) 14.4464 (7) 

  (deg) 83.7643 (5) 

  (deg) 86.5283 (6) 

  (deg) 83.8496 (6) 

 V (Å3) 1768.04 (14) 

 Z 2 

calcd (g cm-3) 1.444 

µ (mm-1) 4.042 

B.  Data Collection and Refinement Conditions 

diffractometer Bruker D8/APEX II CCDb 

radiation ( [Å]) graphite-monochromated Mo K (0.71073) 

temperature (°C) –100 
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scan type  scans (0.3) (20 s exposures) 

data collection 2 limit (deg) 54.98 

total data collected 15799 (-12  h  12, -16  k  16, -18  l  

18) 

independent reflections 8065 (Rint = 0.0105) 

number of observed reflections (NO) 7782 [Fo
2  2(Fo

2)] 

structure solution method intrinsic phasing (SHELXTc) 

refinement method full-matrix least-squares on F2 c 

absorption correction method Gaussian integration (face-indexed) 

range of transmission factors 0.6719–0.4336 

data/restraints/parameters 8065 / 0 / 393 

goodness-of-fit (S)d [all data] 1.115 

final R indicese 

 R1 [Fo
2  2(Fo

2)] 0.0179 

 wR2 [all data] 0.0540 

largest difference peak and hole 1.762 and –0.546 e Å-3 

aObtained from least-squares refinement of 9787 reflections with 5.04° < 2 < 54.96°. 

bPrograms for diffractometer operation, data collection, data reduction and absorption 

correction were those supplied by Bruker.   

cSheldrick, G. M.  Acta Crystallogr. 2008, A64, 112–122. 

dS = [w(Fo
2 – Fc

2)2/(n – p)]1/2 (n = number of data; p = number of parameters varied; w 
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= [2(Fo
2) + (0.0336P)2 + 1.0260P]-1 where P = [Max(Fo

2, 0) + 2Fc
2]/3). 

eR1 = ||Fo| – |Fc||/|Fo|; wR2 = [w(Fo
2 – Fc

2)2/w(Fo
4)]1/2. 
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[(κ2-P,N)PtCl]2  3-2 

Crystal Data 

formula C54H80Cl2N4P2Pt2 

formula weight 1308.24 

crystal dimensions (mm) 0.26  0.21  0.18 

crystal system monoclinic 

space group P21/n (an alternate setting of P21/c [No. 14]) 

unit cell parametersa 

 a (Å) 13.2827 (3) 

 b (Å) 14.2524 (4) 

 c (Å) 15.0859 (4) 

  (deg) 91.2451 (7) 

 V (Å3) 2855.24 (13) 

 Z 2 

calcd (g cm-3) 1.522 

µ (mm-1) 10.69 

B.  Data Collection and Refinement Conditions 

diffractometer Bruker D8/APEX II CCDb 

radiation ( [Å]) Cu K (1.54178) (microfocus source) 

temperature (°C) –100 

scan type  and  scans (1.0) (5 s exposures) 

data collection 2 limit (deg) 145.80 

total data collected 19460 (-16  h  16, -17  k  17, -18  l  18) 
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independent reflections 5681 (Rint = 0.0194) 

number of observed reflections (NO) 5664 [Fo
2  2(Fo

2)] 

structure solution method intrinsic phasing (SHELXT-2013c) 

refinement method full-matrix least-squares on F2 c  

absorption correction method Gaussian integration (face-indexed) 

range of transmission factors 0.3503–0.1667 

data/restraints/parameters 5681 / 0 / 289 

goodness-of-fit (S)d [all data] 1.199 

final R indicese 

 R1 [Fo
2  2(Fo

2)] 0.0165 

 wR2 [all data] 0.0407 

largest difference peak and hole 0.334 and –1.001 e Å-3 

aObtained from least-squares refinement of 9615 reflections with 6.66° < 2 < 144.52°. 

bPrograms for diffractometer operation, data collection, data reduction and absorption 

correction were those supplied by Bruker.       

cSheldrick, G. M.  Acta Crystallogr. 2008, A64, 112–122. 

dS = [w(Fo
2 – Fc

2)2/(n – p)]1/2 (n = number of data; p = number of parameters varied; w 

= [2(Fo
2) + (0.0136P)2 + 2.3882P]-1 where P = [Max(Fo

2, 0) + 2Fc
2]/3). 

eR1 = ||Fo| – |Fc||/|Fo|; wR2 = [w(Fo
2 – Fc

2)2/w(Fo
4)]1/2. 
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(κ2-P,N)Pt{C(N-2,6-xylyl)(=NAd)}(CN-2,6-xylyl) 3-5 

Crystal Data 

formula C59.75H85N5O0.25PPt 

formula weight 1103.38 

crystal dimensions (mm) 0.40  0.33  0.08 

crystal system monoclinic 

space group P21/c (No. 14) 

unit cell parametersa 

 a (Å) 31.2970 (10) 

 b (Å) 13.4510 (4) 

 c (Å) 27.5873 (9) 

  (deg) 94.2671 (14) 

 V (Å3) 11581.4 (6) 

 Z 8 

calcd (g cm-3) 1.266 

µ (mm-1) 5.087 

Data Collection and Refinement Conditions 

diffractometer Bruker D8/APEX II CCDb 

radiation ( [Å]) Cu K (1.54178) (microfocus source) 

temperature (°C) –100 

scan type  and  scans (1.0) (5 s exposures) 

data collection 2 limit (deg) 139.42 

total data collected 74907 (-38  h  37, -16  k  16, -33  l  33) 
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independent reflections 21770 (Rint = 0.0279) 

number of observed reflections (NO) 19513 [Fo
2  2(Fo

2)] 

structure solution method intrinsic phasing (SHELXT-2014c) 

refinement method full-matrix least-squares on F2 c 

absorption correction method Gaussian integration (face-indexed) 

range of transmission factors 0.7256–0.1431 

data/restraints/parameters 21770 / 21d / 1312 

goodness-of-fit (S)e [all data] 1.146 

final R indicesf 

 R1 [Fo
2  2(Fo

2)] 0.0344 

 wR2 [all data] 0.1039 

largest difference peak and hole 1.754 and –1.007 e Å-3 

aObtained from least-squares refinement of 9452 reflections with 7.32° < 2 < 138.06°. 

bPrograms for diffractometer operation, data collection, data reduction and absorption 

correction were those supplied by Bruker.         

cSheldrick, G. M.  Acta Crystallogr. 2008, A64, 112–122. 

dThe C–C and the C…C distances within the solvent pentane molecules were restrained 

to be 1.53(1) and 2.50(1) Å, respectively. 

eS = [w(Fo
2 – Fc

2)2/(n – p)]1/2 (n = number of data; p = number of parameters varied; w 

= [2(Fo
2) + (0.0407P)2 + 30.9619P]-1 where P = [Max(Fo

2, 0) + 2Fc
2]/3). 

fR1 = ||Fo| – |Fc||/|Fo|; wR2 = [w(Fo
2 – Fc

2)2/w(Fo
4)]1/2. 
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(κ2-P,N)Pt(O-2,6-xylyl)(NH2(1-Ad)) 3-6 

Crystal Data 

formula C50H78N3OPPt 

formula weight 963.21 

crystal dimensions (mm) 0.34  0.27  0.21 

crystal system monoclinic 

space group P21/n (an alternate setting of P21/c [No. 14]) 

unit cell parametersa 

 a (Å) 17.4203 (5) 

 b (Å) 14.5259 (5) 

 c (Å) 19.2195 (6) 

  (deg) 102.4193 (4) 

 V (Å3) 4749.6 (3) 

 Z 4 

calcd (g cm-3) 1.347 

µ (mm-1) 3.026 

Data Collection and Refinement Conditions 

diffractometer Bruker PLATFORM/APEX II CCDb 

radiation ( [Å]) graphite-monochromated Mo K (0.71073) 

temperature (°C) –80 

scan type  scans (0.3) (20 s exposures) 

data collection 2 limit (deg) 56.66 

total data collected 42538 (-22  h  22, -19  k  19, -24  l  25) 
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independent reflections 11659 (Rint = 0.0268) 

number of observed reflections (NO) 9807 [Fo
2  2(Fo

2)] 

structure solution method intrinsic phasing (SHELXT-2013c) 

refinement method full-matrix least-squares on F2 c 

absorption correction method Gaussian integration (face-indexed) 

range of transmission factors 0.5141–0.3429 

data/restraints/parameters 11659 / 4d / 541 

goodness-of-fit (S)e [all data] 1.065 

final R indicesf 

 R1 [Fo
2  2(Fo

2)] 0.0237 

 wR2 [all data] 0.0575 

largest difference peak and hole 2.331 and –0.910 e Å-3 

aObtained from least-squares refinement of 9846 reflections with 4.34° < 2 < 56.40°. 

bPrograms for diffractometer operation, data collection, data reduction and absorption 

correction were those supplied by Bruker.        

cSheldrick, G. M.  Acta Crystallogr. 2008, A64, 112–122. 

dThe C–C distances of the minor component of the disordered solvent pentane molecule 

were restrained to be 1.53(1) Å. 

eS = [w(Fo
2 – Fc

2)2/(n – p)]1/2 (n = number of data; p = number of parameters varied; w 

= [2(Fo
2) + (0.0282P)2 + 2.0295P]-1 where P = [Max(Fo

2, 0) + 2Fc
2]/3). 

fR1 = ||Fo| – |Fc||/|Fo|; wR2 = [w(Fo
2 – Fc

2)2/w(Fo
4)]1/2. 
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(κ2-P,N)Pt(CH2C≡CCy)(NH2Ad) 3-7 

Crystal Data 

formula C46H70N3PPt 

formula weight 891.11 

crystal dimensions (mm) 0.24  0.19  0.02 

crystal system monoclinic 

space group P21/c (No. 14) 

unit cell parametersa 

 a (Å) 16.0181 (3) 

 b (Å) 14.8697 (3) 

 c (Å) 18.6692 (3) 

  (deg) 106.8808 (11) 

 V (Å3) 4255.11 (14) 

 Z 4 

calcd (g cm-3) 1.391 

µ (mm-1) 6.766 

Data Collection and Refinement Conditions 

diffractometer Bruker D8/APEX II CCDb 

radiation ( [Å]) Cu K (1.54178) (microfocus source) 

temperature (°C) –100 

scan type  and  scans (1.0) (5 s exposures) 

data collection 2 limit (deg) 138.83 

total data collected 27297 (-19  h  19, -18  k  17, -22  l  22) 
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independent reflections 7941 (Rint = 0.0312) 

number of observed reflections (NO) 7075 [Fo
2  2(Fo

2)] 

structure solution method intrinsic phasing (SHELXT-2014c) 

refinement method full-matrix least-squares on F2 c 

absorption correction method Gaussian integration (face-indexed) 

range of transmission factors 0.8837–0.3487 

data/restraints/parameters 7941 / 0 / 478 

goodness-of-fit (S)d [all data] 1.096 

final R indicese 

 R1 [Fo
2  2(Fo

2)] 0.0280 

 wR2 [all data] 0.0704 

largest difference peak and hole 1.221 and –0.947 e Å-3 

aObtained from least-squares refinement of 9666 reflections with 5.76° < 2 < 137.28°. 

bPrograms for diffractometer operation, data collection, data reduction and absorption 

correction were those supplied by Bruker.   

cSheldrick, G. M.  Acta Crystallogr. 2008, A64, 112–122. 

dS = [w(Fo
2 – Fc

2)2/(n – p)]1/2 (n = number of data; p = number of parameters varied; w 

= [2(Fo
2) + (0.0272P)2 + 8.5025P]-1 where P = [Max(Fo

2, 0) + 2Fc
2]/3). 

eR1 = ||Fo| – |Fc||/|Fo|; wR2 = [w(Fo
2 – Fc

2)2/w(Fo
4)]1/2. 
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(κ2-P,N)Pt(η3-benzyl) 4-1 

Crystal Data 

formula C34H47N2PPt 

formula weight 709.79 

crystal dimensions (mm) 0.16  0.14  0.04 

crystal system triclinic 

space group P1̅ (No. 2) 

unit cell parametersa 

 a (Å) 11.0127 (4) 

 b (Å) 17.1890 (7) 

 c (Å) 17.9331 (7) 

  (deg) 102.2899 (5) 

  (deg) 98.3473 (5) 

  (deg) 101.9720 (5) 

 V (Å3) 3180.5 (2) 

 Z 4 

calcd (g cm-3) 1.482 

µ (mm-1) 4.486 

Data Collection and Refinement Conditions 

diffractometer Bruker D8/APEX II CCDb 

radiation ( [Å]) graphite-monochromated Mo K (0.71073) 

temperature (°C) –100 

scan type  and  scans (0.3) (20 s exposures) 
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data collection 2 limit (deg) 55.08 

total data collected 28996 (-14  h  14, -22  k  22, -23  l  23) 

independent reflections 14622 (Rint = 0.0250) 

number of observed reflections (NO) 11869 [Fo
2  2(Fo

2)] 

structure solution method intrinsic phasing (SHELXTc) 

refinement method full-matrix least-squares on F2 c 

absorption correction method Gaussian integration (face-indexed) 

range of transmission factors 0.9136–0.6276 

data/restraints/parameters 14622 / 0 / 697 

goodness-of-fit (S)d [all data] 1.019 

final R indicese 

 R1 [Fo
2  2(Fo

2)] 0.0251 

 wR2 [all data] 0.0543 

largest difference peak and hole 0.900 and –0.768 e Å-3 

aObtained from least-squares refinement of 9996 reflections with 4.62° < 2 < 47.58°. 

bPrograms for diffractometer operation, data collection, data reduction and absorption 

correction were those supplied by Bruker.    

cSheldrick, G. M.  Acta Crystallogr. 2008, A64, 112–122. 

dS = [w(Fo
2 – Fc

2)2/(n – p)]1/2 (n = number of data; p = number of parameters varied; w 

= [2(Fo
2) + (0.0237P)2 + 0.0385P]-1 where P = [Max(Fo

2, 0) + 2Fc
2]/3). 

eR1 = ||Fo| – |Fc||/|Fo|; wR2 = [w(Fo
2 – Fc

2)2/w(Fo
4)]1/2. 
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[(κ2-P,N)NiCl]2  4-2 

Crystal Data 

formula C54H80Cl2N4Ni2P2 

formula weight 1035.48 

crystal dimensions (mm) 0.27  0.27  0.16 

crystal system monoclinic 

space group P21/n (an alternate setting of P21/c [No. 14]) 

unit cell parametersa 

 a (Å) 12.8910 (6) 

 b (Å) 14.2430 (6) 

 c (Å) 15.3503 (7) 

  (deg) 92.1098 (6) 

 V (Å3) 2816.5 (2) 

 Z 2 

calcd (g cm-3) 1.221 

µ (mm-1) 0.857 

Data Collection and Refinement Conditions 

diffractometer Bruker PLATFORM/APEX II CCDb 

radiation ( [Å]) graphite-monochromated Mo K (0.71073) 

temperature (°C) –80 
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scan type  scans (0.3) (15 s exposures) 

data collection 2 limit (deg) 56.76 

total data collected 25992 (-17  h  17, -19  k  18, -20  l  19) 

independent reflections 6988 (Rint = 0.0328) 

number of observed reflections (NO) 5620 [Fo
2  2(Fo

2)] 

structure solution method Patterson/structure expansionc 

refinement method full-matrix least-squares on F2 d 

absorption correction method Gaussian integration (face-indexed) 

range of transmission factors 0.9505–0.8233 

data/restraints/parameters 6988 / 0 / 289 

goodness-of-fit (S)e [all data] 1.019 

final R indicesf 

 R1 [Fo
2  2(Fo

2)] 0.0321 

 wR2 [all data] 0.0832 

largest difference peak and hole 0.433 and –0.404 e Å-3 

aObtained from least-squares refinement of 7900 reflections with 4.96° < 2 < 46.84°. 

bPrograms for diffractometer operation, data collection, data reduction and absorption 

correction were those supplied by Bruker. 

cBeurskens, P. T.; Beurskens, G.; de Gelder, R.;  Smits, J. M. M.; Garcia-Granda, S.; 

Gould, R. O. (2008).  The DIRDIF-2008 program system. Crystallography 

Laboratory, Radboud University Nijmegen, The Netherlands. 

dSheldrick, G. M.  Acta Crystallogr. 2008, A64, 112–122. 
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eS = [w(Fo
2 – Fc

2)2/(n – p)]1/2 (n = number of data; p = number of parameters varied; w 

= [2(Fo
2) + (0.0377P)2 + 0.9805P]-1 where P = [Max(Fo

2, 0) + 2Fc
2]/3). 

fR1 = ||Fo| – |Fc||/|Fo|; wR2 = [w(Fo
2 – Fc

2)2/w(Fo
4)]1/2. 
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[(κ2-P,N)PdCl]2  4-3 

Crystal Data 

formula C54H80Cl2N4P2Pd2 

formula weight 1130.86 

crystal dimensions (mm) 0.42  0.34  0.30 

crystal system monoclinic 

space group P21/n (an alternate setting of P21/c [No. 14]) 

unit cell parametersa 

 a (Å) 13.2605 (7) 

 b (Å) 14.2224 (8) 

 c (Å) 15.1074 (8) 

  (deg) 91.6714 (7) 

 V (Å3) 2848.0 (3) 

 Z 2 

calcd (g cm-3) 1.319 

µ (mm-1) 0.818 

Data Collection and Refinement Conditions 

diffractometer Bruker D8/APEX II CCDb 

radiation ( [Å]) graphite-monochromated Mo K (0.71073) 

temperature (°C) –100 

scan type  scans (0.4) (10 s exposures) 

data collection 2 limit (deg) 56.57 

total data collected  26246 (-17  h  17, -18  k  18, -20  l  19) 
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independent reflections 6999 (Rint = 0.0149) 

number of observed reflections (NO) 6503 [Fo
2  2(Fo

2)] 

structure solution method intrinsic phasing (SHELXT-2013c) 

refinement method full-matrix least-squares on F2 c  

absorption correction method Gaussian integration (face-indexed) 

range of transmission factors 0.8781–0.7498 

data/restraints/parameters 6999 / 0 / 289 

goodness-of-fit (S)d [all data] 1.060 

final R indicese 

 R1 [Fo
2  2(Fo

2)] 0.0190 

 wR2 [all data] 0.0527 

largest difference peak and hole 0.375 and –0.384 e Å-3 

aObtained from least-squares refinement of 9890 reflections with 4.94° < 2 < 45.72°. 

bPrograms for diffractometer operation, data collection, data reduction and absorption 

correction were those supplied by Bruker. 

cSheldrick, G. M.  Acta Crystallogr. 2008, A64, 112–122. 

dS = [w(Fo
2 – Fc

2)2/(n – p)]1/2 (n = number of data; p = number of parameters varied; w 

= [2(Fo
2) + (0.0238P)2 + 1.0651P]-1 where P = [Max(Fo

2, 0) + 2Fc
2]/3). 

eR1 = ||Fo| – |Fc||/|Fo|; wR2 = [w(Fo
2 – Fc

2)2/w(Fo
4)]1/2. 
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(κ2-P,N)Ni(η3-benzyl) 4-4 

Crystal Data 

formula C36H52N2NiO0.5P 

formula weight 610.47 

crystal dimensions (mm) 0.36  0.13  0.13 

crystal system monoclinic 

space group P21/n (an alternate setting of P21/c [No. 14]) 

unit cell parametersa 

 a (Å) 12.1189 (2) 

 b (Å) 22.0610 (4) 

 c (Å) 13.0307 (2) 

  (deg) 101.7018 (9) 

 V (Å3) 3411.42 (10) 

 Z 4 

calcd (g cm-3) 1.189 

µ (mm-1) 1.455 

Data Collection and Refinement Conditions 

diffractometer Bruker D8/APEX II CCDb 

radiation ( [Å]) Cu K (1.54178) (microfocus source) 

temperature (°C) –100 

scan type  and  scans (1.0) (5 s exposures) 

data collection 2 limit (deg) 148.02 

total data collected 24156 (-15  h  14, -27  k  27, -16  l  16) 
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independent reflections 6750 (Rint = 0.0259) 

number of observed reflections (NO) 6322 [Fo
2  2(Fo

2)] 

structure solution method Patterson/structure expansionc 

refinement method full-matrix least-squares on F2 d 

absorption correction method Gaussian integration (face-indexed) 

range of transmission factors 0.9338–0.6694 

data/restraints/parameters 6750 / 0 / 375 

goodness-of-fit (S)e [all data] 1.037 

final R indicesf 

 R1 [Fo
2  2(Fo

2)] 0.0330 

 wR2 [all data] 0.0940 

largest difference peak and hole 0.402 and –0.384 e Å-3 

aObtained from least-squares refinement of 9417 reflections with 8.00° < 2 < 147.60°. 

bPrograms for diffractometer operation, data collection, data reduction and absorption 

correction were those supplied by Bruker.      

cBeurskens, P. T.; Beurskens, G.; de Gelder, R.;  Smits, J. M. M.; Garcia-Granda, S.; 

Gould, R. O. (2008).  The DIRDIF-2008 program system. Crystallography 

Laboratory, Radboud University Nijmegen, The Netherlands. 

dSheldrick, G. M.  Acta Crystallogr. 2015, C71, 3–8. 

eS = [w(Fo
2 – Fc

2)2/(n – p)]1/2 (n = number of data; p = number of parameters varied; w 

= [2(Fo
2) + (0.0530P)2 + 1.3378P]-1 where P = [Max(Fo

2, 0) + 2Fc
2]/3). 
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fR1 = ||Fo| – |Fc||/|Fo|; wR2 = [w(Fo
2 – Fc

2)2/w(Fo
4)]1/2. 
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(κ2-P,N)Pd(η3-benzyl) 4-5 

Crystal Data 

formula C37.5H51N2PPd 

formula weight 667.17 

crystal dimensions (mm) 0.26  0.21  0.14 

crystal system orthorhombic 

space group Aba2 (No. 41) 

unit cell parametersa 

 a (Å) 22.632 (3) 

 b (Å) 19.353 (3) 

 c (Å) 16.129 (2) 

 V (Å3) 7064.3 (16) 

 Z 8 

calcd (g cm-3) 1.255 

µ (mm-1) 0.597 

Data Collection and Refinement Conditions 

diffractometer Bruker PLATFORM/APEX II CCDb 

radiation ( [Å]) graphite-monochromated Mo K (0.71073) 

temperature (°C) –80 

scan type  scans (0.3) (15 s exposures) 

data collection 2 limit (deg) 56.68 

total data collected 33197 (-29  h  30, -25  k  25, -21  l  21) 

independent reflections 8795 (Rint = 0.0340) 
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number of observed reflections (NO) 8002 [Fo
2  2(Fo

2)] 

structure solution method intrinsic phasingc 

refinement method full-matrix least-squares on F2 d 

absorption correction method Gaussian integration (face-indexed) 

range of transmission factors 0.9748–0.8713 

data/restraints/parameters 8795 / 3e / 354 

Flack absolute structure parameterf -0.028(10) 

goodness-of-fit (S)g [all data] 1.049 

final R indicesh 

 R1 [Fo
2  2(Fo

2)] 0.0324 

 wR2 [all data] 0.0875 

largest difference peak and hole 0.748 and –0.532 e Å-3 

aObtained from least-squares refinement of 9908 reflections with 4.58° < 2 < 41.52°. 

bPrograms for diffractometer operation, data collection, data reduction and absorption 

correction were those supplied by Bruker.      

cSheldrick, G. M.  Acta Crystallogr. 2015, A71, 3–8. 

dSheldrick, G. M.  Acta Crystallogr. 2015, C71, 3–8. 

eDistances involving the methyl carbon of the disordered solvent toluene molecule were 

constrained during refinement: d(C1S–C7S) = 1.52(1) Å, d(C2S...C7S) = 

d(C6S...C7S) = 2.52(1) Å.  The carbon-atom positions for the toluene phenyl ring 

were refined as an idealized regular hexagon with a C–C bond distance of 1.390 Å. 

fFlack, H. D.  Acta Crystallogr. 1983, A39, 876–881;  Flack, H. D.; Bernardinelli, G.  
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Acta Crystallogr. 1999, A55, 908–915;  Flack, H. D.; Bernardinelli, G.  J. Appl. 

Cryst. 2000, 33, 1143–1148.  The Flack parameter will refine to a value near zero if 

the structure is in the correct configuration and will refine to a value near one for the 

inverted configuration. 

gS = [w(Fo
2 – Fc

2)2/(n – p)]1/2 (n = number of data; p = number of parameters varied; w 

= [2(Fo
2) + (0.0451P)2 + 5.9066P]-1 where P = [Max(Fo

2, 0) + 2Fc
2]/3). 

hR1 = ||Fo| – |Fc||/|Fo|; wR2 = [w(Fo
2 – Fc

2)2/w(Fo
4)]1/2. 
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(κ2-P,N-[H])PtH(η1-benzyl) 4-6 

Crystal Data 

formula C34H49N2PPt 

formula weight 711.81 

crystal dimensions (mm) 0.25  0.10  0.09 

crystal system monoclinic 

space group P21/n (an alternate setting of P21/c [No. 14]) 

unit cell parametersa 

 a (Å) 11.7126 (8) 

 b (Å) 18.3777 (12) 

 c (Å) 15.4901 (11) 

  (deg) 96.430 (2) 

 V (Å3) 3313.3 (4) 

 Z 4 

calcd (g cm-3) 1.427 

µ (mm-1) 8.537 

Data Collection and Refinement Conditions 

diffractometer Bruker D8/APEX II CCDb 

radiation ( [Å]) Cu K (1.54178) (microfocus source) 

temperature (°C) –100 

scan type  and  scans (1.0) (5 s exposures) 

data collection 2 limit (deg) 149.29 

total data collected 23128 (-14  h  14, -22  k  22, -18  l  16) 
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independent reflections 6557 (Rint = 0.0299) 

number of observed reflections (NO) 6228 [Fo
2  2(Fo

2)] 

structure solution method Patterson/structure expansionc 

refinement method full-matrix least-squares on F2 d 

absorption correction method Gaussian integration (face-indexed) 

range of transmission factors 0.5771–0.2746 

data/restraints/parameters 6557 / 0 / 349 

goodness-of-fit (S)e [all data] 1.098 

final R indicesf 

 R1 [Fo
2  2(Fo

2)] 0.0400 

 wR2 [all data] 0.1033 

largest difference peak and hole 1.791 and –2.541 e Å-3 

aObtained from least-squares refinement of 9105 reflections with 7.50° < 2 < 147.64°. 

bPrograms for diffractometer operation, data collection, data reduction and absorption 

correction were those supplied by Bruker.      

cBeurskens, P. T.; Beurskens, G.; de Gelder, R.;  Smits, J. M. M.; Garcia-Granda, S.; 

Gould, R. O. (2008).  The DIRDIF-2008 program system. Crystallography 

Laboratory, Radboud University Nijmegen, The Netherlands. 

dSheldrick, G. M.  Acta Crystallogr. 2015, C71, 3–8. 

eS = [w(Fo
2 – Fc

2)2/(n – p)]1/2 (n = number of data; p = number of parameters varied; w 

= [2(Fo
2) + (0.0421P)2 + 15.5387P]-1 where P = [Max(Fo

2, 0) + 2Fc
2]/3). 
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fR1 = ||Fo| – |Fc||/|Fo|; wR2 = [w(Fo
2 – Fc

2)2/w(Fo
4)]1/2. 
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(κ2-P,N)Pt(η3-PhCH(BPin)) 4-7 

Crystal Data 

formula C40H58BN2O2PPt 

formula weight 835.75 

crystal dimensions (mm) 0.38  0.25  0.21 

crystal system orthorhombic 

space group P212121 (No. 19) 

unit cell parametersa 

 a (Å) 12.2071 (5) 

 b (Å) 17.3230 (7) 

 c (Å) 18.4194 (8) 

 V (Å3) 3895.0 (3) 

 Z 4 

calcd (g cm-3) 1.425 

µ (mm-1) 3.678 

Data Collection and Refinement Conditions 

diffractometer Bruker PLATFORM/APEX II CCDb 

radiation ( [Å]) graphite-monochromated Mo K (0.71073) 

temperature (°C) –80 

scan type  scans (0.3) (15 s exposures) 

data collection 2 limit (deg) 56.68 

total data collected 34031 (-16  h  15, -23  k  23, -24  l  24) 
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independent reflections 9535 (Rint = 0.0282) 

number of observed reflections (NO) 9317 [Fo
2  2(Fo

2)] 

structure solution method intrinsic phasingc 

refinement method full-matrix least-squares on F2 c 

absorption correction method Gaussian integration (face-indexed) 

range of transmission factors 0.5717–0.3861 

data/restraints/parameters 9535 / 0 / 424 

Flack absolute structure parameterd 0.020(2) 

goodness-of-fit (S)e [all data] 1.023 

final R indicesf 

 R1 [Fo
2  2(Fo

2)] 0.0157 

 wR2 [all data] 0.0373 

largest difference peak and hole 0.570 and –0.690 e Å-3 

aObtained from least-squares refinement of 9953 reflections with 4.64° < 2 < 46.56°. 

bPrograms for diffractometer operation, data collection, data reduction and absorption 

correction were those supplied by Bruker.      

cSheldrick, G. M.  Acta Crystallogr. 2008, A64, 112–122. 

dFlack, H. D.  Acta Crystallogr. 1983, A39, 876–881;  Flack, H. D.; Bernardinelli, G.  

Acta Crystallogr. 1999, A55, 908–915;  Flack, H. D.; Bernardinelli, G.  J. Appl. 

Cryst. 2000, 33, 1143–1148.  The Flack parameter will refine to a value near zero if 

the structure is in the correct configuration and will refine to a value near one for the 

inverted configuration. 
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eS = [w(Fo
2 – Fc

2)2/(n – p)]1/2 (n = number of data; p = number of parameters varied; w 

= [2(Fo
2) + (0.0048P)2]-1 where P = [Max(Fo

2, 0) + 2Fc
2]/3). 

fR1 = ||Fo| – |Fc||/|Fo|; wR2 = [w(Fo
2 – Fc

2)2/w(Fo
4)]1/2. 
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(κ2-P,N)Pt(η3-PhCH(BCat)) 4-8 

Crystal Data 

formula C43.50H54BN2O2PP 

formula weight 873.75 

crystal dimensions (mm) 0.25  0.14  0.09 

crystal system triclinic 

space group P1̅ (No. 2) 

unit cell parametersa 

 a (Å) 11.0100 (3) 

 b (Å) 12.3474 (3) 

 c (Å) 16.6516 (4) 

  (deg) 98.5016 (6) 

  (deg) 90.2386 (8) 

  (deg) 115.9413 (5) 

 V (Å3) 2007.21 (9) 

 Z 2 

calcd (g cm-3) 1.446 

µ (mm-1) 7.196 

Data Collection and Refinement Conditions 

diffractometer Bruker D8/APEX II CCDb 

radiation ( [Å]) Cu K (1.54178) (microfocus source) 

temperature (°C) –100 
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scan type  and  scans (1.0) (5 s exposures) 

data collection 2 limit (deg) 147.96 

total data collected 14424 (-12  h  13, -15  k  15, -20  l  20) 

independent reflections 7819 (Rint = 0.0100) 

number of observed reflections (NO) 7793 [Fo
2  2(Fo

2)] 

structure solution method intrinsic phasingc 

refinement method full-matrix least-squares on F2 d 

absorption correction method Gaussian integration (face-indexed) 

range of transmission factors 0.6408–0.3630 

data/restraints/parameters 7819 / 0 / 476 

goodness-of-fit (S)e [all data] 1.096 

final R indicesf 

 R1 [Fo
2  2(Fo

2)] 0.0165 

 wR2 [all data] 0.0415 

largest difference peak and hole 1.167 and –0.602 e Å-3 

aObtained from least-squares refinement of 9631 reflections with 9.02° < 2 < 147.36°. 

bPrograms for diffractometer operation, data collection, data reduction and absorption 

correction were those supplied by Bruker.   

cSheldrick, G. M.  Acta Crystallogr. 2015, A71, 3–8.  (SHELXT-2014) 

dSheldrick, G. M.  Acta Crystallogr. 2015, C71, 3–8.  (SHELXL-2014) 

eS = [w(Fo
2 – Fc

2)2/(n – p)]1/2 (n = number of data; p = number of parameters varied; w 
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= [2(Fo
2) + (0.0172P)2 + 1.7455P]-1 where P = [Max(Fo

2, 0) + 2Fc
2]/3). 

fR1 = ||Fo| – |Fc||/|Fo|; wR2 = [w(Fo
2 – Fc

2)2/w(Fo
4)]1/2. 
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(2-P,N)Mn(N(SiMe3)2) 5-1 

Crystal Data 

formula C33H58MnN3PSi2 

formula weight 638.91 

crystal dimensions (mm) 0.36  0.33  0.28 

crystal system monoclinic 

space group P21/n (an alternate setting of P21/c [No. 14]) 

unit cell parametersa 

 a (Å) 17.7984 (5) 

 b (Å) 19.5744 (5) 

 c (Å) 22.7785 (6) 

  (deg) 107.4957 (16) 

 V (Å3) 7568.8 (4) 

 Z 8 

calcd (g cm-3) 1.121 

µ (mm-1) 4.011 

Data Collection and Refinement Conditions 

diffractometer Bruker D8/APEX II CCDb 

radiation ( [Å]) Cu K (1.54178) (microfocus source) 

temperature (°C) –100 

scan type  and  scans (1.0) (5 s exposures) 

data collection 2 limit (deg) 148.51 

total data collected 53766 (-22  h  21, -24  k  24, -28  l  28) 
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independent reflections 14977 (Rint = 0.0224) 

number of observed reflections (NO) 13917 [Fo
2  2(Fo

2)] 

structure solution method Patterson/structure expansion (DIRDIF–

2008c) 

refinement method full-matrix least-squares on F2 (SHELXL–

2014d) 

absorption correction method Gaussian integration (face-indexed) 

range of transmission factors 0.5437–0.3578 

data/restraints/parameters 14977 / 0 / 733 

goodness-of-fit (S)e [all data] 1.040 

final R indicesf 

 R1 [Fo
2  2(Fo

2)] 0.0314 

 wR2 [all data] 0.0863 

largest difference peak and hole 0.336 and –0.335 e Å-3 

aObtained from least-squares refinement of 9815 reflections with 5.56° < 2 < 147.88°. 

bPrograms for diffractometer operation, data collection, data reduction and absorption 

correction were those supplied by Bruker. 

cBeurskens, P. T.; Beurskens, G.; de Gelder, R.;  Smits, J. M. M.; Garcia-Granda, S.; 

Gould, R. O. (2008).  The DIRDIF-2008 program system. Crystallography 

Laboratory, Radboud University Nijmegen, The Netherlands. 

dSheldrick, G. M.  Acta Crystallogr. 2015, C71, 3–8. 
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eS = [w(Fo
2 – Fc

2)2/(n – p)]1/2 (n = number of data; p = number of parameters varied; w 

= [2(Fo
2) + (0.0456P)2 + 2.3650P]-1 where P = [Max(Fo

2, 0) + 2Fc
2]/3). 

fR1 = ||Fo| – |Fc||/|Fo|; wR2 = [w(Fo
2 – Fc

2)2/w(Fo
4)]1/2. 
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Appendix B – NMR Spectra of Organic Products 

1H NMR (300.1 MHz, CDCl3) 1-Benzylmorpholine, 5-2f  
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13C{1H} NMR (75.5 MHz, CDCl3) 1-Benzylmorpholine, 5-2f 
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1H NMR (300.1 MHz, CDCl3) N,N-Dibenzyl-1-(thiophen-2-yl)methanamine, 5-2g 
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13C{1H} NMR (75.5 MHz, CDCl3) N,N-Dibenzyl-1-(thiophen-2-yl)methanamine,  

5-2g 
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1H NMR (300.1 MHz, CDCl3) Tribenzylamine, 5-2h  
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13C{1H} NMR (75.5 MHz, CDCl3) Tribenzylamine, 5-2h 
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1H NMR (300.1 MHz, CDCl3) N,N-Dibenzyl-2,2-dimethylpropan-1-amine, 5-2k 
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13C{1H} NMR (75.5 MHz, CDCl3) N,N-Dibenzyl-2,2-dimethylpropan-1-amine, 5-2k 
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1H NMR (300.1 MHz, CDCl3) 1-Naphthyl ethanol, 5-3d 
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13C{1H} NMR (75.5 MHz, CDCl3) 1-Naphthyl ethanol, 5-3d 
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1H NMR (300.1 MHz, CDCl3) 4-Heptanol, 5-3h 
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13C{1H} NMR (75.5 MHz, CDCl3) 4-Heptanol,  5-3h 
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1H NMR (300.1 MHz, CDCl3) Benzyl Alcohol, 5-3i 
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13C{1H} NMR (75.5 MHz, CDCl3) Benzyl Alcohol, 5-3i 
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Appendix C: Copyright Agreements 
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