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Abstract 

 Chapter 1 presents the concept of chemical space and the current issues with lead identification 

due to the limits of traditional synthetic methods that support the screened small-molecule libraries. 

Important factors for biologically successful molecules are discussed, such as three-dimensional shape. 

An argument for the need for new synthetic methodologies to introduce more three-dimensional nature 

is presented, along with a solution that involves using alkene reactivity on aromatic molecules. The 

chapter concludes with a presentation of typical aromatic reactivity and the benefits of using aromatic 

molecules as starting materials in lieu of their stability and reluctance to undergo addition reactions. 

 Chapter 2 offers a solution to the stability challenge of aromatic molecules through the process 

of dearomatization. A discussion of the pros and cons of radical, photochemical, enzymatic, and transition 

metal-mediated dearomatization processes is included. 

 In Chapter 3, the exceptionally π-basic metal fragments {MoTp(NO)(DMAP)} and 

{WTp(NO)(PMe3)} (Tp = tris(pyrazolyl)-borate; DMAP = 4-(N,N-dimethylamino)pyridine) ability to form 

thermally stable η2-coordinated complexes with a variety of electron-deficient arenes is explored. The 

tolerance of substituted arenes with fluorine-containing electron-withdrawing groups (EWG; −F, −CF3, 

−SF5) is examined for tungsten systems. When the EWG contains a π bond (nitriles, aldehydes, ketones, 

ester), η2-coordination occurs predominantly on the nonaromatic functional group. However, 

complexation of the tungsten complex with trimethyl orthobenzoate (PhC(OMe)3) followed by hydrolysis 

allows access to an η2-coordinated arene with an ester substituent. In general, the tungsten system 

tolerates sulfur-based withdrawing groups well (e.g., PhSO2Ph, MeSO2Ph), and the integration of multiple 

electron-withdrawing groups on a benzene ring further enhances the π-backbonding interaction between 

the metal and aromatic ligand. A quick comparison to the study with the molybdenum system is included.  

 Chapter 4 presents the synthesis of sulfone functionalized trisubstituted cyclohexenes. These 

compounds are prepared from two sequential tandem protonation/nucleophilic additions to a phenyl 
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sulfone (PhSO2R; R = Me, Ph, NC4H8) dihapto-coordinated to the tungsten complex {WTp(NO)(PMe3)}. 

Such coordination renders the aryl ring susceptible to protonation at a carbon ortho to the sulfone group. 

The resulting arenium species readily reacts with the first nucleophile to form a dihapto-coordinated diene 

complex. The protonation/nucleophilic addition process can be repeated for the diene complex, rendering 

trisubstituted cyclohexenes. Nucleophiles employed include masked enolates, cyanide, and hydride, with 

all three additions occurring on the same face of the ring, anti to the metal. Structural assignments are 

supported with six crystal structures, DFT studies, and full 2D NMR analysis. 

 Chapter 5 examines an example of sulfone elimination upon exposure to silica. A novel process is 

described for the synthesis of cyclohexenes bearing up to three substituents. These compounds are 

prepared from three independent nucleophilic addition reactions to the phenyl sulfone systems 

presented in Chapter 4. In some instances, the protonation/nucleophilic addition process for the diene 

complex renders an allyl sulfone species. The allyl sulfone, in turn, can undergo a process in which a third 

nucleophile replaces the sulfone. Nucleophiles employed include masked enolates, cyanide, amines, and 

hydride, with all three additions occurring on the same face of the ring, anti to the metal. Of the nine 

novel functionalized cyclohexenes prepared as examples of this methodology, six compounds meet five 

independent criteria for evaluating drug likeliness. Structural assignments are supported with one crystal 

structure, DFT studies, and full 2D NMR analysis. 

 Chapter 6 focuses on the reactivity of η2-phenyl sulfones with amine nucleophiles. The successful 

addition of secondary and aromatic amines as first nucleophiles is shown. An intramolecular cyclization 

reaction is described using an acetal as the first nucleophile and a primary amine as the second to yield 

bicyclic lactam products.  Upon formation of the lactam, the sulfone eliminates, and a range of third 

nucleophilic additions are shown for the bicyclic system. 
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1.1 Introduction 

Over recent years, high-throughput screening of small molecule libraries has increased the 

efficiency of identifying promising pharmaceutical leads. This is due to the ability of high-throughput 

screening to rapidly conduct millions of tests to identify active compounds, genes, or antibodies that play 

a role in targeted biological processes. With the ability to test millions of compounds quickly, the number 

of pharmaceutical leads has increased, but the success rate of a lead becoming a drug has decreased to 

about 5%.1,2 A potential contributing factor to this low success rate is chemists focusing on maximizing the 

number of compounds in these small-molecule libraries versus focusing on making more topologically 

diverse molecules.3-5  

In order to maximize the number of molecules in medical chemistry libraries, chemists have 

shown the tendency to revert to traditional synthetic methods that produce relatively easy to access 

molecules.6 To emphasize this, none of the most commonly used synthetic methods were discovered 

within the last 20 years.6 Such methods include C-C coupling processes like the Suzuki-Miyaura, SnAr, and 

Heck reactions that yield substitution products and are good at introducing functional groups but create 

complexes that are predominantly “flat” and lack stereocenters.6,7 Overutilization of these methods leads 

to a lack of structural diversity in small-molecule libraries.5 This limits the chemical space that can be 

explored, which inhibits the efficiency of the high throughput screening process.  

The previously mentioned methodology is in direct contrast with recent pushes to explore 

biologically active natural products that are more structurally complex. One of the key features of natural 

products is the number of stereocenters that they contain. Lovering et al. showed that the incorporation 

of chiral centers and a high fraction of sp3 carbons in a molecule significantly correlates to a compound 

successfully being developed into a drug.2,7-9  The more three-dimensional nature that chiral centers and 

sp3 carbons give to a molecule is believed to aid in specificity in favorable receptor-ligand 

interactions.2,3,9,10 Thus, the limitations of current small molecule libraries can be overcome with a new 
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synthetic approach that focuses on diversity-oriented synthesis to produce a more diverse range of 

complexes containing the three-dimensional features of successful natural products.7,8,11-14 This more 

diverse synthetic approach allows for the exploration of new chemical space, increases the diversity of 

compound libraries, and increases the efficacy in SAR studies.2,14 In order to accomplish this, new synthetic 

methodologies will need to be developed in order to access novel structures and aid in the demand for 

innovative synthetic tools for medicinal chemistry.4,6,15  

With the desire to form complexes with stereocenters and 3-dimensional nature, new strategies 

need to be developed. One strategy is to utilize the reactivity of alkenes. Alkene chemistry has been 

comprehensively studied to the point that their reactivity is commonly taught in introductory organic 

chemistry courses. Reactions like epoxidations, halogenations, and hydrogenations that transform two 

sp2 carbons into two sp3 carbons are well researched and commonly used (Scheme 1.1). The question then 

becomes how to utilize these reactions to help add stereocenters to more complex systems. 

 
Scheme 1.1: Sampling of olefin reactivity 

A common group of molecules that contain multiple alkene bonds is aromatic molecules. If we 

utilize a common aromatic molecule like benzene as an example, we can see that it is a six-member carbon 

ring with three alternating double bonds. If these double bonds could be functionalized through known 

reactions, then we can rapidly form alicyclic complexes. For example, if this could be done, benzene could 
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go from containing six sp2 carbons to being made up of six sp3 carbons efficiently (Figure 1.1). However, 

aromatics have an inherent stability that inhibits their ability to undergo addition reactions under most 

conditions.  

 
Figure 1.1: Functionalization of benzene 

 

1.2 Aromaticity  

Aromatic compounds are defined through Hückel’s rule, which states that a planar ring molecule 

is aromatic when it has a cyclic array of π electrons equal to 4n + 1 (n = 0, 1, 2, …).16 This cyclic array of π 

electrons gives rise to multiple resonance structures in an aromatic molecule which aids in its stabilization. 

Benzene has a delocalized π electron structure, so instead of three localized double bonds, the electron 

density is spread equally between all six carbons. Evidence of this can be seen through benzene’s bond 

lengths. The bond length for each carbon-carbon bond in benzene is 1.39 Å, which is longer than the 

expected carbon-carbon double bond (1.34 Å) and shorter than a carbon-carbon single bond (1.47 Å).16  

Another demonstration of aromatic stability comes from ΔHHydrogenation comparisons between 

cyclohexene, 1,3-cyclohexadiene, and benzene. Experimental hydrogenation of cyclohexene was shown 

to release 28.6 kcal/mol. If a second double bond is added to form 1,3-cyclohexadiene, we would expect 

hydrogenation to release 57.2 kcal/mol in energy. If a third double bond is added to form cyclohexatriene, 

one could expect a release of 85.8 kcal/mol in energy upon hydrogenation. However, these hypothetical 

values do not match with experimental findings. Hydrogenation of 1,3-cyclohexadiene is 2 kcal/mol less 

than the hypothetical amount, while benzene releases a remarkable 36 kcal/mol less than the 

hypothetical value. The energy difference is attributed to aromatic stabilization and can be seen through 

all aromatic compounds.17 
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Figure 1.2: Resonance stabilization of benzene 

 

1.3 Classical Aromatic Reactivity  

 The stability that a compound gains by being aromatic heavily influences its reactivity. Instead of 

forming sp3 carbons from sp2 carbons through functionalization like in traditional alkene chemistry, 

traditional aromatic reactivity favors substitution reactions where sp2 carbons remain sp2 carbons. This is 

due to the stability incentive to restore aromaticity after functionalization. Typical substitution reactions 

include Friedel-Crafts acylation and alkylation, halogenation, nitration, and sulfonylation. Another family 

of useful reactions for the functionalization of aromatic complexes is palladium-catalyzed cross-coupling 

reactions. These coupling reactions include the Suzuki, Heck, Negishi, and Sonogashira reactions that form 

carbon-carbon bonds and the Buchwald-Hartwig amination that forms a carbon-nitrogen bond.18,19 While 

these substitution and coupling reactions are great tools to introduce functionality, none lead to the 

formation of sp3 carbons, and the compounds retain their aromaticity. 

 
Scheme 1.2: Examples of electrophilic aromatic substitution and coupling reactions 
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1.4 Aromatics as Starting Materials 

 With the issues of stability and limitations in traditional reactivity, the question of why aromatics 

should still be utilized as potential starting materials for the synthesis of molecules with more complex 

three-dimensional structures needs to be addressed. To begin this argument, aromatics are readily 

available in nature and come at a low cost. Benzene is a component of crude oil, phenolic moieties are 

commonly found in naturally occurring steroids, and fused benzenes like naphthalene are components of 

crude oil and wood tars. Aromatics can also have built-in biologically relevant atoms and functional 

groups. Such atoms include oxygen, nitrogen, sulfur, and fluorine, while functional groups can include 

fluoride, trifluoromethyl, sulfonyl, or sulfonamide groups. The ability to start with a built-in biologically 

active site and build complexity around it would allow for an alternative to “late-stage” 

functionalization.20,21 

 As stated before, aromatics are attractive targets for functionalization with their many sites of 

unsaturation. Generalized strategies to overcome the stability of aromatics that would allow for 

functionalization through addition reactions can be widely classified as “dearomatization.” 

Dearomatization would allow for the formation of multiple sp3 carbons in a regio- and stereoselective 

manner. This would ideally lead to new cyclic products with limited rotatable bonds, increased saturation 

(fraction of sp3 carbons), and new stereocenters. All these characteristics have been correlated with an 

increased chance of success in pharmaceutical trials when compared to more “flat” or two-dimensional 

molecules.2,7,8   

 Aromatics have the potential to be functionalized into more topologically diverse complexes that 

would add diversity to small-molecule libraries. However, the inherent stability of these aromatic 

molecules will need to be overcome to access addition reactions versus the more typical substitution 

reactions. A broad range of dearomatization processes has been explored, which give access to alicyclic 

compounds. These methods will be further explored in chapter 2.  
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Chapter 2 

 

Introduction: Dearomatization of Aromatic Molecules 
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2.1 Introduction 

In the previous chapter, we discussed the need for new synthetic methodologies that can produce 

more diverse molecules. One overarching methodology would be to utilize known alkene reactivity and 

apply it to aromatic complexes. However, due to the stability of aromatic compounds, this can be difficult. 

Fortunately, a broad range of dearomatization methods has been explored, which break the stability 

afforded to a molecule by being aromatic and allows access to alicyclic systems. Dearomatization methods 

include radical, photochemical, enzymatic, and transition metal-mediated dearomatization. 

 

2.2 Radical Dearomatization 

The Birch reduction is an effective process to convert benzenes into dienes.1 The aromatic stability 

of benzene is overcome to yield a 1,4-cyclohexadiene product by treating benzene with either sodium or 

lithium dissolved in liquid ammonia followed by a protic solvent like methanol or isopropanol (Scheme 

2.1). Due to the harsh conditions of the classic Birch reduction found over 70 years ago, researchers are 

still finding modifications to the process.2,3 A recent example allows the replacement of sodium dissolved 

in liquid ammonia with sodium dissolved in various crown ethers in anhydrous THF.4 This process yields 

electride salts, which promote the reduction without the need for lithium or liquid ammonia. However, 

due to the use of strong reducing agents, functional group tolerance is limited. Even in the cases where 

substituted benzenes are tolerated, no new stereocenters are formed. 

The Stannane-mediated addition utilizes a radical process to add aryl iodides to benzene using 

catalytic benzeneselenol. This method also produces 1,4-cyclohexadienes; however, they can then 

undergo an intramolecular cyclization with ortho-substituted aryl rings (Scheme 2.1). This process was 

utilized to synthesize phenanthridinone derivatives, one of which is a key intermediate in Danishefsky’s 

synthesis of (±)-pancratistatin.5  
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Scheme 2.1: Radical dearomatization of benzene 

 

2.3 Photochemical Cycloaddition Dearomatization 

Benzene rings should be primed to undergo a thermal [4+2] cycloaddition, but few examples have 

been shown due to aromatic stability. Activated dienes and elevated temperatures are required for this 

type of addition to occur with benzene.6 More success has been seen with the use of ultraviolet light; 

however, the high energy required to push the transformation forward can lead to degradation of the 

organic product.7-9 Recently, the Sarlah group at the University of Illinois at Urbana-Champaign has 

demonstrated the ability to conduct [4+2] cycloadditions with a class of arenophiles activated by visible 

light.10-13 This process was utilized to synthesize (+)-pancratistatin through a dearomative photoaddition 

to benzene.12 Activation of 4-phenyl-1,2,4-triazoline-3,5-dione (MTAD) with visible light results in a high 

energy species whose SOMO can add to the LUMO group orbitals of the benzene (Scheme 2.2). This results 

in a bicyclic 1,4-cyclohexadiene. Coordination of the resulting cycloadduct to a Ni-catalyst with chiral 

bidentate ligands generates a catalytic and enantioselective trans-carboamination. The resulting 

desymmetrized diene was taken onto (+)-pancratistatin in 5 steps with an er of 98:2.12  

 
Scheme 2.2: Photochemical dearomatization of benzene 
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2.4 Enzymatic Dearomatization 

Enzymes like Pseudomonas putida have been used as dearomatization agents to yield chiral diol 

dienes.14-17 Specifically, utilization of Pseudomonas putida by Hudlicky and coworkers has led to the 

synthesis of the natural products (+)-lycoricidine, (+)-kifunensine (19), and L-threosphingosine (Scheme 

2.3 top).18,19 Myers et al. demonstrated that they could synthesize 6-deoxytetracycline antibiotics from 

benzoic acid using the bacterial dioxygenase Alcaligenes eutrophus (Scheme 2.3 bottom).16  

 
Scheme 2.3: Enzymatic dearomatization of benzene 

 

2.5 Transition Metal-Mediated Dearomatization 

The next and last type of dearomatization that will be discussed is transition metal-mediated 

dearomatization. This widely researched field has shown that aromatic reactivity can be heavily influenced 

through coordination to a transition metal.20,21 There are two families of transition metals that coordinate 

to aromatic molecules: electron-deficient metals and electron-rich metals. Electron-deficient metal 

systems like {Cr(CO)3} activate aromatic molecules to nucleophilic addition through hexahapto-

coordination (η6) (Figure 2.1 left).21 Electron-rich metal systems like {Os(NH3)5}2+  activate aromatics to 

electrophilic addition at an uncoordinated carbon through dihapto coordination (η2) (Figure 2.1 right).21-

23  
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Figure 2.1: Electron-rich and electron-deficient transition metal dearomatization 

 

2.6 Effects of Electron-Deficient Metal Complexes on Aromatic Reactivity  

 {Cr(CO)3}, {Mo(CO)3}, {Mn(CO)3}+, {Mn(CO)2(NO)}2+, and {FeCp}+ are commonly used electron-

deficient transition metal complexes.20,21,24-26 These complexes are often coordinated to strong π-acceptor 

ligands such as carbonyl or nitrosyl ligands and are cationic. These properties cause the metal to be 

exceptionally electron-deficient, allowing for η6-coordination to the arene where donation of electron 

density from the aromatic’s π-cloud to the electron-deficient metal center stabilizes the complex.  

 The η6-coordination of an aromatic molecule to the electron-deficient metal activates the 

aromatic molecule to nucleophilic addition. Arenes coordinated to {Cr(CO)3} have been shown to undergo 

additions with a range of nucleophiles, but many give access to substituted arenes due to the restoration 

of aromaticity upon isolation of the product.27,28 Dearomatization and the formation of alicyclic products 

can also be achieved through the use of a strong nucleophile like an organolithium or Grignard reagent 

followed by an electrophile (Scheme 2.4).29 The nucleophile adds anti to the metal center to form an 

anionic chromium-supported cyclohexadienyl species. This anionic species can then react with acid to 

generate a 1,3-cyclohexadiene product with a new stereocenter.20,29 Alternatively, when a carbon 

electrophile is used, the addition occurs syn to the metal due to the electrophile initial attacking the metal 

center and being delivered endo to the cyclohexadienyl ligand (Scheme 2.4).20,29 During this process, the 
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electrophile can insert into the carbonyl, which leads to the trans addition of a ketone across one of the 

double bonds. 

 
Scheme 2.4: {Cr(CO)3} dearomatization of benzene 

 {Mn(CO)3}+ is a cationic metal fragment that is more electrophilic compared to the neutral 

chromium complex. The increased π acidity of the manganese system allows for a larger range of initial 

nucleophiles such as Grignard reagents, ketone enolates, malonates, and hydrides. Due to the complex 

resulting from the nucleophilic addition being neutral, a subsequent electrophile cannot be added. This 

leads to rearomatization upon decomplexation from the metal. However, a second nucleophile can be 

added to yield either cis or trans-1,3-cyclohexadienes (Scheme 2.5).20,21  

 Cis-1,3-cyclohexadienes result from the use of a very reactive second nucleophile where the 

nucleophile adds anti to the metal system. They can also result from a substitution of a CO ligand on the 

metal complex with a NO+ ligand followed by a nucleophile (Scheme 2.5). The initial ligand substitution 

results in the formation of a cationic species, which can be treated with a broader range of nucleophiles 

such as phosphorous and nitrogen nucleophiles, hydrides, enolates, Grignards, and organolithium 

reagents. In the cases of phenyl and methyl organolithium reagents, nucleophilic attack can occur at one 

of the two remaining CO ligands. Insertion of the resulting acyl group into the cyclohexadienyl ligand yields 

trans 1,3-cyclohexadiene products (Scheme 2.5).20,21  
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Scheme 2.5: {Mn(CO)3}+ dearomatization of benzene 

 

 While the activation of aromatic molecules towards nucleophilic addition can be a powerful tool 

in accessing dearomatized products, there are limitations to this process. One is the use of strong and/or 

harsh nucleophiles. Another is that the metal fragment only influences the functionalization of a single 

alkene bond and only yields 1,3-cyclohexadienes. Lastly, to access enantioenriched products, chiral 

auxiliaries are necessary.20,21,30 

 

2.7 Effects of Electron-Rich Metal Complexes on Aromatic Reactivity  

 The second family of transition metal dearomatization agents exploits π-basic d6 18e- metal 

fragments. This family of electron-rich metal fragments coordinates to an aromatic molecule through only 

two carbons (η2).21-23 This coordination is possible through the phenomenon of π-backdonation. π-

backdonation occurs in this type of system when the metal uses a filled dπ-orbital to donate into a 

symmetry-appropriate anti-bonding orbital of the aromatic ligand (Figure 2.2). Through this process, the 

electron-rich metal fragment can dearomatize the arene upon coordination. This differs from the η6-

coordinated system where a nucleophilic addition must occur for the arene to be dearomatized. Support 

for the dearomatization of benzene occurring upon coordination can be seen in crystal structure data. The 

bond that the metal fragment is bound to is significantly lengthened compared to free benzene (1.46 vs. 

1.40 A), and the unbound alkenes shorten in length.31 This leads to the previously aromatic structure 

resembling a diene (Figure 2.2). The donating of electron density from the metal into the disrupted π-
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system of an arene activates the arene towards electrophilic additions that can be followed up with 

various nucleophiles. 

 
Figure 2.2: π-backbonding from metal to aromatic ligand 

 This coordination chemistry was originally seen with the pentaamineosmium(II) system.32 It was 

found that reducing (NH3)5Os(OTf)3 in the presence of benzene made the resulting osmium(II) species 

electron-rich enough to engage the benzene in an η2-coordination mode. Further investigation saw that 

the Os(II) fragment could coordinate aniline, anisole, phenol, naphthalene, and pyrroles.33-37 Once 

coordinated to the Os(II) fragment, benzene was able to undergo electrophilic addition with a range of 

carbon electrophiles, including Michael acceptors and acetals.38 A nucleophilic addition to the newly 

formed allyl species could occur with masked enolates and alkyl lithium compounds to yield 1,4-

cyclohexadiene species (Scheme 2.6). In this case, both the electrophile and nucleophile add to the face 

of the aromatic anti to the metal.  

 
Scheme 2.6: Os(II) promoted dearomatization of benzene 

Despite the ability to activate arenes, an alternative was needed to the Os(II) fragment due to the 

substantial cost, toxicity, and achiral nature of the system. This led to an investigation where the metal’s 

d5/d6 reduction potential was identified as a key factor in developing suitable alternatives. It was found 

that a reduction potential of approximately 0.00 V (NHE) is required to coordinate aromatics in a dihapto 

fashion (Figure 2.3).22,39,40 Further work resulted in the development of the π-basic fragment 

{ReTp(MeIm)(CO)}.31,41 This fragment is a stronger π-base than the Os(II) system and establishes chirality. 
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A notable feature of the Re(I) fragment is the use of the trispyrazolylborate (Tp) ligand developed by 

Trofimenko.42 The tridentate scorpionate ligand fortifies the octahedral geometry of the metal complex 

through suppression of a seven-coordinate system that would result from an oxidative addition.  

 
Figure 2.3: Metal and ligand comparison to allow for desired reduction potential of 0.00 V (NHE) 

The Re(I) fragment could coordinate a similar range of aromatics compared to the Os(II) fragment 

while also coordinating pyridine derivatives.22,23 Dearomatization of benzene with the Re(I) fragment 

allows for a Diels-Alder reaction with NMM giving a bicylco[2.2.2]octene core.41 The Re(I) dearomatization 

agent also allows for a tandem electrophilic/nucleophilic addition similar to that of the Os(II) system 

yielding cis-disubstituted 1,4-cyclohexadiene products.43 Yields for the organic transformation allowed by 

the Re(I) system were high compared to the Os(II) system.  

 Issues in preparation and scalability of the {ReTp(MeIm)(CO)} led to the development of 

dearomatization agents based off of Group 6 metals in the forms of {TpW(NO)(PMe3)} and 

{TpMo(NO)(DMAP)} fragments (Figure 2.4). Akin to the development of the Re(I) system, the ligands of 

Group 6 dearomatization fragments were chosen to match the electrochemical parameters needed for 

dihapto coordination to an aromatic molecule resulting in the use of a NO ligand versus the previously 

used CO.22,23 The W(0) fragment is the most π-basic of the four dearomatization agents developed in the 

Harman lab. This has led to the coordination of a wide range of aromatics, including benzene, arenes, 

heterocycles, and polycyclic aromatic hydrocarbons.22,23,44,45 The Mo(0) fragment is a significantly weaker 

π-base compared to the W(0) fragment. This has led to a limited range of aromatics that can bind to the 
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Mo(0) fragment to yield stable complexes. Recent efforts, however, have led to the isolation of 

TpMo(NO)(DMAP)(η2-benzene) and TpMo(NO)(DMAP)(η2-PhCF3).46  

 
Figure 2.4: Group 6 dearomatization agents 

 

2.8 Chemistry of Electron-Deficient Arenes Coordinated to Electron-Rich Metal Complexes 

 Although the reactivity of the benzene system and electron-rich aromatics has been thoroughly 

explored (Scheme 2.7),36,37,47-52 the ability of the tungsten and molybdenum systems to promote reactivity 

on electron-deficient benzenes is relatively unexplored. Of note, η2-arene complexes are exceedingly rare. 

Before the trifluorotoluene complexes of the tungsten and molybdenum systems,53,54 the only other 

examples of thermally stable η2-benzene with an electron-withdrawing group are 

pentaammineosmium(II) complexes of trifluorotoluene, benzophenone, and pivalophenone.55 

 
Scheme 2.7: Reactivity of electron-rich aromatics upon η2-coordination to a π-basic metal fragment 

 
More recent work from the Harman lab has demonstrated that when α,α,α-trifluorotoluene is 

bound to {WTp(NO)(PMe3)} in a dihapto fashion,  the electron-withdrawing CF3 group polarizes the arene 

in such a way that protonation occurs selectively at an ortho carbon.56 Nucleophiles are then selectively 
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directed to the adjacent carbon of the corresponding η2-arenium complex anti to the face of the arene 

bound to the metal. The resulting diene is electronically complementary to η2-diene complexes prepared 

from electron-rich arenes and can be elaborated further into novel trisubstituted cyclohexenes (Scheme 

2.8).56  

 
Scheme 2.8: Reactivity of TpW(NO)(PMe3)(η2-PhCF3) 

 
The expansion of electron-deficient benzenes that can be coordinated to the {WTp(NO)(PMe3)} 

fragment and the subsequent organic manipulations to these complexes will be the focus of this 

dissertation. An investigation of what electron-deficient arenes can bind in a dihapto fashion to the metal 

fragment {TpW(NO)(PMe3)} is presented in Chapter 3. Consecutive tandem electrophilic/nucleophilic 

additions to a family of phenyl sulfones to yield trisubstituted cyclohexenes in a similar pattern to the 

WTp(NO)(PMe3)(η2-TFT) will be the focus of Chapter 4. Sulfones have been demonstrated as leaving 

groups for nucleophilic substitution and elimination reactions.57-64 Chapter 5 investigates the replacement 

of the sulfone functional groups to expand the diversity of anticipated trisubstituted cyclohexene 

products. Finally, Chapter 6 describes the phenyl sulfone family’s ability to tolerate the addition of amines 

and bicyclic complexes resulting from lactam formation after the amine addition.  
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3.1 Introduction 

The binding of aromatic molecules to a transition metal can enable a wide array of chemical 

transformations, often inaccessible by other means. Over the past several decades, the Harman lab has 

endeavored to explore how transition-metal complexes can activate aromatic molecules toward novel 

organic transformations through their coordination to just two carbons (η2).1-3 Studies concerning the η2-

coordination of substituted benzenes to a transition metal have focused on anisoles,4-6 phenols,7-9 

anilines,7,10,11 and other arenes bearing a single π-donor group. In these systems, the metal and 

heteroatom substituent act together to render the arene susceptible to protonation and electrophilic 

addition (Scheme 3.1). However, the organic chemistry derived from the dihapto-coordinated of electron-

deficient arenes to a transition metal is largely underexplored. 

Until recently, it was thought that although arenes with electron-withdrawing groups (EWGs) are 

better π-acids, they would be inferior as η2-aromatic substrates for organic reactions since this type of 

substituent and the electron-donating metal are at cross-purposes. Despite the opposing electronic 

effects, we recently showed that when bound to {WTp(NO)(PMe3)}, α,α,α-trifluorotoluene was capable 

of being protonated by strong acid.12 The electron-withdrawing -CF3 group polarizes the arene so that 

protonation occurs selectively at an ortho carbon. Nucleophiles are then selectively directed to the 

adjacent carbon of the corresponding η2-arenium complex. The resulting diene is electronically 

complementary to η2-diene complexes prepared from electron-rich arenes and can be elaborated further 

into novel trisubstituted cyclohexenes (Scheme 3.1).12 

Of note, η2-arene complexes are exceedingly rare, owing to the loss of aromatic stability upon 

coordination. Besides the trifluorotoluene complexes of the tungsten and molybdenum systems,12,13 the 

only other examples of thermally stable η2-benzene with an electron-withdrawing group are 

pentaammineosmium(II) complexes of trifluorotoluene, benzophenone, and pivalophenone.14 The 

potential for organic transformations of η2-arenes with electron-withdrawing substituents has prompted 
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us to evaluate the scope and binding selectivity of arenes that can be coordinated by the 

{WTp(NO)(PMe3)} and {MoTp(NO)(DMAP)} systems, particularly where the substituent is relevant to 

pharmaceutical design (e.g., nitriles,15 esters,16 sulfones,17 fluorines18). This chapter will focus on the 

tungsten system {WTp(NO)(PMe3)} with a few comparisons to the molybdenum system 

{MoTp(NO)(DMAP)}. 

 
Scheme 3.1: Incorporation of functional groups into cyclohexenes via an η2-benzene complex precursor 

 

3.2 Studies of Electron-Withdrawing Groups on Benzenes and Tungsten Fragments 

 Various benzenes bearing a single electron-withdrawing group (Z) were surveyed for their 

potential coordination to either {MoTp(DMAP)(NO)} or {WTp(PMe3)(NO)} fragments. The complexes 

WTp(PMe3)(NO)(benzene) (1) and MoTp(DMAP)(NO)(TFT) serve as synthons to these fragments.13,19 In 

many cases, the EWG itself often proved to be a superior position for coordination. DFT calculations (M06; 
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hybrid LANL2DZ, 6-31G(d,p) basis set; in vacuum) done by Jacob Smith and Karl Westendorff support this 

notion (Table 3.1). For benzaldehyde, benzonitrile, methyl benzoate, and even the bulky ketone 2,2-

dimethylpropiophenone, calculations indicate that binding at the substituent is heavily favored over 

coordination in the arene. Thus, formation of a purported ring-bound complex for these arenes relies 

on the kinetic trapping of such an isomer. 

 
Table 3.1: DFT calculations of relative binding energies for electron-deficient benzenes (Gibbs free energy; 

kcal/mol) 



29 

 

For example, benzonitrile appears to form a complex with {MoTp(NO)(DMAP)} in which only the 

nitrile is coordinated.20,21 Yet, when benzonitrile was allowed to react with the more substitution-inert 

tungsten precursor, at least seven tungsten complexes were present in the crude reaction mixture, 

judging from 31P NMR data. Of these, the major species (−9.39 ppm, n2-nitrile) has a chemical shift and 

183W−31P coupling constant (313 Hz) outside the ranges expected for a κ-N species or an η2-arene.22 This 

species is tentatively ascribed to a C,N-η2-nitrile complex.21 The two most downfield (−9.39, −13.05 ppm) 

signals, accounting for roughly 60% of the reaction mixture, are absent after silica chromatography. 

After elution through a silica column, an analytically pure sample of five dihapto-coordinate 

isomers in the form of WTp(NO)(PMe3)(PhCN) (2A-E) were recovered (27% yield, Scheme 3.2). All five 

isomers feature the tungsten bound to two of the aromatic carbons. Of these five species, the two major 

species show resonances consistent with η2-arene formation where the metal is bound to the 3,4-carbons. 

The major isomer shows five ring resonances at 7.74, 6.88, 5.67, 4.00, and 2.14 ppm, which favorably 

compare with the known complex WTp(NO)(PMe3)(η2-3,4-PhCF3) (cf., 7.50, 6.87, 6.03, 3.95, and 2.30 

ppm).23,24 Two of the minor isomers were found to be bound by the tungsten through the 2,3-carbons. 

The fifth and final isomer is observed to be a rare example of where the tungsten is bound in a dihapto-

fashion to the 1,2-carbons, where the -CN group is located on the carbon distal to the phosphine ligand 

and is directed toward the TpA and TpC ligands.  All five nitrile isomers (2A-2E) are considerably more 

stable in acetone solution than their η2-benzene counterpart. No dissociation of the benzonitrile ligand or 

isomerization to the purported CN isomer was observed over a period of 4 days. 

While the low equilibrium concentrations and considerable overlap of 1H NMR signals for several 

of these η2-arene complexes make their conclusive identification challenging, NOESY data revealed a 

complex set of chemical exchange processes that occur under ambient conditions. The NOESY data thus 

allowed for characterization of the minor isomers through their relationship to the major isomers. A 

summary of the data is shown in Scheme 3.2. NOESY spin-saturation exchange indicates that at room 
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temperature in acetonitrile, 2B and 2D can readily isomerize, while 2A and 2C can also readily isomerize. 

There is no evidence of isomerization between 2B and 2A, nor is there any exchange between 2D and 2C 

under ambient conditions.  

 
Scheme 3.2: Isomerization of η2-coordinated benzonitrile (ratio; calculated Gibbs free energy) 

NOESY data for η2-benzonitrile is shown with red peaks indicating through-space NOE 

interactions, while blue off-diagonal peaks indicate spin-exchange peaks. The H5 proton of the 3,4-η2-

isomer 2B (blue H) undergoes chemical exchange exclusively with that same position of the minor 2,3-η2 

isomer 2D (Figure 3.1). The doublet of doublets shifts from 7.01 to 5.73 during isomerization, indicating 

that the proton has become more shielded, a characteristic seen of protons at the beta position to the 

bound carbon. 
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Figure 3.1: Spin-saturation exchange between H5 of 2B and 2D 

Additionally, a spin-exchange is exclusively seen between H2 of 2B (green H) and H2 of the minor 

isomer 2D. The spin-saturation exchange seen here indicates that upon isomerization, the H2 alkene 

proton of 2B at 7.62 ppm is shifted upfield to become the H2 proton of 2D at 4.16 ppm, which is the 

proton of the bound carbon proximal to the PMe3 ligand (Figure 3.2). An interesting feature that can be 

seen is the alkene doublet becoming a doublet of doublets due to the bound proton’s coupling with the 

PMe3 ligand upon isomerization. The reverse exchange can be seen between H4 of 2B (orange H) and H4 

of 2D. The proton of 2B at 2.17 ppm exhibits a spin-saturation exchange with the more downfield proton 

of 2D at 7.38 ppm (Figure 3.2). This indicates that the proton of the bound carbon distal to the PMe3 ligand 

becomes an alkene proton upon isomerization. 

 
Figure 3.2: Spin-saturation exchange of H2 and H4 upon isomerization of 2B to 2D 

The next two spin-saturation exchanges seen are not as drastic as the previous two shifts but still 

demonstrate an exchange with an adjacent proton, thus indicating an isomerization represented by a 

5. 3 of   exchanges to  .01 of  

Data are consistent with 
a 60 degree ring walk

4.16 of   to  .62 of  

Consistent with a 60 degree ring walk

 .3  of  to 2.1  of  
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rotation of the benzene ring of 60° about the C6 axis. A blue signal between H3 of 2B 3.75 ppm (red H) 

and H3 of 2D at 2.06 ppm indicates an exchange between the proton on the bound carbon proximal to 

the PMe3 ligand of 2B and the proton on the bound carbon distal to the PMe3 ligand of 2D (Figure 3.3). 

The second spin-saturation exchange shown below between the H6 proton of 2B at 5.60 ppm (purple H) 

and the 6H proton of 2D at 6.54 ppm simply demonstrates that the 6H proton becomes more proximal to 

the PMe3 ligand upon isomerization from 2B to 2D.  

 
Figure 3.3: Spin-saturation exchange of H3 and H6 upon isomerization of 2B to 2D 

While we were able to find spin-saturation correlations between all 5 protons of 2B and 2D, only 

4 protons were correlated between 2A and 2C. The exchanges are as follows. H5 (red H) of 2A at 6.88 ppm 

undergoes chemical exchange exclusively with H5 of 2C at 5.78 ppm (Figure 3.4). As seen previously, the 

doublet of doublets experiences an up-field shift upon isomerization to the less prevalent isomer, 

indicating that the proton has become more shielded, which is a characteristic seen of protons at the beta 

position to the bound carbon. 

 
Figure 3.4: Spin-saturation exchange of H5 upon isomerization of 2A to 2C 

2.06 of  to 3. 5 of  6.54 of   to 5.60 of  

5.   of  exchanges to 6.   of  
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Additionally, a spin-exchange is exclusively seen between H2 of 2A (purple H) and the H2 of the 

minor isomer 2C. The spin-saturation exchange seen here indicates that upon isomerization, the doublet 

H2 alkene proton of 2A at 7.74 ppm is shifted upfield to become the doublet H2 proton of 2C at 2.19 ppm, 

which is the proton of the bound carbon distal to the PMe3 ligand (Figure 3.5). The reverse exchange can 

be seen between H4 of 2A (orange H) and H4 of 2C. The proton of 2A at 3.85 ppm exhibits a spin-saturation 

exchange with the more downfield proton of 2C at 7.19 ppm (Figure 3.5). This indicates that the proton 

of the bound carbon proximal to the PMe3 ligand becomes an alkene proton upon isomerization. 

 
Figure 3.5: Spin-saturation exchange of H2 and H4 upon isomerization of 2A to 2C 

The last spin-saturation exchange seen is once again not as drastic as the previous two shifts but 

helps confirm a 60° rotation about the C6 axis as the isomerization. A blue signal between H6 of 2A at 

5.67 ppm (pink H) and H6 of 2C at 6.45 ppm simply demonstrates that the 6H proton becomes more 

proximal to the PMe3 ligand upon isomerization from 2A to 2C. 

 
Figure 3.6: Spin-saturation exchange of H6 upon isomerization of 2A to 2C 

2.19 of  to  . 4 of   .19 of  to 3. 5 of  

6.45 of   to 5.6  of  
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The spin-saturation exchanges shown above are exclusively between the selected protons. They 

show no other spin-saturation exchanges with other protons. As stated above, there is no observable 

exchange between 2A and 2B on the NMR timescale at room temperature, while 2E does not undergo 

any exchange with any of the observable isomers under these conditions. These observations indicate not 

only that the 2,3-η2 ↔ 3,4-η2 isomerization is facile under ambient conditions, but also that it occurs via 

a ring-slip mechanism, to the exclusion of any other mechanism (i.e., a face-flip, or oxidative addition)25 

under these NOESY conditions. 

 

3.3 Benzene Substituents without Covalent π-Bonds 

 Given the large energetic preferences for coordination to the nitrile or carbonyl group (Table 3.1), 

we decided to explore benzenes with an EWG without covalent π bonds (Scheme 3.3). Stirring a solution 

of benzene complex 1 and an excess of the target arene resulted in the formation of several new η2-

coordinated arene complexes of the form WTp(NO)(PMe3)(η2-arene), where arene = trimethyl o-benzoate 

(4), methyl phenyl sulfone (6) (see appendix for crystal struture), diphenyl sulfone (5), phenyl sulfonyl 

pyrrolidine (7), and pentafluorosulfanyl benzene (8).  

Despite the strongly electron-withdrawing substituents, these complexes were formed with 

minimal oxidative decomposition. In most cases, the metal complex was isolated as an ∼1:1 mixture of 

two coordination diastereomers in which the metal was 3,4-η2 bound, analogous to the case for 2A and 

2B. While DFT calculations (Table 3.1) suggested that in some cases, the 2,3-η2 arene isomers were 

energetically competitive, only in complex 2 were they conclusively identified. Judging from IR and 

electrochemical data, the sulfur analogs (SO2Ph; 5, SO2Me; 6, SF5; 8) appear to have a stronger metal-

arene back bonding interaction for 5, 6, and 7 compared to 2, 3, or 4. An increase in Ep,a for W(0) -> 

W(I)) (100 mV/s), and an increase in NO stretch frequency in the infrared absorption spectrum further 

support this notion (Table 3.2). 
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Scheme 3.3: Benzene complexes with a single EWG 

 
 

3.4 Tungsten Hydrides  

 The reaction mixture resulting from the methyl phenyl sulfone exchange contained three species 

in a ratio of 2.7: 2.5: 1. We tentatively assign this third species as the sulfonylmethyl hydride 6H. Key 

features in the 1H NMR spectrum include a diastereotopic methylene group at 3.14 and 1.88 ppm and a 

matching hydride signal at 9.03 ppm with a large JPH = 114.9 Hz and tungsten-183 satellites (JWH = 9.3 Hz). 

To further support the assignment of 6H as an alkyl hydride, the benzene complex 1 was also combined 

with dimethyl sulfone and 4-(methylsulfonyl)toluene to yield 9 and 10 (Scheme 3.4), respectively. In both 

cases, the only complex formed was the expected sulfonylmethyl hydride, the net product of a tungsten 
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insertion into the methyl CH bond. 1H NMR data shows diastereotopic methylene and hydride peaks 

similar to those observed for the methyl phenyl sulfone derivative (6H).  Previously, the {WTp(NO)(PMe3)} 

system has been observed to insert into N-H, O-H, C-H, and C-F bonds, but to our knowledge, this is the 

first example involving an sp3 carbon with this tungsten fragment. It should be noted, however, that 

seminal work by the Legzdins group includes many such examples for the {WCp*(NO)} system.26,27   

 
Scheme 3.4: Formation of sulfonylmethyl hydride complexes of {WTp(NO)(PMe3)} 

 

3.5 η2-Arenes Functionalized with EWGs that Possess π-Bonds 

 During our attempts to purify the o-benzoate complex 4, it was found that hydrolysis would occur 

on a silica column. The resulting C,C-η2-benzoate ester, 11A and 11B, was recovered in a 45% yield. This 

provided a rare example of an η2-coordinated arene with a carbonyl group (Scheme 3.5). In most aspects, 

compound 11 is similar to the other monosubstituted arene complexes 3-8, where the 3,4-η2 isomers 

dominate. It should be noted that DFT calculations predict that η2-coordination to the ester is 

thermodynamically favored by roughly   kcal/mol relative to the η2 coordination of the arene (Table 3.1). 

This is noteworthy due to the observation that a purported carbonyl bound complex is not observed in 

solution after 24 hours (further time points were not investigated). This indicates that the arene to ester 

isomerization rate is sufficiently slow, implying that the barrier to isomerization is sufficiently high. This is 
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comparable with the observation from section 3.2, which demonstrated no isomerization from the η2-

arene form of the benzonitrile to the η2-nitrile form over a period of days. These data points testify to the 

remarkable kinetic stability of the η2-arene isomers when compared to η2-benzene. 

 
Scheme 3.5: Formation of an arene-bound benzoate complex 

 

3.6 Substituted Trifluoromethylated Benzenes 

 We next considered how an η2-benzene complex bearing an EWG would be influenced by an 

additional benzene substituent (Scheme 3.6). Thus, we examined a family of trifluorotoluene derivatives 

with a methoxy (12), dimethylamino (13), or trifluoromethyl (15) group at the 3-position. In addition, we 

examined one case of a 1,2-disubstituted arene (14). For example, where the second substituent was a π-

donor (12, 13), the metal was directed exclusively to the 5,6-positions. For both 12 and 13, the complex 

was isolated as a mixture of two different coordination diastereomers. Similarly, introducing a second -

CF3 withdrawing group in the 3 position also yielded a mixture of two isomers (15). Isolation of 1,2-

bis(trifluoromethyl)benzene yielded a single isomer bound to the 3,4-carbons. 
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Scheme 3.6: Regioselective formation of substituted trifluorotoluene complexes 

As an example, combining 1 and 3-(trifluoromethyl)-N,N-dimethylaniline, which was prepared by 

a modified literature procedure,28 resulted in the synthesis of 13. The robust nature of this compound 

stands in contrast to that observed for the N,N-dimethylaniline analog, which is too thermally sensitive to 

isolate. In the latter case, the aniline ligand must be stabilized as an η2-2H-anilinium complex (Scheme 

3.7) by the action of a weak acid.11 The ability to isolate 13 in its neutral form demonstrates the ability of 

a single −CF3 group to stabilize arenes functionalized with π-donor groups. The trifluoromethylated aniline 

complex 13 can still be selectively protonated at the C2 ring carbon, but a stronger acid is required (e.g., 

diphenylammonium triflate (DPhAT); pKa ≈ 0). The resulting 2H-anilinium compound (16) has 

spectroscopic features similar to those reported for {W(PMe3)(NO)(η2-N,Ndimethyl-2H-anilinium)}OTf 

(Scheme 3.7).11 

 
Scheme 3.7: Preparation of complex 13 and its protonation to give the anilinium (16) as a single isomer 
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3.7 Arenes Bearing EWGs that do not Bind to the {WTp(NO)(PMe3)} Synthon 

When the {WTp(NO)(PMe3)} synthon 1 was dissolved in a DME solution of nitrobenzene, oxidation 

of the metal rapidly occurred, resulting in free benzene and uncharacterized paramagnetic materials. 

Cationic benzene derivatives such as N,N,N-trimethylanilinium iodide and trityl triflate, when they are 

combined with 1, resulted in reaction mixtures that showed encouraging signs of η2-coordination, with 

resonances in their 1H NMR spectra resembling those associated with the previously reported tungsten-

PhCF3 complex 3. However, difficulties in purification and low yields of the desired products dissuaded us 

from pursuing these complexes further, as η2-coordination of these cationic complexes was accompanied 

by large amounts of decomposition. Other arenes bearing electron-withdrawing groups that did not give 

promising indications of complex formation included PhOCF3, PhCCl3, and PhSCF3. A summary of recent 

η2-arene complexes for the {WTp(NO)(PMe3)} system appears in Table 3.2. 

 
 

Cpd EWG R2 R3 cdr 
(A:B:C) 

vNO 
(cm-1) 

CV (Ep,a) 
(V, NHE) 

1 H H H Na:Na:Na 1564 -0.13 

3 CF3 H H Na:5:4 1575 0.06 

4 C(OMe)3 H H Na:4:3 1580 -0.08 

5 SO2Ph H H Na:3:2 1564 0.07 

6 SO2Me H H Na:11:10 1568 0.07 

8 SF5 H H Na:4:3 1573 0.14 

12 CF3 H OMe 1:Na:10 1573 0.07 

13 CF3 H NMe2 1:NA:>20 1570 -0.16 

14 CF3 CF3 H 20:1:1 1592 0.45 

15 CF3 H CF3 1:Na:7 1582 0.42 
Table 3.2: Coordination diastereomer ratios and infrared and electrochemical data for 1 and 3−15 
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3.8 Comparisons to the {MoTp(NO)(DMAP)} Systems 

 Compared to tungsten compounds 12, 14, and 15, the corresponding molybdenum complexes 

have NO stretching features consistently 3 to 5 cm−1 higher and anodic peak currents (Ep,a) roughly 400 

mV more negative. Reactions of MoTp(NO)(DMAP)(TFT) with Ph(OMe)3, PhSF5, and 3-(trifluoromethyl)-

N,N-dimethylaniline were all unsuccessful. 

 The ability of the tungsten complex {WTp(NO)(PMe3)} to form complexes with aryl halides of any 

type has been largely unsuccessful. Reactions with iodobenzene, bromobenzene, and chlorobenzene all 

result in intractable mixtures of paramagnetic materials. Only in the case of fluorinated arenes have well-

defined reactions been observed. For fluorobenzene itself, a clean oxidative addition product, 

WTp(NO)(PMe3)(F)(Ph), was produced from 1 in neat PhF with a ligand exchange half-life of 3.3 h at 298 

K.29 Even in the presence of a CF3 group, C−F insertion occurs with 3-fluorotrifluorotoluene at ambient 

temperature. In contrast, stable η2-arene complexes were realized for tungsten with 1-fluoronaphthalene, 

as well as hexafluorobenzene.29 Jacob Smith investigated if the molybdenum fragment 

{MoTp(NO)(DMAP)}, which is more tempered in its π basicity than its tungsten analog, might allow for a 

stable η2-coordinated arene complex. Dr. Smith found that in contrast to its heavy-metal congener, the 

{MoTp(DMAP)(NO)} fragment successfully binds fluorobenzene, o-, m-, and p-difluorobenzene, and 

various tetrafluorotoluenes in an η2 fashion.30  

 

3.9 Conclusion  

 Arenes with electron-withdrawing groups that contain π bonds have an unfortunate tendency to 

form η2-adducts with the substituent itself to allow the arene to retain its aromaticity. To avoid this 

coordination mode, we needed to utilize electron-withdrawing groups that did not contain π bonds. To 

this extent, we successfully prepared a series of tungsten complexes of dihapto-coordinated benzenes 

bearing electron-withdrawing substituents that lack π bonds. A notable exception is the complexation of 
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trimethyl ortho-benzoate (PhC(OMe)3) by tungsten and subsequent hydrolysis to provide a benzoate ester 

bound through the arene. To accomplish this feat, we first had to bind the orthobenzoate and rely on the 

stability of the dihapto arene bond in order to avoid isomerization to the newly formed carbonyl after 

hydrolysis. The following chapters explore the organic chemistry available to these newly found systems. 
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Experimental Section 

General Methods. NMR spectra were obtained on 500, 600, or 800 MHz spectrometers. Chemical shifts 

are referenced to tetramethylsilane (TMS) utilizing residual 1H signals of the deuterated solvents as 

internal standards. Chemical shifts are reported in ppm, and coupling constants (J) are reported in hertz 

(Hz). Chemical shifts for 19F and 31P spectra are reported relative to standards of hexafluorobenzene (164.9 

ppm) and triphenylphosphine (−6.00 ppm) or triphenyl phosphate (−16.5  ppm). Infrared spectra (IR) 

were recorded as a solid on a spectrometer with an ATR crystal accessory, and peaks are reported in cm−1. 

Electrochemical experiments were performed under a nitrogen atmosphere. Most cyclic voltammetric 

data were recorded at ambient temperature at 100 mV/s, unless otherwise noted, with a standard three-

electrode cell from +1.  to −1.  V with a platinum working electrode, acetonitrile or dimethylacetamide 

(DMA) solvent, and tetrabutylammonium (TBAH) electrolyte (∼1.0 M). All potentials are reported versus 

the normal hydrogen electrode (NHE) using cobaltocenium hexafluorophosphate (E1/2 = −0.   V, −1. 5 V) 

or ferrocene (E1/2 = 0.55 V) as an internal standard. The peak separation of all reversible couples was less 

than 100 mV. All synthetic reactions were performed in a glovebox under a dry nitrogen atmosphere 

unless otherwise noted. All solvents were purged with nitrogen prior to use. Deuterated solvents were 

used as received from Cambridge Isotopes and were purged with nitrogen under an inert atmosphere. 

When possible, pyrazole protons of the tris(pyrazolyl)borate (Tp) ligand were uniquely assigned (e.g., 

“Tp3B”) using two-dimensional NMR data. If unambiguous assignments were not possible, Tp protons 

were labeled as “Tp3/5 or Tp4”. All J values for Tp protons are 2(±0.4) Hz. 

 

WTp(NO)(PMe3)(η2-benzene) (1) (Large-Scale Procedure).  
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Anhydrous benzene (4.0 L) was added to a 4 L Erlenmeyer flask containing a stir bar. WTp(NO)(PMe3)(Br) 

(50.0 g, 85.8 mmol) followed by an excess of 35 wt % sodium dispersion in toluene (48.0 g, 731 mmol) 

were then added to the flask. The resulting heterogeneous green reaction mixture was stirred rapidly for 

14 h. Subsequently, the dark golden brown reaction mixture was filtered through a slurry of Celite (200 

mL) and anhydrous benzene (100 mL) in a 600 mL medium-porosity fritted funnel. The filtrate was 

collected and set aside. A slurry of silica (450 mL) and Et2O (1.5 L) was prepared and transferred to a 2 L 

large capacity pressure filter funnel. The Et2O was allowed to drain until the solvent surface was 4 cm from 

the top of the silica, and then benzene (500 mL) was carefully added. The solvent was allowed to drain 

until the surface was 4 cm from the top of the silica, and then the reaction mixture filtrate was added until 

the funnel was full. Using nitrogen pressure, the filtrate was loaded onto the column. The funnel was 

refilled with filtrate as necessary until all of the filtrate had been loaded. At this point, a green band was 

∼1 cm from the bottom of the column. The green band was eluted with 4/1 benzene/Et2O (600 mL) using 

nitrogen pressure. When the green band had eluted, and the solvent level was within 2 cm of the top of 

the silica, Et2O was added to fill the funnel. Nitrogen pressure was used to elute a vivid yellow band, which 

was collected. Additional Et2O was placed in the funnel, and the elution was continued until the filtrate 

became colorless (after ∼2 L of total Et2O). The golden yellow eluent was evaporated under vacuum until 

the volume was approximately 500 mL. Hexanes (400 mL) were added to the concentrated solution, and 

the resulting solution was evaporated under vacuum to a final volume of 400 mL. The solid which had 

precipitated was isolated on a 150 mL medium-porosity fritted funnel, washed with hexanes (3 × 75 mL), 

and desiccated under dynamic vacuum to yield 1 as a vivid yellow solid (22.7 g, 45.5%). The complex has 

been previously reported. 
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WTp(NO)(PMe3)(η2-benzonitrile) (2A-E) 

 

A 4-dram vial was charged with WTp(NO)(PMe3)(η2-2,3-anisole) complex (1.00 g, 1.64 mmol) and a stir 

pea. To this vial was added benzonitrile (7.00 mL, 67.9 mmol).This yellow heterogenous solution was 

allowed to stir at room temperature. After 48 h, the reaction had turned to a black homogenous mixture. 

A 60 mL course porosity fritted disc was filled 2/3 full of silica and set in diethyl ether. The reaction mixture 

was added to the column and hexanes (200 mL) were eluted through the column. An orange band could 

be seen beginning eluting down the column. Next diethyl ether (500 mL) was used to elute the orange 

band. The resulting orange filtrate was evaporated to dryness under vacuum, pick up in a minimal amount 

of DCM, and added to a solution of stirring pentane (50 mL). An orange solid was isolated on a 15 mL fine 

porosity fritted disc. The resulting solid was desiccated overnight yielding 2 (0.271 g, 27.0 % yield). CV 

(DMA) Ep,a= +0.09 (NHE). IR: ν(BH)= 2493 cm-1, ν(CN)= 21 9 cm-1, ν(NO)= 1550 cm-1. 1H-NMR (d3-MeCN, δ, 

25 oC): 8.20 (1H, Tp3/5E), 8.11 (1H, Tp3/5B), 8.10 (1H, Tp3/5C), 8.06 (1H, Tp/5A), 8.05 (1H, Tp3/5D), 7.93 

(6H, Tp3/5A 2B 2D E), 7.91 (7H, Tp3/5 2A B 2C 2E), 7.89 (1H, Tp3/5E), 7.87 (3H, Tp3/5 2C D), 7.84 (1H, 

Tp3/5D), 7.82 (1H, Tp3/5B), 7.81 (1H, Tp3/5A), 7.74 (1H, d J= 6.3, H2A), 7.62 (1H, d J= 5.7, H2B), 7.55 (1H, 

Tp3/5E), 7.38 (1H, dd J= 8.6, 6.3, H4D), 7.33 (1H, Tp3/5A), 7.29 (1H, Tp3/5B), 7.25 (1H, Tp3/5C), 7.23 (1H, 

Tp3/5D), 7.19 (1H, dd J= 9.0, 5.6, H4C), 7.01 (1H, dd J= 9.2, 6.0, H5B), 6.88 (1H, dd J= 8.1, 5.4, H5A), 6.84 

(1H, dd J= 9.3, 5.6, H3E), 6.55 (1H, d J= 9.1, H6E), 6.54 (1H, d J= 7.4, H6D), 6.45 (1H, d J = 6.3, H6C), 6.33 
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(15H, Tp3A B C D E), 5.77 (2H, m, H5C H5E), 5.74 (1H, dd J= 8.4, 6.4, H5D), 5.69 (1H, dd J= 9.0, 6.0, H4E), 

5.67 (1H, dd J= 9.2, 1.4, H6A), 5.60 (1H, dd J= 9.2, 1.2, H6B), 4.16 (1H, dd J= 13.3, 9.9, H2D), 3.85 (2H, m, 

H4A H2E), 3.82 (1H, dd J= 8.8, 5.4, H3C), 3.75 (1H, m, H3B), 2.17 (2H, m, H4B H2C), 2.14 (1H, m, H3A), 2.06 

(1H, ddd J= 10.0, 6.2, 1.5, H3D), 1.29 (9H, d J= 8.7, PMe3C), 1.23 (18H, d J= 8.7, PMe3B E), 1.22 (18H, d J= 

8.7, PMe3A D). 13C-NMR (d3-MeCN, δ, 25 oC): 150.7 (1C, C2A), 147.6 (1C, d J= 3.7, C2B), 145.5 (1C, Tp3/5A), 

145.2 (2C, Tp3/5B E), 143.3 (1C, Tp3/5A), 143.2 (1C, Tp3/5E), 142.2 (1C, Tp3/5B), 142.0 (1C, Tp3/5A), 142.0 

(1C, Tp3/5B), 141.9 (1C, Tp3/5E), 138.2 (2C, Tp3/5A E), 138.1 (1C, Tp3/5B), 137.6 (1C, Tp3/5E), 137.5 (1C, 

Tp3/5A), 137.5 (1C, Tp3/5B), 137.4 (1C, Tp3/5E), 137.1 (1C, Tp3/5A), 137.1 (1C, Tp3/5B), 136.5 (1C, C4B), 

134.6 (1C, d J= 3.2, C4A), 133.6 (1C, d J= 3.5, C3E), 128.4 (1C, C6E), 126.0 (1C, CNE), 121.8 (1C, CNA), 121.7 

(1C, CNB), 117.3 (1C, C4E), 116.9 (1C, C5E), 114.8 (1C, C6A), 113.1 (1C, C6B), 107.7 (1C, Tp4E), 107.6 (1C, 

Tp4A), 107.6 (1C, Tp4B), 107.3 (2C, Tp4A B), 107.3 (1C, Tp4E), 107.1 (1C, Tp4A), 107.1 (1C, Tp4E), 106.8 

(1C, Tp4B), 100.3 (1C, C1B), 98.4 (1C, C1A), 66.9 (1C, d J= 10.1, C2E), 64.9 (1C, d J= 9.0, C4A), 63.5 (1C, d 

J= 7.5, C3B), 63.1 (1C, C4B), 61.9 (1C, C3A), 13.2 (3C, d J= 28.3, PMe3B), 13.2 (3C, d J= 29.1, PMe3A), 13.0 

(3C, d J= 30.1, PMe3E). Anal. Calcd for C19H24BN8OPW and 1/2 DCM molecule: C, 36.11; H, 3.89; N, 17.28. 

Found: C, 36.44; H, 3.90; N, 17.19.  

 

WTp(NO)(PMe3)(3,4-η2-(trimethylorthobenzoate)) (4) 

 

An oven-dried 4-dram vial was charged with 1 (0.092 g, 0.158 mmol) and trimethyl orthobenzoate (1.00 

g, 5.49 mmol). The heterogeneous yellow reaction mixture was allowed to stir with a small stir bar. Over 

time the reaction mixture turns to a homogeneous brown reaction mixture and after 16 h the reaction 
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mixture was added to 15 mL of stirring pentane that had been chilled to -30 °C. Upon addition, a light-

yellow solid precipitates from solution. The solid was then filtered through a 15 mL medium porosity 

fritted disc and washed with pentane (2 x 5 mL) before the light tan powder was allowed to desiccate 

under active vacuum for 2 h and a mass taken (0.040 g, 37.0 % yield). CV (DMA): Ep,a = - 0.08 V (NHE). IR: 

ν(BH) = 2496 cm-1, ν(NO) = 15 0 cm-1. Characterization of 4A 1H NMR (acetone-d6, δ, 0 °C): 8.35 (1H, d, 

Tp3A), 8.00 (1H, d, Tp3/5), 7.95 (1H, d, Tp3B), 7.87 (1H, d, Tp5), 7.49 (1H, d, Tp3C), 7.31 (1H, d, J = 5.9, 

H2), 7.05 (1H, dd, J = 5.6, 9.1, H5), 6.36 (2H, t, overlapping Tp4), 6.35 (1H, t, Tp4A), 6.32 (2H, t, overlapping 

Tp4), 6.31 (1H, t, Tp4C), 5.74 (1H, d, J = 9.2, H6), 3.90 (1H, m, H3), 3.14 (9H, overlapping s, (OMe)), 2.28 

(1H, m, H4), 1.37 (9H, d, JPH = 8.2, PMe3). 31P NMR (acetone-d6, δ, 25 °C): -12.15 (JWP = 310.3). 13C {1H} 

NMR (acetone-d6, δ, 25 °C): 137.7/136.3 (C1 for A or B), 136.4 (C2), 134.9 (C5), 114.9 (C6), 115.8 

(overlapping with A, ipso C-(OR)3 ), 63.5 (C3, d, JPC = 7.0), 62.3 (C4), 49.7/49.6 (OMe groups for A or B), 

13.6 (PMe3, d, JPC = 28.3). 13C {1H} NMR (acetone-d6, δ, 25 °C): Tp resonances for A and B. 145.0 (Tp3/5), 

144.4 (Tp3/5), 142.4 (Tp3/5), 142.4 (Tp3/5), 141.8 (Tp3/5), 141.5 (Tp3/5), 137.7 (Tp3/5), 137.7 (Tp3/5), 

137.6 (Tp3/5), 136.8 (Tp3/5), 136.7 (Tp3/5), 136.5(Tp3/5), 136.3 (Tp3/5), 107.0 (Tp4), 106.9 (Tp4), 106.8 

(Tp4), 106.7 (Tp4), 106.5 (Tp4), 106.4 (Tp4). Characterization of 4B 1H NMR (acetone-d6, δ, 0 °C): 8.25 

(1H, d, Tp3A), 8.01 (1H, d, Tp5C), 7.93 (1H, d, Tp3B), 7.89 (1H, d, Tp3/5), 7.40 (1H, d, Tp3C), 7.39 (1H, 

buried, H2), 6.84 (1H, dd, J = 4.9, 9.4, H5), 6.36 (1H, t, overlapping Tp4), 6.35 (1H, t, Tp4A), 6.32 (2H, t, 

overlapping Tp4), 6.31 (1H, t, Tp4C), 5.84 (1H, d, J = 9.7, H6), 4.13 (1H, m, H4), 3.14 (9H, overlapping s, 

(OMe)), 2.17 (1H, t, J = 7.90, H3), 1.37 (9H, d, JPH = 8.2, PMe3). 31P NMR (acetone-d6, δ, 25 °C): -12.79 

(JWP = 310). 137.7/136.3 (C1 for A or B), 137.5 (C2), 133.4 (C5), 116.4 (C6), 115.8 (overlapping with A, ipso 

C-(OR)3), 63.9 (C4, d, JPC = 7.7), 62.3 (C3), 49.7/49.6 (OMe groups for A or B), 12.9 (PMe3, d, JPC = 27.7). 

Attempts to purify 4 for elemental analysis by chromatography led to the generation of 11. 
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WTp(NO)(PMe3)(3,4-η2-diphenyl sulfone) (5) 

 

A 4-dram bottle was charged with WTp(NO)(PMe3)(η2-2,3-anisole) (5 grams, 8.18 mmol), diphenyl sulfone 

(5.35 g, 24.5 mmol), and a stir pea. 20 mL of 1,2-dimethoxyethane was charged to the vial along with a 

stir bar. This yellow heterogeneous mixture was stirred for 48 hours, until the reaction became a bright 

orange heterogenous mixture. The orange precipitate was collected on a 30 mL fine porosity fritted disc. 

The product was washed with 2 x 20 mL of ether to remove any leftover ligand, then followed by washing 

with 4 x 20 mL of hexanes. The product was desiccated overnight, yielding 5A and B (4.13 g, 5.73 mmol, 

70% yield). CV (DMA) Ep,a= +0.07 V (NHE). IR: ν(BH)= 2482 cm-1, ν(NO)= 1564 cm-1, ν(SO)= 14074 cm-1. 1H-

NMR (d3-MeCN, δ, 25 oC): 8.13 (1H, d, Tp3/5B), 8.00 (1H, dd J= 6.5, 1.4, H2A), 7.95 (4H, m, H8/12A B), 7.90 

(6H, m, 3Tp3/5A, H2B, 2Tp3/5B), 7.85 (1H, d, Tp3/5B), 7.82 (2H, d, 2Tp3/5A), 7.80 (1H, d, Tp3/5B), 7.56 

(1H, m, H10B), 7.52 (3H, m, H10A, H11/9B), 7.48 (2H, m, H11/9A), 7.30 (1H, d, Tp3/5B), 7.27 (1H, d, 

Tp3/5A), 7.07 (1H, dd J= 9.5, 5.9, H5B), 6.91 (1H, dd J= 9.3, 5.2, H5A), 6.36 (1H, t, Tp4A), 6.33 (2H, t, Tp4A 

B), 6.29 (1H, t, Tp4B), 6.28 (2H, t, Tp4A B), 5.93 (1H, dd J= 9.5, 1.8, H6A), 5.82 (1H, dd J= 9.3, 1.5, H6B), 

3.85 (1H, m, H4A), 3.70 (1H, m, H3B), 2.10 (2H, m, H3A, H4B), 1.27 (9H, d J= 8.4, PMe3B), 1.20 (9H, d J= 

8.4, PMe3A). 13C-NMR (d3-MeCN, δ, 25 oC): 147.3 (1C, C2A), 145.3 (1C, Tp3/5B), 144.8 (1C, C7A), 144.6 (1C, 

C7B), 143.7 (1C, d J = 3.2, C2B), 143.2 (2C, Tp3/5B), 142.4 (1C, Tp3/5B), 142.1 (1C, Tp3/5B), 141.9 (1C, 

Tp3/5A), 138.2 (1C, Tp3/5B), 138.1 (1C, Tp3/5A), 137.6 (1C, Tp3/5A), 137.4 (1C, Tp3/5B), 137.4 (1C, 

Tp3/5A), 137.1 (1C, C5B), 137.0 (1C, Tp3/5B), 135.2 (1C, d J= 3.9, C5A), 133.4 (1C, C10B), 133.2 (1C, C10A), 

129.9 (1C, C1B), 129.8 (4C, C11/9A B), 128.3 (1C, C1A), 128.2 (4C, C12/8A B), 111.9 (1C, C6A), 110.2 (1C, 

C6B), 107.6 (1C, Tp4A), 107.5 (1C, Tp4B), 107.3 (1C, Tp4A), 107.2 (1C, Tp4B), 107.2 (1C, Tp4A), 106.9 (1C, 

Tp4B), 65.4 (1C, d J= 9.1, H4A), 63.4 (1C, C4B), 63.1 (1C, d J= 7.5, H3B), 61.6 (1C, C3A), 13.4 (3C, d J= 29.0, 



48 

 

PMe3B), 13.2 (3C, d J= 28.8, PMe3A) Anal. Calcd for C24H29BN7O3PSW: C, 39.97; H, 4.05; N, 13.59. Found: 

C, 40.13; H, 4.03; N, 13.42. 

 

WTp(NO)(PMe3)(3,4-η2-methyl phenyl sulfone) (6) 

 

A 4-dram vial was charged with WTp(NO)(PMe3)(η2-2,3-anisole) (5.00 g, 8.60 mmol), methyl phenyl 

sulfone (2.42 g, 15.5 mmol), and a stir pea. 8 mL of THF were added to the vial. This heterogenous mixture 

was stirred at room temperature for 16 hrs. During this time the reaction became homogenous, before 

an orange solid had precipitated out of the solution. The orange product was collected on a 30 mL fine 

porosity fritted disc, washed with ether (4 x 20 ml) and desiccated overnight, yielding 6A and B (2.95 g, 

4.48 mmol, 52% yield). CV (DMA) Ep,a= +0.07 V (NHE). IR: ν(BH)= 2487 cm-1, ν(NO)= 1568 cm-1, ν(SO)= 1407 

cm-1. 1H-NMR (d3-Acetone, δ, 25 oC): 8.23 (1H, d, TpA3B), 8.10 (1H, d, TpA3A), 8.03 (4H, Tp5A B), 7.99 (1H, 

d, TpB3B), 7.96 (1H, d, TpB3A), 7.92 (1H, d J=6.2, H2A), 7.90 (1H, d, Tp5A), 7.89 (1H, d, Tp5B), 7.77 (1H, d 

J= 5.5, H2B), 7.53 (1H, d, TpC3A), 7.51 (1H, d, TpC3B), 7.13 (1H, dd J=9.5, 5.9, H5B), 6.98 (1H, dd J= 9.3, 

5.3, H5A), 6.39 (3H, t, TpA4A, TpB4B, Tp4B), 6.35 (3H, t, TpB4A, TpC4A, Tp4B), 6.02 (1H, dd J= 9.2, 1.6, 

H6A), 5.95 (1H, dd J= 9.1, 1.6, H6B), 4.00 (1H, m, H4A), 3.83 (1H, m, H3B), 2.97 (3H, s, S-CH3A), 2.93 (3H, 

s, S-CH3B), 2.26 (1H, m, H4B), 2.17 (1H, m, H3A), 1.36 (9H, d J=8.4, PMe3B), 1.32 (9H, d J= 8.4, PMe3A). 13C-

NMR (d3-Acetonitrile, δ, 25 oC): 145.4 (1C, Tp 3/5), 145.4 (1C, Tp 3/5), 145.0 (1C, C2A), 143.1 (1C, Tp 3/5), 

142.3 (1C, Tp 3/5), 142.1 (1C, Tp 3/5), 142.0 (1C, Tp 3/5), 142.0 (1C, d J= 3.4, C2B), 138.2 (2C, Tp 3/5), 

137.6 (1C, Tp 3/5), 137.5 (1C, Tp 3/5), 137.2 (1C, Tp 3/5), 137.1 (1C, Tp 3/5), 137.0 (1C, C5B), 135.0 (1C, d 

J= 3.0, C5A), 129.5 (1C, C1B), 127.3 (1C, C1A), 112.0 (1C, C6A), 110.3 (1C, C6B), 107.6 (1C, Tp 4), 107.6 (1C, 

Tp 4), 107.4 (1C, Tp 4), 107.3 (1C, Tp 4), 107.2 (1C, Tp 4), 106.9 (1C, Tp 4), 46.7 (1C, S-MeB), 46.6 (1C, S-
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MeA), 65.4 (1C, d J= 9.2, C4A), 63.6 (1C, C4B), 62.3 (1C, d J= 7.7, C5B), 60.5 (1C, C3A), 13.3 (6C, d JP,C= 29.0 

Hz, PMe3). Anal. Calcd for C19H27BN7O3PSW and 1 THF molecule: C, 37.78; H, 4.82; N, 13.41. Found: C, 

37.70; H, 4.62; N, 13.60. 

 

WTp(NO)(PMe3)(3,4-η2-phenyl sulfonyl pyrrolidine) (7) 

 

 

 

A 4-dram vial was charged with WTp(NO)(PMe3)(η2-2,3-anisole) (1.00 g, 1.64 mmol), phenylsulfonyl 

pyrrolidine (1.04 g, 4.92 mmol), a stir pea, and 5 mL of DME. The yellow heterogenous mixture was 

stirred at room temperature for 72 hrs. The reaction remained heterogeneous throughout the course of 

the 72 hours. The precipitant underwent an observable color change of a dull gold to a light orange. The 

orange product was collected on a 30 mL fine porosity fritted disc, washed with ether (5 x 20 ml), and 

desiccated overnight, yielding 7A and B (0.760 g, 1.06 mmol, 65% yield). CV (DMA): Ep,a= + 0.10 V (NHE). 

IR: ν(SO) 1405 cm-1, ν(NO) 1563 cm-1, ν(BH) 2504 cm-1. 1H-NMR (d3-MeCN, δ, 25 oC): 8.16 (1H, d, Tp3/5B), 

8.15 (1H, d, Tp3/5A), 7.94 (1H, d, Tp3/5A), 7.93 (1H, d, Tp3/5B), 7.91 (3H, 2Tp3/5A, Tp3/5B), 7.89 (1H, d, 

Tp3/5B), 7.82 (2H, Tp3/5A, Tp3/5B), 7.80 (1H, d J = 6.6, H2A), 7.64 (1H, d J = 6.1, H2B), 7.30 (2H, Tp3/5A, 

Tp3/5B), 7.08 (1H, dd J = 9.6, 5.9, H5B), 6.93 (1H, dd J = 9.4, 5.1, H5A), 6.36 (3H, m, 2Tp4A, Tp4B), 6.33 

(1H, t, Tp4B), 6.29 (2H, t, Tp4A, Tp4B), 6.28 (1H, t, Tp4B), 5.95 (1H, dd J = 9.4, 1.8, H6A), 5.88 (1H, dd J = 

9.3, 1.7, H6B), 3.87 (1H, m, H4A), 3.79 (1H, m, H3B), 3.22 (8H, m, H10A, H10B, H7A, H7B), 2.16 (2H, m, 

H3A, H4B), 1.75 (4H, m, H9B, H8B), 1.72 (4H, m, H9A, H8A), 1.25 (9H, d J = 8.4, PMe3B), 1.23 (9H, d J = 

8.5, PMe3A). 13C-NMR (d3-MeCN, δ, 25 oC): 145.3 (1C, Tp3A), 145.2 (1C, Tp3B), 145.1 (1C, C2A), 142.8 

(1C, Tp3A), 142.3 (1C, Tp3B), 142.0 (2C, Tp3A, Tp3B), 142.2 (1C, C2B), 138.2 (2C, Tp5A, Tp5B), 137.5 (1C, 

Tp5A), 137.4 (1C, Tp5B), 137.1 (1C, Tp5A), 137.0 (1C, Tp5B), 136.6 (1C, C5B), 134.8 (1C, C5A), 126.0 (1C, 
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C1B), 123.4 (1C, C1A), 113.7 (1C, C6A), 112.1 (1C, C6B), 107.6 (1C, Tp4A), 107.6 (1C, Tp4B),  107.3 (1C, 

Tp4A), 107.3 (1C, Tp4B), 107.1 (1C, Tp4A), 106.9 (1C, Tp4B),  65.1 (1C, d J = 8.6, C4A), 63.2 (1C, C4B), 

62.5 (1C, d J = 8.2, C3B), 61.0 (1C, C3A), 48.6 (1C, C10/7A), 48.6 (1C, C10/7B), 25.7 (2C, C9B, C8B), 25.6 

(2C, C9A, C8A), 13.6 (3C, d J = 28.6, PMe3B), 13.0 (3C, d J = 28.8, PMe3A). Anal. Calcd for 

C22H32BN8O3PSW‧1/10DCM: C, 36.73; H, 4.49; N, 15.50. Found: C, 36.33; H, 4.53; N, 15.90. 

 

WTp(NO)(PMe3)(3,4-η2-pentafluorosulfanyl benzene) (8) 

 

An oven-dried 4-dram vial was charged with 1 (0.411 g, 0.707 mmol), pentafluorosulfanyl benzene (2.21 

g, 10.8 mmol), and the heterogeneous yellow reaction mixture was allowed to stir. Over time, the reaction 

mixture turns to a homogeneous red solution, and after 24 h, the reaction mixture was added to stirring 

pentane (50 mL), and upon addition, a light tan solid precipitates from the solution. The solid was then 

filtered through a fine porosity 15 mL fritted disc and washed with pentane (3 x 10 mL) before the light 

tan powder was allowed to desiccate under active vacuum for 3 h, and a mass was taken (0.311 g, 62.2 

%). The filtrate was collected, and the pentane was distilled to re-collect the excess pentafluorosulfanyl 

benzene. The recovered aromatic ligand was used in similar reaction procedures without noticeable 

inhibition of yield. 

 

Characterization of 8A: CV (DMA): Ep,a = + 0.14 V (NHE). IR: ν(BH) = 2496 cm-1, ν(NO) = 15 3 cm-1. 1H NMR 

(acetone-d6, δ, 25 °C): 8.22 (1H, d, Tp3A), 8.08 (1H, d, Tp3/5), 7.98 (1H, d, Tp3/5), 7.87 (1H, d, Tp3/5), 7.51 

(1H, d, J = 5.9, H2), 7.02 (1H, m, H5), 6.48 (1H, t, Tp4), 6.37 (2H, t, overlapping Tp4), 6.34 (2H, t, overlapping 
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Tp4), 5.89 (1H, dd, J = 2.2, 9.6, H6), 3.83 (1H, m, H3), 2.15 (1H, t, J = 7.78, H4), 1.34 (9H, d, JPH = 8.56, 

PMe3). 19F NMR (acetone-d6, δ, 25 °C): 91.53 (-SF5 (1F), overlapping diastereomers q, JFF = 148.6), 64.12 

(SF (4F), JFF = 148.6). 31P NMR {1H} (acetone-d6, δ, 25 °C): -13.54 (buried JWP). Characterization of 8B: 1H 

NMR (acetone-d6, δ, 25 °C): 8.21 (1H, d, Tp3A), 8.08 (1H, d, Tp3/5), 7.98 (1H, d, Tp3/5), 7.96 (1H, d, Tp3/5), 

7.89 (1H, d, Tp3/5), 7.60 (1H, d, J = 6.90, H2), 7.47 (1H, t, Tp3A), 6.86 (1H, m, H5), 6.48 (2H, t, overlapping 

Tp4), 6.37 (1H, t, Tp4) 6.34 (2H, t, overlapping Tp4), 5.96 (1H, dd, J = 2.21, 5.89, H6), 3.93 (1H, m, H4), 2.11 

(1H, buried, H4), 1.32 (9H, d, JPH = 8.20, PMe3). 19F NMR (acetone-d6, δ, 25 °C): 85.10 (-SF5 (1F), overlapping 

diastereomers q, JFF = 147.3), 64.52 (-SF5 (4F), JFF = 147.3). 31P {1H} NMR (acetone- d6, δ, 25 °C): -12.88 

(buried JWP). Combined 13C {1H} data for Diastereomers A and B. When possible, distinction between the 

isomers is made. 13C NMR (acetone-d6, δ, 25 °C): 146.0 (C-SF5, identified by HMBC interactions, A), 145.2 

(overlapping 2C, Tp3/5s), 146.0 (C-SF5, identified by HMBC interactions, B), 142.6 (Tp3/5), 142.2 (Tp3/5), 

142.6 (Tp3/5), 141.9 (Tp3/5), 141.8 (Tp3/5), 139.1 (C2 for B), 137.9 (Tp3/5), 137.9 (Tp3/5), 137.8 (Tp3/5), 

137.2 (Tp3/5), 137.1 (Tp3/5), 136.8 (C2 for A), 136.7 (Tp3/5), 136.6 (Tp3/5), 135.9 (C2 for A), 134.0 (C5 for 

B), 113.3 (C6 for B), 111.6 (C6 for A), 107.3 (Tp4), 107.2 (2C, overlapping Tp4s), 107.1 (Tp4), 106.8 (Tp4), 

106.5 (Tp4), 63.5 (C4 for B, d, JPC = 9.5), 62.0 (C4 for A), 61.2 (C3 for A, d, JPC = 8.5), 59.8 (C3 for B), 13.4 

(PMe3 for A, d, JPC = 28.0), 13.3 (PMe3 for B, d, JPC = 28.5). 

 

WTp(NO)(PMe3)(H)(-CH2SO2Me) (9) 

 

A 4-dram vial was charged with WTp(NO)(PMe3)(η2-2,3-anisole) (0.200 g, 0.327 mmol), dimethyl sulfone 

(0.090 g, 0.956 mmol), a stir pea, and 4 mL of DME. This yellow heterogenous mixture was stirred at room 

temperature for 72 h. The reaction began heterogeneous but turned homogeneous after 24 h. After 72 h, 

a light grey precipitant was observed to have crashed out of solution. The light grey product was collected 
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on a 15 mL fine porosity fritted disc, washed with ether (2 x 10 ml) and desiccated overnight, yielding 9 

(0.131 g, 0.219 mmol, 67% yield). CV (DMA): Ep,a= + 1.10 V (NHE). IR: ν(SO) 1406 cm-1, ν(NO) 1578 cm-1, 

ν(BH) 2508 cm-1. 1H-NMR (d3-MeCN, δ, 25 °C): 9.04 (1H, dt J = 112.9, 10.2, W-H), 8.04 (1H, d, TpC3), 8.03 

(1H, d, TpB3), 7.97 (1H, d, TpA3), 7.92 (1H, d, TpB5), 7.84 (1H, d, TpC5), 7.70 (1H, d, TpA5), 6.39 (1H, t, 

TpB4), 6.30 (1H, t, TpC4), 6.26 (1H, t, TpA4), 2.95 (3H, s, SO2Me), 2.93 (1H, d J = 12.4, H1a), 1.88 (1H, d J = 

12.5, H1b), 1.43 (9H, d J = 9.9, PMe3). 13C-NMR (d3-MeCN, δ, 25 °C): 146.6 (1C, TpC3), 146.1 (1C, d J = 3.7, 

Tp B3), 144.0 (1C, TpA3). 138.8 (1C, TpB5), 137.6 (1C, TpC5), 137.0 (1C, TpA5), 107.6 (1C, TpB4), 107.1 (2C, 

TpA4, TpC4), 55.2 (1C, d J = 4.1, C1), 43.7 (1C, SO2Me), 17.2 (3C, d J = 34.7, PMe3). Anal. Calcd for 

C14H25BN7O3PSW‧1/4DME (present in 1H NMR): C, 28.87; H, 4.52; N, 15.71. Found: C, 28.58; H, 4.38; N, 

15.85. 

 

WTp(NO)(PMe3)(H)(-CH2SO2PhMe) (10) 

 

A 4-dram vial was charged with WTp(NO)(PMe3)(η2-2,3-anisole)  (0.200 g, 0.327 mmol), methyl p-tolyl 

sulfone (0.170 g, 0.998 mmol), a stir pea, and 4 mL of DME. This heterogenous mixture was stirred at room 

temperature for 72 h. The reaction became homogeneous after 24 h. After 72 h, the reaction was then 

evaporated to dryness. A 30 mL medium porosity medium frit was filled . full with silica and set in ether. 

The reaction was loaded on the column using minimal acetone. The remaining methyl p-tolyl sulfone was 

eluted off the column with 50 mL of ether. 100 mL of THF was used to elute off a brown band. The brown 

band was evaporated to dryness, picked up in minimal DCM, and added to 10 mL of stirring pentane. A 

light grey solid precipitated out of the pentane and was collected on a 15 mL fine porosity fritted disc, 

washed with diethyl ether (2 x 10 mL) and hexanes (2 x 10 mL), then desiccated overnight to yield 10 
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(0.163 g, 0.242 mmol, 74%). CV (DMA): Ep,a= + 1.11 V (NHE). IR: ν(SO) 1404 cm-1, ν(NO) 1580 cm-1, ν(BH) 

2477 cm-1. 1HNMR (d3-MeCN, δ, 25 °C): 9.14 (1H, d J = 113.0, W-H), 8.17 (1H, d, TpC3), 8.02 (1H, d, TpB3), 

7.91 (1H, d, TpB5), 7.88 (1H, d, TpA3), 7.84 (1H, d, TpC5), 7.74 (2H, m, H7, H3), 7.66 (1H, d, TpA5), 7.30 

(2H, dm J = 7.8, H6, H4), 6.38 (1H, t, TpB4), 6.31 (1H, t, TpC4), 6.18 (1H, t, TpA4), 3.02 (1H, dt J = 12.1, 1.3, 

H1), 2.38 (3H, s, H8), 1.88 (1H, dt J = 12.1, 1.1, H1), 1.43 (9H, d J = 10.0, PMe3). 13C-NMR (d3-MeCN, δ, 25 

°C): 146.7 (1C, TpC3), 146.0 (1C, d J = 3.6, TpB3), 144.3 (1C, C5), 143.8 (1C, TpA3), 142.8 (1C, C2), 138.7 

(1C, TpB5), 137.6 (1C, TpC5), 136.9 (1C, TpA5), 130.2 (2C, C6, C4), 127.4 (2C, C7, C3), 107.6 (1C, TpB4), 

107.1 (1C, Tp4), 107.1 (1C, Tp4), 56.3 (1C, C1), 21.4 (1C, C8), 17.2 (3C, d J = 36.1, PMe3). Repeated attempts 

to purify this compound by chromatography or recrystallization were unsuccessful. 

 

WTp(NO)(PMe3)(η2-1,2-methyl benzoate) (11) 

 

A 4-dram vial was charged with 1 (1.00 g, 1.72 mmol) and trimethylorthobenzoate (0.940 g, 5.16 mmol). 

3 mL of THF were added to the vial. This homogenous mixture was stirred at room temperature for 16 

hours. The resulting solution turned black. A 150 mL course porosity fritted disc was filled 2/3 full with 

silica. The silica was set in ether. The reaction solution was then loaded onto a silica column. A green band 

was first eluted with ether. This green band was followed by a yellow band, which turned orange halfway 

down the silica column. The orange band was isolated with 700 mL of ether.  Orange band evaporated to 

dryness under vacuum. Resulting orange film was picked up in minimal DCM and precipitated into 100 mL 

of stirring pentane. The resulting orange precipitant was collected on a 30 mL fine porosity fritted disc 

and washed with hexanes (4 x 15mL). The resulting solid was desiccated overnight, yielding 11A and B 

(0.495 g, 0.775 mmol, 45% yield). CV (DMA) Ep,a= -0.03 V (NHE). IR: ν(BH)= 24 0 cm-1, ν(CO)= 16   cm-1, 
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ν(NO)= 156  cm-1. 1H-NMR (d3-MeCN, δ, 25 oC): 8.18 (1H, d, TpA5B), 8.13 (1H, d J = 6.3, H2A), 8.06 (1H, d, 

TpA5A), 7.99 (1H, d J = 5.5, H2B), 7.91 (2H, d, TpB5A, TpB5B), 7.90 (2H, d, TpC5A, TpC5B), 7.87 (1H, d, 

TpB3A), 7.86 (1H, d, TpB3B), 7.81 (2H, d, TpA3A, TpA3B), 7.35 (1H, d, TpC3A), 7.34 (1H, d, TpC3B), 6.96 

(1H, dd J = 9.8, 5.9, H5B), 6.82 (1H, dd J= 9.6, 5.0, H5A), 6.35 (1H, t, TpA4A), 6.34 (1H, t, TpB4A), 6.33 (1H, 

t, TpA4B), 6.31 (1H, t, TpB4B), 6.29 (1H, t, TpC4A), 6.28 (1H, t, TpC4B), 6.14 (1H, dd J = 9.6, 1.5, H6A), 6.07 

(1H, dd J = 9.3, 1.3, H6B), 4.02 (1H, m, H4A), 3.87 (1H, m, H3B), 3.76 (3H, s, OMeA), 3.75 (3H, s, OMeB), 

2.29 (1H, m, H4B), 2.23 (1H, m, H3A), 1.26 (9H, d J = 8.5, PMe3B), 1.24 (9H, d, J = 8.5, PMe3A). 13C-NMR 

(d3-MeCN, δ, 25 oC): 167.9 (1C, C7B), 167.7 (1C, C7A), 147.7 (2C, Tp3/5A B), 145.4 (1C, Tp3/5A), 145.2 (1C, 

Tp3/5B), 144.4 (1C, d J = 2.8, C2B), 143.3 (2C, Tp3/5A B), 142.1 (1C, Tp3/5A), 142.1 (1C, Tp3/5B), 142.0 

(1C, C2A), 138.1 (1C, Tp3/5A), 137.4 (1C, Tp3/5B), 137.0 (1C, Tp3/5A), 136.9 (1C, Tp3/5B), 134.4 (1C, C5B), 

132.9 (1C, d J = 2.6, C5A), 129.9 (1C, C1A), 129.2 (1C, C1B), 115.5 (1C, C6A), 113.9 (1C, C6B), 107.5 (1C, 

Tp4A), 107.4 (1C, Tp4B), 107.3 (1C, Tp4A), 107.2 (1C, Tp4B), 107.0 (1C, TpA), 106.7 (1C, Tp4B), 66.3 (1C, d 

J = 8.5, C4A), 64.6 (1C, C4B), 634.0 (1C, d J = 7.0, C3B), 62.4 (1C, C3A), 51.5 (1C, OMeB), 51.5 (1C, OMeA), 

13.4 (3C, d J = 28.9, PMe3B), 13.33 (3C, d J = 28.7, PMe3A). Anal. Calcd for C20H27BN7O3PW: C, 37.59; H, 

4.26; N, 15.34. Found: C, 37.39; H, 4.05; N, 15.25. 

 

WTp(NO)(PMe3)(5,6-η2-(3-trifluoromethylanisole)) (12) 

 

A 4-dram vial was charged with WTp(NO)(PMe3)(η2-2,3-anisole) (0.519 g, 0.404 mmol), 3- 

(trifluoromethyl)anisole (2.15 g, 23.8 mmol), DME (2 mL) and a stir pea. This yellow, heterogeneous 

mixture was stirred over 48 hours. Over this period, the mixture became dark brown and homogenous. 

Next a medium 30 mL fritted disc was filled with silica (~ 3 cm) and set in diethyl ether. The reaction 
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mixture was loaded onto the column and subsequently eluted with diethyl ether. Upon elution a golden 

yellow band developed and was eluted with diethyl ether (100 mL). The resulting homogeneous, yellow 

solution was evaporated in vacuo until product began to precipitate from solution. Next pentane (50 mL) 

was added to induce further precipitation. The resulting gold precipitate was collected on a fine porosity 

15 mL fritted disc (0.154 g, 59.5%). CV (DMA): Ep,a= +0.07. IR: ν(NO) = 15 3 cm-1. Characterization of 12A: 

1H NMR (MeCN-d3, δ, 0 °C):  .9  (1H, d, Tp3/5),  .91 (1H, d, Tp3/5),  .90 (1H, d, Tp3/5),  . 6 (1H, d, 

Tp3/5), 7.80 (1H, d, Tp3/5), 7.26 (1H, d, Tp3/5), 7.09 (1H, d, J = 5.6, H4), 6.34 (1H, t, Tp4), 6.30 (1H, t, Tp4), 

6.27 (1H, t, 1H), 5.18 (1H, s, H2), 3.88 (1H, dd, J = 13.7, 12.8, H5),3.75 (3H, s, -OMe), 2.05 (1H, m, H6), 1.20 

(9H, d, JPH = 8.7, PMe3). 13C {1H} NMR (MeCN-d3, δ, 25 °C): 165.9 (C2), 145.0 (Tp3/5), 142.4 (Tp3/5), 141.  

(Tp3/5), 137.9 (Tp3/5), 137.3 (Tp3/5), 137.0 (Tp3/5), 129.2 (d, JPC = 6.0, C4), 126.1 (q, JCF =270, C8), 118.2 

(buried, C3), 107.5 (Tp4), 107.0 (Tp4), 106.8 (Tp4), 85.6 (C2), 60.7 (C6), 58.7 (d, JPC = 10.3, C5), 54.9 (-OMe), 

13.6 (d, JPC = 29.7, PMe3). 31P NMR (MeCN-d3, δ, 25 °C): -1.51 (JWP =304, PMe3). 19F {1H} NMR (MeCN-d3, 

δ, 25 °C): - 64.58 (CF3). A SC-XRD study confirms the identify of this compound (SI). Although a minor 

isomer (B) with features of the isomer below were observed along with a C-H activated adduct 

unambiguous assignment of the carbon resonances was precluded by the low intensity of signals (~ 10% 

of major isomer) and significant overlap with Tp resonances of 12A. Partial Characterization of 12B 1H-

NMR (MeCN-d3, δ, 0 °C): 6. 6 (1H, broad d, H4), 4.94 (1H, broad s, H2), 4.03 (1H, dd, J = 10.8, 12.8, H6), 

3.66 (3H, s, -OMe), 2.16 (1H, dd, J = 5.9, 10.8), 1.21 (9H, buried, PMe3). 

 

WTp(NO)(PMe3)(η2-5,6-(3-trifluoromethyl-N,N-dimethylaniline)) (13) 
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An oven-dried 4-dram vial was charged with 1 (0.817 g, 1.41 mmol) and 3-trifluoromethyl-N,N-

dimethylaniline (3.89 g, 20.6 mmol), and the heterogeneous yellow reaction mixture was allowed to stir. 

After 16 h the reaction mixture had retained its heterogeneous golden-colored consistency but analysis 

by 31P NMR confirmed the absence of 1 and the generation of a new species. The heterogeneous yellow 

reaction mixture was added to a solution of stirring pentane (50 mL) to precipitate out a light yellow 

solid. The solid was then filtered through a 30 mL fine porosity fritted disc and washed with pentane (3 x 

20 mL) before the light tan powder was allowed to desiccate under active vacuum and a mass taken of 

the vibrant yellow solid (0.680 g, 70.0 %). The filtrate was collected and the pentane was distilled to re-

collect the excess 3-trifluoromethyl-N,N-dimethylaniline and the recovered aromatic ligand was used in 

similar reaction procedures without noticeable inhibition of yield. CV (DMA): Ep,a= - 0.16 V (NHE). IR: 

ν(BH) = 24 3 cm-1, ν(NO) = 15 0 cm-1. 1H NMR (acetone-d6, δ, 25 °C):  .03 (1H, d, Tp5C),  .96 (1H, d, 

Tp3/5), 7.92 (1H, d, Tp3B), 7.90 (1H, d, Tp3A), 7.88 (1H, d, Tp3/5), 7.48 (1H, d, Tp3C), 6.50 (1H, d, J = 5.2, 

H4), 6.38 (1H, t, Tp4C), 6.33 (1H, t, Tp4), 6.23 (1H, t, Tp4), 4.54 (1H, s, H2), 4.07 (1H, m, H5), 2.47 (6H, 

broad s, NMe2), 2.23 (1H, d, J = 10.9, H6), 1.33 (9H, d, JPH = 8.2, PMe3). 13C {1H} NMR (acetone-d6, δ, 25 

oC): 157.8 (C1), 144.5 (Tp3/5), 142.4 (Tp3/5), 142.1 (Tp3/5), 140.8 (Tp3/5), 136.7 (Tp3/5), 136.5 (Tp3/5), 

126.5 (-CF3, q, JCF = 270.6), 121.5 (C3, q, JCF = 28.9), 118.2 (C4), 105.8 (overlap 2Cs, Tp4), 105.3 (Tp4), 

82.6 (C2), 61.0 (C5, d, JPC = 8.5), 56.3 (C6), 39.1 (NMe2), 13.2 (d, JCP = 28.7, PMe3). 19F {1H} NMR (acetone-

d6, δ, 25 °C): -61.68 (s, -CF3). 31P {1H} NMR (acetone-d6, δ, 25 °C): - 12.43 (JWP = 308). HRMS ESI-MS (m/z, 

calculated (rel. intensity, %), observed (rel. intensity, %), ppm, (M + H)+: 691.1812 (84.71), 691.1819 

(87.15), 692.1837 (80.03), 692.1844 (83.95), 693. 1835 (100), 693.1845 (100), 694.1877 (42.5), 694.1880 

(46.17), 695.1868 (84.18), 695.1875 (87.58). 
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WTp(NO)(PMe3)(4,5-η2-(1,2-bistrifluoromethylbenzene)) (14) 

 

An oven-dried 4-dram vial was charged with 1 (0.608 g, 1.05 mmol) and 1,2-bis-trifluoromethylbenzene 

(3.02 g, 14.1 mmol), and the heterogeneous yellow reaction mixture was allowed to stir. After 16 h the 

reaction mixture had retained its heterogeneous golden-colored consistency but analysis by 31P NMR 

confirmed the absence of 1 and the generation of a new species. The heterogeneous yellow reaction 

mixture was added to 50 mL of stirring pentane to precipitate out a vibrant yellow solid. The solid was 

then filtered through a 30 mL fine porosity fritted disc and washed with pentane (3 x 20 mL) before the 

yellow powder was allowed to desiccate under active vacuum and a mass taken of the vibrant yellow solid 

(0.477 g, 64.0 % yield). CV (DMA): Ep,a = +0.45 V (NHE). IR: ν(BH) = 2482 cm-1, ν(NO) = 1592 cm-1. 1H NMR 

(acetone-d6, δ, 25 °C):  .04 (3H, d, overlapping Tp3/5),  .00 (1H, d, Tp3/5),  .90 (1H, d, Tp3/5),  .6  (1H, 

d, J = 6.9, H3), 7.55 (1H, d, J = 5.5, H6), 7.53 (1H, d, Tp3C), 6.40 (1H, t, Tp4A), 6.38 (1H, t, Tp4B), 6.37 (1H, 

t, Tp4C), 3.80 (1H, m, H5), 2.15 (1H, t, J = 7.6, H4), 1.71 (9H, d, JPC = 8.5, PMe3). 31P {1H} NMR (acetone-d6, 

δ, 25 °C): -13.57 (JWP = 302). 19F {1H} NMR (acetone-d6, δ, 25°C): -56.6 (3F, q, 5JFF = 12.5, CF3), -56.7 (3F, q, 

5JFF = 12.5, CF3). 13C {1H} NMR (acetone-d6, δ, 25 °C): 144.5 (Tp3/5), 141.7 (Tp3/5), 141.3 (C3), 141.0 

(Tp3/5), 138.5 (C6), 137.2 (Tp3/5), 136.5 (Tp3/5), 136.0 (Tp3/5), 124.1 (overlapping CF3, q, JCF = 273.4), 

113.3 (C1/C2, q, JCF = 30.1), 111.0 (C1/C2, q, JCF = 31.2), 106.5 (Tp4), 106.4 (Tp4), 106.0 (Tp4), 60.7 (C5, d, 

JPC = 9.5), 58.2 (C4), 13.6 (PMe3, d, JPC = 28.7). A SC-XRD study confirms the identify of this compound (SI). 
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WTp(NO)(PMe3)(4,5-η2-(1,3-bistrifluoromethylbenzene)) (15) 

 

A 4-dram vial was charged with 1 (0.097 g, 0.167 mmol) and neat 1,3-bis(trifluoromethyl)benzene (3.17 

g, 14.8 mmol) and the initially heterogeneous yellow reaction mixture was allowed to stir. After 18 h the 

reaction mixture was still a heterogeneous yellow but no starting material was detected by cyclic 

voltammetry. This mixture was then slowly added a solution of stirring hexanes (20 mL) that had been 

cooled to – 30 οC to generate a yellow precipitate. The precipitate was then isolated on a 15mL fine 

porosity fritted disc, washed with hexanes (3x 10 mL) and desiccated to yield 5. A yellow solid was 

obtained (0.041 g, 34%). The filtrate was collected and the pentane was distilled to re-collect the excess 

aromatic ligand which was used in similar reaction procedures without noticeable inhibition of yield. This 

complex is isolated in an approximate 7:1 ratio of A:B. CV (DMA): Ep,a= + 0.42 V (NHE). IR: ν(BH) = 2493 

cm-1, ν(NO) = 15 2 cm-1. Characterization for 21A 1H NMR (acetone-d6, δ, 25 °C): 8.06 (1H, d, Tp5C), 8.00 

(1H, d, Tp5B), 7.95 (1H, d, Tp3B), 7.88 (1H, d, Tp3/5A), 7.71 (1H, d, Tp3/5A), 7.57 (1H, d, J = 5.0, H6), 7.50 

(1H, d, Tp3C), 6.39 (1H, t, Tp4C), 6.36 (1H, t, Tp4B), 6.27 (1H, t, Tp4A), 6.25 (1H, broad s, H2), 3.91 (1H, m, 

H5), 2.30 (1H, d, J = 9.3, H4), 1.36 (9H, d, J = 8.4, PMe3). 13C {1H} NMR (acetone-d6, δ, 25 °C): 145.3 

(Tp3/5A), 142.5 (Tp3/5A), 141.7 (Tp3C), 138.5 (C6), 138.0 (Tp3/5), 137.5 (Tp5B), 137.2 (Tp3/5), 128.8 

(C1/C3, q, JCF = 31.5), 126.3 (CF3, q, JCF = 272.1), 125.7 (CF3, q, JCF = 272.7), 116.8 (C1/C3, q, JCF = 32.1), 107.5 

(Tp4), 107.3 (Tp4), 106.2 (Tp4), 106.5 (H2), 62.1 (H5), 60.7 (H4, J = 25.0), 12.95 (d, JPC = 28.7, PMe3). 31P 

{1H} NMR (acetone-d6, δ, 25 °C): -14.46 (JWP = 289). Partial characterization for 15B 7.70 (1H, buried, H4), 

6.49 (1H, broad s, H2), 4.33 (1H, dd, J = 9.3, 12.4, H4), 2.19 (1H, broad t, J = 9.3, H5), 1.14 (9H, d, JPH = 8.5, 

PMe3). 31P NMR (acetone-d6, δ, 25 °C): -12.17. Partial characterization for 15H: 1H NMR (acetone-d6, δ, 

25 °C): 9.23 (1H, m, JPH =102.1 JWH = 30.8, W-H resonance), 6.01 (1H, t, Tp4). 31P {1H} NMR (acetone-d6, δ, 
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25 °C): -2.84 (JWP = 172). 19F {1H} NMR resonances for all isomers (acetone-d6, δ, 25 °C): -56.9, -59.7 for 

15A, -60.0 for 15A, -60.8 , - 61.8, -62.4. Elemental Analysis for C20H23BF6N7OPW: Calculated: C, 33.50; H, 

3.23; N, 13.67. Found: C, 33.50; H, 3.09; N, 13.54. 

 

WTp(NO)(PMe3)(5,6-η2-(3-trifluoromethyl-N,N-dimethyl-anilinium)]OTf (16) 

 

To an oven dried 4-dram vials added 15 (0.096 g, 0.139 mmol) and along with MeOH (~ 2 mL) to generate 

a heterogeneous yellow reaction mixture. This solution was allowed to cool in a -30 °C freezer over a 

course of 30 min before DPhAT (0.072 g, 0.225 mmol) was added to the reaction mixture at reduced 

temperature. After 1.5 h the reaction mixture was added to a stirring solution of diethyl ether (30 mL) to 

precipitate out a yellow solid and the isolated solid was washed with pentane (3 x 10 mL) after isolation 

on a fine 15 mL fritted disc and allowed to desiccate for 3 h (0.096 g, 82.1%). CV (DMA): Ep,a= + 1.34 V 

(NHE), Ep,c = - 1.54 V (NHE). IR: ν(BH) = 2519 cm-1, ν(NO) = 1602 cm-1, ν(CN iminium) = 15 1 cm-1. 1H NMR 

(acetone-d6, δ, 25 °C): 8.22 (1H, d, Tp3/5C), 8.16 (1H, d, Tp5B), 8.07 (2H overlapping, d, Tp5A and Tp3/5), 

8.03 (1H, d, Tp3C), 7.49 (1H, d, Tp3A), 7.27 (1H, broad s, Tp3/5C), 6.55 (1H, t, Tp4C), 6.49 (1H, t, Tp4B), 

6.47 (1H, t, Tp4A), 4.00 (1H, m, H5), 3.80 (3H, s, NMeA), 3.74 (1H, d, J = 22.4, H2), 3.47 (1H, d, J= 22.4, H2’), 

2.67 (1H, m, H6), 2.58 (3H, s, NMeB), 1.41 (9H, d, JPH = 9.2, PMe3). 13C NMR (acetone-d6, δ, 25 °C): 181.7 

(C1), 145.9 (Tp3/5C), 143.1 (Tp3/5), 142.7 (Tp3/5), 142.6 (Tp3C), 139.2 (Tp5B), 138.8 (Tp3/5), 133.6 (C4), 

122.3 (CF3, q, JCF = 322.2), 113.0 (C3, q, JCF = 31.6), 108.4 (Tp4), 108.3 (Tp4), 107.8 (Tp4), 61.2 (C5, JPC = 

12.3), 55.3 (C6), 28.6 (C2), 43.1 (NMeA), 41.8 (NMeB) 28.5 (C3, buried) 13.5 (PMe3, d, JCP = 31.7). 19F NMR 

(acetone-d6, δ, 25 °C): -78.28 (s, CF3). 31P NMR (acetone-d6, δ, 25 °C): -11.16 (JWP = 281) 
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Chapter 4 

 

 

Phenyl Sulfones: A Route to a Trisubstituted, Sulfone 

Functionalized Cyclohexenes 
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4.1 Introduction  

While we have conducted several studies on arenes bearing π-donor groups,1-10 it was not until 

recently that organic manipulations of electron-deficient η2-benzene complexes were explored.11-13 As 

shown in Chapter 3, most functional groups that are electron-withdrawing (e.g., benzoates, benzonitrile, 

phenones) have π-bonds that compete with the aromatic ring for metal coordination.14,15 However, in the 

complexes MoTp(NO)(DMAP)(η2-trifluorotoluene) and WTp(NO)(PMe3)(η2-trifluorotoluene),11,12,16 the 

metal binds exclusively to the benzene ring. Despite the electron-withdrawing nature of the CF3 group, 

protonation of the η2-trifluorotoluene ligand can be achieved, ortho to the CF3 group. The resulting η2-

benzenium complex then undergoes nucleophilic addition at an adjacent ring carbon, resulting in a 1,5-

disubstituted η2-1,3-cyclohexadiene complex (Scheme 4.1). The η2-diene complex can then undergo 

another protonation/nucleophilic addition sequence to provide a trisubstituted cyclohexene containing 

up to three new stereocenters (Scheme 4.1).11 

 
Scheme 4.1: Reactivity pattern of a dihapto-coordinated trifluorotoluene complex 

Chapter 3 evaluated the scope and binding selectivity of complexes prepared from other electron-

deficient arenes.13 That investigation revealed that sulfones were well-tolerated by the {WTp(NO)(PMe3)} 

fragment.  Sulfones and sulfonamides are attractive functional groups to leverage in the dearomatization 
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of benzene. Sulfur is the third most common heteroatom in marketed pharmaceuticals behind nitrogen 

and oxygen.17,18 Further, sulfones and sulfonamides are prevalent in various antibiotics, cancer 

therapeutics, COX-2 inhibitors, diuretics, and ulcer preventatives.17,19 We postulated that the reactivity of 

η2-phenyl sulfone complexes would follow a reaction pattern similar to their trifluorotoluene analog.   

 

4.2 Review of η2-Sulfone Complexes 

Complexes of the form WTp(NO)(PMe3)(3,4-η2-PhSO2R) (R= -Me (2), -Ph (3), -N(C4H8) (4)) were 

prepared by ligand exchange from the precursor complex WTp(NO)(PMe3)(η2-anisole) (1; Scheme 4.2).16 

The diphenyl sulfone complex 3 exists in solution as an equilibrium ratio of coordination diastereomers 

(cdr = 2 : 1), differing by which face of the ring is coordinated. The sulfonamide derivative 4 similarly 

equilibrates in solution, with a cdr of 1.7 : 1. However, the methyl phenyl sulfone ligand exchange reaction 

yielded three isomers of 2 in a ratio of 2.7 : 2.5 : 1. The minor complex was determined to be a tungsten 

hydride species formed as a result of the metal inserting into the methyl C-H bond. To further support the 

assignment of 2c as an alkyl hydride, the anisole complex 1 was also combined with dimethyl sulfone and 

4-(methylsulfonyl)toluene. In both cases, the only complex formed was the expected sulfonylmethyl 

hydride, the net product of a tungsten insertion into the methyl CH bond, as shown in chapter 3.  

 

4.3 Reactivity of η2-Phenyl Sulfones 

Previous work with the WTp(NO)(PMe3)(η2-trifluorotoluene) complex demonstrated that even 

though η2-arene complexes with electron-deficient benzenes exhibit poor coordination 

diastereoselectivity, protonation of the isomeric mixture at -30 °C followed by treatment with a 

nucleophile such as a cyanide ion (NaCN) results in the formation of a single diastereomer of an η2-diene 

complex.11 Initial attempts to replicate this with the methyl phenyl sulfone system that contains the 

hydride led to consistent failures with protonation and nucleophilic addition. 1H NMR observed multiple 
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allylic isomers at 0 °C after exposure to triflic acid leveled in MeCN at -30 °C. Nucleophilic addition was 

attempted even in the presence of multiple isomers in the hope that chromatography would clean up the 

final product. However, neither NaCN nor MTDA appeared to lead to the formation of a clean complex 

when used as the nucleophile at -60 °C, -40 °C, -30 °C, -10 °C, nor 0 °C. Fortunately, it was found that the 

ring-bound isomers 2a and 2b selectively precipitate out of the reaction mixture in an isolated yield of 

52% if the ligand exchange is conducted using THF as the solvent.13  

 
Scheme 4.2: Preparation of dihapto-coordinated phenyl sulfone complexes of {WTp(NO)(PMe3)} 

 



67 

 

Separation of the η2 isomers from the hydride led to successful protonation followed by 

nucleophilic addition of NaCN to 2. Disappointingly, when the methyl phenyl sulfone complex mixture of 

2a and 2b was protonated with triflic acid (HOTf/CH3CN) and then treated with NaCN at -30 °C, two 

products (16a, 16b) were formed in roughly a 1 : 2 ratio instead of a single compound seen with the 

trifluorotoluene system. Repeating this reaction at room temperature destroyed the complex. However, 

when the reaction was performed at 0 °C, a single dominant product (16b, dr > 20 : 1; later referred to as 

16) was formed. When the nucleophile was changed from NaCN to MTDA, the ratio of the diene complex 

10b to 10a at -30 °C was roughly 1.75 : 1 for the addition to the methyl sulfone complex 2, but this again 

improved to > 20 : 1 at 0 °C.   

When a 1H NMR spectrum was taken after the addition of acid to 2 at 0 °C, one dominant complex 

(5b) was observed.  Key features from the 1H NMR spectrum that support the formation of an η2-arenium 

complex (5b) include a diastereotopic methylene group at δ 4.30 and 4.10, a single unbound alkene 

resonance at δ  .11, and three π allylic protons at δ  .29, 5.12, and 4.34. These spectroscopic features 

were similar to those reported for the "η2-arenium" species [WTp(NO)(PMe3)(η2-HC6H5CF3)]+, derived 

from α,α,α-trifluorotoluene.11  

Taken together, this data suggests that two different η2-arenium diastereomers evolve upon 

protonation of 2 at -30 °C, each derived from a different stereoisomer of the initial arene complex. 

Presumably, these arenium species then react with the nucleophile to give two different diene products 

(vide infra). The warmer reaction temperature of 0 °C apparently facilitates the isomerization of the arene 

complex 2a to 2b prior to its protonation. Repeating the cyanide addition with the other two sulfone 

derivatives (3, 4) resulted in similar results, providing diene complexes 15 and 16, respectively. These 

results are summarized in Table 4.1. 
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Table 4.1: Protonation of dihapto-coordinated phenyl sulfone ligands followed by nucleophilic addition 

2D NMR techniques were used to characterize the diene complexes (8b, 14-16b), and in all three 

cases, NOE correlations between the protons of the pyrazole ring trans to the PMe3 ligand and the 

methine proton of C5 support the conclusion that the nucleophile added adjacent to the site of arene 

protonation, and to the face of the bound carbocycle anti to metal coordination. In a similar fashion, other 

nucleophiles could be selectively added to the η2-arenium intermediates 5b-7b, including MMTP, lithium 

dimethyl malonate (LiDMM), and tetrabutylammonium borohydride (TBAB),  all of which cleanly react 
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with the η2-arenium complexes 5b-7b (prepared in situ) to form 1-sulfonyl-1,3-diene complexes with high 

levels of regio- and stereocontrol (Table 4.2; 43%-68%). Single-crystal X-ray diffraction (SC-XRD) studies 

provided molecular structures of the diene complexes 8, 9, 11-13, and 17, all of which support the 

assigned stereochemistries (see appendix for crystal strutures).13 We posit that the high 

diastereoselectivity observed for these diene complexes (Table 4.2, 8-18) is the result of the reversible 

isomerization for the η2-arene coordination diastereomers (Table 4.1, a and b) coupled with a faster rate 

of formation for the thermodynamically favored arenium isomer 5b, compared to that of 5a.  

 
Table 4.2: Tandem protonation/nucleophilic addition to the phenyl sulfone complex (T = 0 °C) 

 



70 

 

4.4 Protonation of Sulfone Functionalized η2-Dienes 

 The products resulting from the 1,2-addition reactions of the η2-phenyl sulfones are rare examples 

of conjugated dienes in which a metal binds only two carbons. The uncoordinated double bond is still in 

conjugation with the tungsten, and as seen previously in the η2-trifluorotoluene and η2-benzene systems, 

is expected to have a basic carbon at the terminus of the diene.11,12 Protonation of 8, 9, and 10 at -30 °C 

yields single products (19-21) in all three cases according to proton NMR data (20 °C).  

The hyper distorted η2-allyl complex20 resulting from the protonation of the η2-1,3-cyclohexadiene 

species 8 was confirmed to be predominantly 19b (Scheme 5) according to 2D NMR data. This type of allyl 

distortion, in which only two of the three allyl carbons are strongly coordinated by the metal, is typical for 

allyl complexes of the form [WTp(NO)(PMe3)(π-allyl)]+ (vide infra).20  Further, calculations indicate that 

having the weakly coordinated carbon (indicated as a carbocation in Scheme 5) distal to the PMe3 is 

favored by 3-4 kcal/mol over the proximal allyl conformer (a) for the parent cyclohexadienium species 

(SI).20 This inherent preference also avoids placing the carbocation-like allyl carbon next to the electron-

withdrawing SO2R group (a in Scheme 5).  NOE correlations between the doublet at 6.00 ppm 

corresponding to C4 and the pyrazole ring trans to the PMe3 indicate that the "cationic" carbon is distal 

to the PMe3, as expected.   

The addition of diethyl ether to the reaction mixture precipitates the complex 22b as its triflate 

salt (81%).  Protonation of 9 or 10 at -30 °C followed by ether-induced precipitation generates 

predominantly 20b and 21b in a similar manner (76-79%).  NOE correlations between the methine group 

bound to the sulfone and the PMe3 group, along with stereochemical determinations of subsequently 

derived products (vide infra) support the notion that the sulfone group is oriented trans to tungsten. NMR 

data for 19 and 20 are consistent with their trifluorotoluene-derived analogs.11 As seen with the latter,11 

we suspect that initial protonation of the η2-diene complex likely occurs anti to the metal (a in Scheme 

5),21,22 but such an action creates a steric interaction between the sulfone and the PMe3
 and NO ligands.  
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Subsequent epimerization of this stereocenter would provide the observed stereochemistry in which the 

sulfone group is anti to the metal. 

 
Scheme 4.3: Protonation of η2-(1-sulfonyl-1,3-diene) complexes, conformational change (“allyl shift”), and 

epimerization of the resulting η2-allyl complex 

 

4.5 Second Nucleophilic Additions 

Once we confirmed that protonation of all three sulfone substituted η2-1,3-cyclohexadiene 

complexes (8-10) resulted in the clean formation of η2-allyl complexes, η2-diene 8 was protonated with 

HOTf in CH3CN at -30 °C, and the resulting solution was then treated with a methanol solution of NaCN. A 

white precipitate formed overnight in the reaction vial. Full 2D NMR analysis of the isolated solid 

confirmed the formation of the desired trisubstituted η2-cyclohexene complex (23; 65%). Repeating this 

reaction at -60 °C increased the yield of the precipitate (23) to 82%. NOE and COSY data indicate that the 

CN- adds to what was initially the para carbon of the phenyl sulfone, anti to the metal. This 1,4-addition 

pattern is consistent with that observed for the η2-trifluorotoluene complex.11 Eluting the filtrate down 

silica yielded a second product, 22, determined to be an η2-1,3-cyclohexadiene complex, with the ester 

and nitrile substituents still intact, but not the sulfone group. Repeating this process with the η2-diene 9 
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resulted in a similar white precipitate that was found to be the desired trisubstituted η2-cyclohexene 

complex (24,  2%). Elution of the filtrate through silica also yielded the η2-cyclohexadiene complex 22. 

Unfortunately, the tandem protonation/CN- addition to the η2-diene 10 did not yield a precipitate. Efforts 

to isolate the reaction via silica chromatography or aqueous extraction yielded the η2-cyclohexadiene 

complex 22. An X-ray crystal structure determination confirms the identity of 22 as that shown in Scheme 

4.4 (see appendix for crystal struture). Further exploration of the sulfone elimination will be discussed in 

the following chapter.  

 
Scheme 4.4: Second protonation/nucleophilic addition of cyanide to the arene ring. 
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4.6 Liberation of Organics from Metal 

Previous studies have shown that cyclohexenes can be liberated from the {WTp(NO)(PMe3)} 

system using a variety of different oxidants, including Ag+, [FeCp2] +, DDQ, NOPF6, CAN, and even O2. 

These cyclohexenes were liberated from the metal through oxidation with NOPF6 in yields ranging from 

64 to 76% (Scheme 4.5). 

 
Scheme 4.5: Decomplexation of sulfone functionalized cyclohexenes 

 

4.7 Conclusion 

The coordination of methyl phenyl sulfone, diphenyl sulfone, and phenylsulfonyl pyrrolidine by 

the π-base {WTp(NO)(PMe3)} increases the electron density of the phenyl ring, which enables the 

selective protonation of the carbon ortho to the sulfone group. The resulting η2-arenium complexes 

undergo nucleophilic addition with a range of nucleophiles to yield conjugated η2-diene species. In turn, 

these diene complexes are susceptible to a second protonation and nucleophilic addition, leading to 

trisubstituted cyclohexenes, which are liberated from the metal through oxidative decomplexation. 

Given that WTp(NO)(PMe3)(η2-benzene) and its derivatives can be prepared in enantioenriched form,23 

the compounds reported herein should be accessible as single enantiomers.11,24 Further discussion of 

the sulfone elimination product follows in the next chapter.  
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Experimental  
 
General Methods. NMR spectra were obtained on 500, 600, or 800 MHz spectrometers. Chemical shifts 

are referenced to tetramethylsilane (TMS) utilizing residual 1H signals of the deuterated solvents as 

internal standards. Chemical shifts are reported in ppm, and coupling constants (J) are reported in hertz 

(Hz). Chemical shifts for 19F and 31P spectra are reported relative to standards of hexafluorobenzene (164.9 

ppm) and triphenylphosphine (−6.00 ppm) or triphenyl phosphate (−16.5  ppm). Infrared spectra (IR) 

were recorded as a solid on a spectrometer with an ATR crystal accessory, and peaks are reported in cm−1. 

Electrochemical experiments were performed under a nitrogen atmosphere. Most cyclic voltammetric 

data were recorded at ambient temperature at 100 mV/s, unless otherwise noted, with a standard three-

electrode cell from +1.  to −1.  V with a platinum working electrode, acetonitrile or dimethylacetamide 

(DMA) solvent, and tetrabutylammonium (TBAH) electrolyte (∼1.0 M). All potentials are reported versus 

the normal hydrogen electrode (NHE) using cobaltocenium hexafluorophosphate (E1/2 = −0.   V, −1. 5 V) 

or ferrocene (E1/2 = 0.55 V) as an internal standard. The peak separation of all reversible couples was less 

than 100 mV. All synthetic reactions were performed in a glovebox under a dry nitrogen atmosphere 

unless otherwise noted. All solvents were purged with nitrogen prior to use. Deuterated solvents were 

used as received from Cambridge Isotopes and were purged with nitrogen under an inert atmosphere. 

When possible, pyrazole protons of the tris(pyrazolyl)borate (Tp) ligand were uniquely assigned (e.g., 

“Tp3B”) using two-dimensional NMR data. If unambiguous assignments were not possible, Tp protons 

were labeled as “Tp3/5 or Tp4”. All J values for Tp protons are 2(±0.4) Hz. 
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Compound 5 

 

This species is thermally unstable and cannot be isolated. in situ 1H-NMR data (d3-MeCN, δ, 25 °C): 8.34 

(1H, d, Tp3/5), 8.05 (1H, d, Tp3/5), 8.04 (1H, d, Tp3/5), 8.00 (1H, d, Tp3/5), 7.82 (1H, d, Tp3/5), 7.29 (1H, 

m, H5), 7.11 (1H, m, H2), 6.58 (1H, t, Tp4), 6.51 (1H, t, Tp4), 6.34 (1H, t, Tp4), 5.12 (1H, t J = 7.3, H3), 4.34 

(1H, m, H4), 4.30 (1H, dm J = 25.7, H6a), 4.10 (1H, dm J = 25.5, H6b), 3.05 (3H, s, SO2Me), 1.24 (9H, d J = 

9.9, PMe3). 

 

Compound 8 

 

Compound 2 (1.50 g, 2.27 mmol) and MeCN were combined in a test tube to form an orange 

heterogeneous solution. The heterogeneous mixture was cooled to 0 °C for 15 min. A 1M HOTf/MeCN 

solution (4.32 mL, 4.32 mmol, −30 °C) was added to the reaction via syringe. Upon addition, the reaction 

became a dark red, homogeneous mixture. After 2 min, 1-methoxy-2-methyl-1- (trimethylsiloxy)propene 

(1.9  g, 2.31 mL, 11.4 mmol, −30 °C) was added to the reaction mixture. The reaction mixture was stirred 

for 16 h at 0 °C. Et3N (2.30 g, 3.1  mL, 22.  mmol, −30 °C) was then added to the reaction mixture. The 

reaction was removed from the box and evaporated to dryness to form a dark brown oil. A 60 mL medium-

porosity fine frit was filled three-fourths full with silica and set in ether. Minimal acetone was used to pick 

the reaction oil up and loaded onto the column. Hexanes (100 mL) was eluted through the column, 

followed by diethyl ether (200 mL) and by ethyl acetate (250 mL). The ethyl acetate eluted a light brown 
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band, which was evaporated to dryness, redissolved in minimal DCM, then added to 30 mL of stirred 

pentane. An off-white solid precipitated out of the pentane and was collected on a 30 mL fine-porosity 

fitted disk, washed with diethyl ether (2 × 10 mL) and hexanes (2 × 15 mL), and then desiccated overnight 

to yield 8 (0.935 g, 1.23 mmol, 54.0%). CV (DMA): Ep,a = +0. 4 V (NHE). IR: ν(NO) 1551 cm−1, ν(SO) 1409 

cm−1. 1H NMR (MeCN-d3, δ, 25 °C):  .0  (1H, d, Tp3A), 8.04 (1H, d, Tp3B), 7.86 (2H, m, Tp5B, Tp5C), 7.80 

(1H, d, Tp5A), 7.57 (1H, dd, J = 5.3, 2.8, H2), 7.50 (1H, d, Tp3C), 6.36 (1H, t, Tp4B), 6.32 (1H, t, Tp4A), 6.31 

(1H, t, Tp4C), 3.49 (1H, d, J = 8.9, H5), 3.24 (3H, s, H9), 3.01 (1H, m, H3), 2.89 (3H, s, H12), 2.80 (1H, dd, J 

= 17.4, 9.3, H6y), 2.39 (1H, d, J = 17.4, H6x), 1.25 (3H, s, H10/H11), 1.21 (9H, d, JPH = 8.6, PMe3), 1.09 (3H, 

s, H10/ H11), 0.97 (1H, d, J = 9.9, H4). 13C NMR (MeCN-d3, δ, 25 °C): 1 9.2 (C ), 145.0 (d, JPC = 2.5, C2), 

144.5 (Tp3A), 142.3 (Tp3B), 142.1 (Tp3C), 138.1 (Tp5), 137.5 (Tp5A), 137.4 (Tp5), 127.7 (C1), 107.6 (Tp4B), 

107.3 (Tp4C), 106.7 (Tp4A), 55.0 (C4), 52.3 (C7), 51.6 (C9), 50.0 (d, JPC = 8.8, C3), 44.8 (C12), 43.3 (C5), 23.8 

(C10/11), 22.9 (C6), 21.9 (C10/C11), 13.6 (3C, d, JPC = 29.2, PMe3) Anal. Calcd for C24H37BN7O5PSW: C, 37.87; 

H, 4.90; N, 12.88. Found: C, 38.11; H, 4.79; N, 12.92.  

 

Compound 9 

 

Compound 4 (2.00 g, 2.77 mmol) and MeCN were combined in a test tube to form an orange heterogenous 

solution. The heterogenous mixture was cooled to 0 °C for 15 min. 1M HOTf/MeCN (5.27 mL, 5.27 mmol, 

-30 °C) was added to the reaction. Upon addition, the reaction became a dark red, homogeneous mixture. 

After 15 min, 1-methoxy-2-methyl-1-(trimethylsiloxy)propene (2.42 g, 2.82 mL, 13.9 mmol, -30 °C) was 

added to the reaction mixture. The reaction was stirred for 16 hours at 0 °C. Et3N (2.81 g, 3.86 mL, 27.7 
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mmol, -30 °C) was then added to the reaction. The reaction was removed from the glove box and 

evaporated to dryness to form a dark brown oil. A 150 mL medium porosity medium frit was filled ¾ full 

with silica and set in ether. Minimal acetone was used to pick the reaction oil up and load it onto the 

column. 300 mL of hexanes were eluted through the column, followed by 400 mL of ether, and finally 400 

mL of ethyl acetate. The ethyl acetate eluted a light brown band, which was evaporated to dryness, 

redissolved in minimal DCM, then added dropwise to 30 mL of stirring pentane. An off-white solid 

precipitated out of the pentane and was collected on a 30 mL fine porosity fritted disc, washed with 

diethyl ether (2 x 10 mL) and hexanes (2 x 15 mL), and desiccated overnight to yield 9 (1.53 g, 1.86 mmol, 

67%). CV (DMA): Ep,a= + 0.73 V (NHE). IR: ν(SO) 1405 cm-1, ν(NO) 1563 cm-1, ν(CO) 1721 cm-1, ν(BH) 2473 

cm-1. 1H-NMR (d3-MeCN, δ, 25 oC): 8.03 (1H, d, TpA3), 8.00 (1H, d, TpB3), 7.88 (2H, m, H16, H12), 7.85 (1H, 

d, TpC5), 7.84 (1H, d, TpB5), 7.82 (1H, dd J = 5.9, 2.6, H2), 7.76 (1H, d, TpA5), 7.57 (1H, m, H14), 7.51 (3H, 

m, TpC3, H15, H13), 6.35 (1H, t, TpB4), 6.30 (1H, t, TpC4), 6.28 (1H, t, TpA4), 3.45 (1H, d J = 8.8, H5), 3.14 

(3H, s, OMe), 2.98 (1H, m, H3), 2.66 (1H, dd J = 17.7, 9.1, H6b), 2.19 (1H, d J = 17.7, H6a), 1.24 (9H, d J = 

8.6, PMe3), 1.02 (3H, s, H10/9), 0.89 (1H, d J = 9.1, H4), 0.84 (3H, s, H10/9). 13C-NMR (d3-MeCN, δ, 25 oC): 

179.1 (1C, C8), 146.8 (1C, d J = 2.8, C2), 144.4 (1C, TpB3), 143.3 (1C, C11), 142.4 (1C, TpA3), 142.1 (1C, 

TpC3), 138.1 (1C, TpC5), 137.5 (1C, TpB5), 137.4 (1C, TpA5), 133.3 (1C, C14), 129.8 (2C, C15/13), 128.6 (2C, 

C16, C12), 127.9 (1C, C1), 107.5 (1C, TpB4), 107.3 (1C, TpC4), 106.6 (1C, TpA4), 55.3 (1C, C4), 52.1 (1C, C7), 

51.5 (1C, OMe), 50.7 (1C, d J = 8.1, C3), 43.3 (1C, C5), 28.8 (1C, C10/9), 22.5 (1C, C6), 21.1 (1C, C10/9), 13.9 

(3C, d J = 29.3, PMe3). Anal. Calcd for C29H39BN7O5PSW‧H2O: C, 41.74; H, 4.73; N, 11.67 Found: C, 41.81; 

H, 4.73; N, 11.68.  
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Compound 10 

 

Compound 3 (0.100 g, 0.140 mmol) and MeCN were combined in a test tube to form an orange 

heterogenous solution. The heterogenous mixture was cooled to 0 °C for 15 min. 1M HOTf/MeCN (0.26 

mL, 0.263 mmol, 0 °C) was added to the reaction via syringe. Upon addition, the reaction became a dark 

red, homogeneous mixture. After 30 min, 1-methoxy-2-methyl-1-(trimethylsiloxy)propene (0.11 g, 2.130 

mL, 0.630 mmol, 0 °C) was added to the reaction mixture. The reaction was stirred for 16 hours at 0°C. 

Et3N (0.127 g, 0.167 mL, 1.26 mmol) was then added to the reaction. The reaction was removed from the 

glove box and evaporated to dryness to form a dark brown oil. A 30 mL medium porosity fine frit was filled 

¾ full with silica and set in ether. Minimal acetone was used to pick the reaction oil up and loaded onto 

the column. 50 mL of Hexanes were eluted through the column, followed by 100 mL of ethyl acetate. The 

ethyl acetate eluted a light brown band, which was evaporated to dryness, redissolved in minimal DCM, 

then added to 10 mL stirring pentane. An off-white solid precipitated out of the pentane and was collected 

on a 15 mL fine porosity fitted disc, washed with hexanes (3 x 15 mL), and desiccated overnight to yield 

10 (0.060 g, 0.074 mmol, 53%). CV (DMA): Ep,a= + 0.72 V (NHE). IR: ν(SO) 1406 cm-1, ν(NO) 1549 cm-1, ν(CO) 

1724 cm-1, ν(BH) 2503 cm-1. 1H-NMR (d3-MeCN, δ, 25 oC): 8.05 (1H, d, TpA3), 8.03 (1H, d, TpB3), 7.86 (2H, 

m, TpB5, TpC5). 7.79 (1H, d, TpA5), 7.51 (1H, d, TpC3), 7.48 (1H, dd J = 6.1, 2.8, H2), 6.36 (1H, t, TpB4), 

6.31 (2H, m, TpA4, TpC4), 3.44 (1H, d J = 8.5, H5), 3.28 (2H, m, H13/10), 3.20 (2H, m, H13/10), 3.16 (3H, s, 

OMe), 3.00 (1H, m, H3), 2.71 (1H, ddm J = 16.9, 8.8, H6b), 2.42 (1H, d J = 16.6, H6a), 1.79 (4H, m, H12, 

H11), 1.26 (3H, s, H9/8), 1.20 (9H, d J = 8.6, PMe3), 1.10 (3H, s, H9/8), 0.86 (1H, d J = 9.4, H4). 13C-NMR (d3-

MeCN, δ, 25 oC): 179.3 (1C, C=O), 144.9 (1C, d J = 3.0, C2), 144.3 (1C, TpC3), 142.3 (1C, Tp3), 142.0 (1C, 
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Tp3), 138.1 (1C, Tp5), 137.5 (1C, Tp5), 137.4 (1C, Tp5), 126.0 (1C, C1), 107.6 (1C, TpB4), 107.3 (1C, Tp4), 

106.7 (1C, Tp4), 55.1 (1C, C4), 52.3 (1C, C7), 51.5 (1C, OMe), 50.2 (1C, d J = 8.7, C3), 48.4 (2C, C13, C10), 

43.4 (1C, C5), 26.2 (2C, C12, C11), 24.2 (1C, C9/8), 23.4 (1C, C6), 21.4 (1C, C9/8), 14.1 (3C, d J = 28.9, PMe3). 

Anal. Calcd for C27H42BN8O5PSW‧DCM: C, 37.31; H, 4.92; N, 12.43 Found: C, 37.47; H, 4.79; N, 13.03.  

 

Compound 11 

 

Compound 2 (0.100 g, 0.152 mmol) and MeCN were combined in a test tube to form an orange 

heterogeneous solution. Lithium dimethyl malonate (0.125 g, 0.910 mmol) and MeCN were combined in 

a second test tube to form a clear solution. Both solutions were cooled to 0 °C for 15 min. 1M HOTf/MeCN 

(0.30 mL, 0.303 mmol, -30 °C) was added to the reaction via syringe. Upon addition, the reaction became 

a dark red, homogeneous mixture. After 5 minutes, the cold bath was reduced to -30 °C. The protonated 

solution was added slowly to the lithium dimethyl malonate solution. The first test tube was rinsed with 

0.5 mL of MeCN, which was added to the reaction. The reaction was stirred for 18 hrs. The test tube was 

removed from the glove box and evaporated to dryness. The resulting oil was purified by Combiflash flash 

chromatography on a 12 g silica column using a gradient elution of 0-100% ethyl acetate in hexanes. The 

fractions of 100% ethyl acetate containing the product were evaporated to dryness, picked up in minimal 

DCM, and precipitated into 10 mL of pentane yielding a light brown solid. The light brown precipitant was 

collected on a 15 mL fine porosity fitted disc, washed with hexanes (3 x 10 ml), and desiccated overnight 

to yield 11 (0.078 g, 0.099 mmol, 65%). CV (DMA): Ep,a= + 0.81 V (NHE). IR: ν(SO) 1406 cm-1, ν(NO) 1556 

cm-1, ν(CO) 1726 cm-1, ν(BH) 2489 cm-1.  1H-NMR (d3-MeCN, δ, 25 oC): 8.05 (1H, d, TpB3), 7.98 (1H, d, TpA3), 
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7.88 (2H, d, TpB5, TpC5), 7.80 (1H, d, TpA5), 7.67 (1H, dd J = 5.7, 2.6, H2), 7.40 (1H, d, TpC3), 6.38 (1H, t, 

TpB4), 6.35 (1H, t, TpA4), 6.30 (1H, t, TpC4), 3.68 (3H, s, CO2Me), 3.52 (2H, m, H5, H7). 3.44 (3H, s, CO2Me), 

2.91 (1H, m, H3), 2.90 (3H, s, SO2Me), 2.86 (1H, ddm J = 17.1, 6.1, H6B), 2.27 (1H, d J = 16.8, H6A), 1.22 

(9H, d J = 8.8, PMe3), 1.11 (1H, d J = 9.2, H4). 13C-NMR (d3-MeCN, δ, 25 oC): 170.7 (1C, C=O), 170.3 (1C, 

C=O), 145.6 (1C, d J = 3.0, C2), 144.5 (1C, TpB3), 142.9 (1C, TpA3), 141.9 (1C, TpC3), 138.3 (1C, Tp5), 137.7 

(1C, Tp5), 137.3 (1C, TpA5), 126.4 (1C, C1), 107.7 (1C, Tp4), 107.5 (1C, Tp4), 107.0 (1C, Tp4), 60.9 (1C, C7), 

59.0 (1C, C4), 52.9 (1C, OMe), 52.6 (1C, OMe), 48.0 (1C, d J = 8.9, C3), 45.1 (1C, SO2Me), 38.3 (1C, C5), 26.3 

(1C, C6), 13.6 (3C, J = 30.2, PMe3). Anal. Calcd for C24H35BN7O7PSW‧H2O: C, 35.62; H, 4.61; N, 12.12. Found: 

C, 35.37; H, 4.55; N, 12.46.  

 

Compound 12 

 

Compound 4 (0.100 g, 0.138 mmol) and MeCN were combined in a test tube to form an orange 

heterogeneous solution. Lithium dimethyl malonate (0.114 g, 0.832 mmol) and MeCN were combined in 

a second test tube to form a clear solution. Both solutions were cooled to 0 °C for 15 min. 1M HOTf/MeCN 

(0.277 mL, 0.277 mmol, -30 °C) was added to the reaction. Upon addition, the reaction became a dark red, 

homogeneous mixture. After 15 minutes, the cold bath was reduced to -30 °C. The protonated solution 

was added slowly to the lithium dimethyl malonate solution. The first test tube was rinsed with 0.5 mL of 

MeCN, which was added to the reaction. The reaction was stirred for 18 hrs. The test tube was removed 

from the box and evaporated to dryness. The resulting oil was purified by Combiflash flash 

chromatography on a 12 g silica column using a gradient elution of 0-100% ethyl acetate in hexanes. The 
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fractions of 100% ethyl acetate contains the product were evaporated to dryness, picked up in minimal 

DCM, and precipitated into 10 mL of pentane yielding an off white solid. The off-white precipitant was 

collected on a 15 mL fine porosity fitted disc, washed with hexanes (3 x 10 ml), and desiccated overnight 

to yield 12 (0.072 g, 0.084 mmol, 61%). CV (DMA): Ep,a= + 0.82 V (NHE). IR: ν(SO) 1406 cm-1, ν(NO) 1555 

cm-1, ν(CO) 1728 cm-1, ν(BH) 2525 cm-1. 1H-NMR (d3-MeCN, δ, 25 oC): 8.01 (1H, d, TpB3), 7.92 (1H, d, TpA3), 

7.91 (1H, m, H2), 7.87 (1H, d, TpB5), 7.86 (1H, d, TpC5), 7.83 (2H, m, H9, H13), 7.76 (1H, d, TpA5), 7.58 

(1H, m, H11), 7.52 (2H, m, H10, H12), 7.40 (1H, d, TpC3), 6.37 (1H, t, TpC4), 6.30 (1H, t, TpA4), 6.28 (1H, t, 

TpB4), 3.46 (3H, s, OMe), 3.40 (1H, m, H5), 3.35 (3H, s, OMe), 3.07 (1H, d J = 10.4, H7), 2.90 (1H, m, H3), 

2.77 (1H, , J = 17.3, 6.5, H6b), 2.07 (1H, d J = 16.9, H6a), 1.24 (9H, d J = 8.7, PMe3), 0.90 (1H, d J = 9.1, H4). 

13C-NMR (d3-MeCN, δ, 25 oC): 170.3 (1C, C=O), 170.2 (1C, C=O), 147.1 (1C, d J = 2.7, C2), 144.5 (1C, TpB3), 

143.2 (1C, C8), 142.8 (1C, TpA3), 141.7 (1C, TpC3), 138.3 (1C, Tp5), 137.7 (1C, Tp5), 137.2 (1C, TpA5), 133.3 

(1C, C11), 129.9 (2C, C10, C12), 128.3 (2C, C9, C13), 126.5 (1C, C1), 107.7 (1C, Tp4), 107.4 (1C, Tp4), 107.0 

(1C, TpB4), 59.9 (1C, C7), 58.4 (1C, C4), 52.9 (1C, OMe), 52.4 (1C, OMe), 48.4 (1C, d J = 8.6, C3), 37.9 (1C, 

C5), 26.3 (1C, C6), 13.4 (3C, d J = 28.8, PMe3). Anal. Calcd for C29H37BN7O7PSW‧1/3DCM: C, 39.96; H, 4.31; 

N, 11.12. Found: C, 39.66; H, 4.33; N, 10.99.  

 

Compound 13 

 

Compound 3 (0.110 g, 0.154 mmol) and MeCN were combined in a test tube to form an orange 

heterogeneous solution. Lithium dimethyl malonate (0.127 g, 0.924 mmol) and MeCN were combined in 

a second test tube to form a clear solution. Both solutions were cooled to 0 °C for 15 min. 1M HOTf/MeCN 
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(0.30 mL, 0.300 mmol, -30 °C) was added to the reaction. Upon addition, the reaction became a dark red, 

homogeneous mixture. After 15 minutes, the cold bath was reduced to -30 °C. The protonated solution 

was added slowly to the lithium dimethyl malonate solution. The first test tube was rinsed with 0.5 mL of 

MeCN, which was added to the reaction. The reaction was stirred for 18 hrs. The test tube was removed 

from the box and evaporated to dryness. The resulting oil was purified by Combiflash flash 

chromatography on a 12 g silica column using a gradient elution of 0-100% ethyl acetate in hexanes. The 

fractions of 100% ethyl acetate contains the product were evaporated to dryness, picked up in minimal 

DCM, and precipitated into 10 mL of pentane yielding off white solid. The off-white precipitant was 

collected on a 15 mL fine porosity fitted disc, washed with hexanes (3 x 10 ml), and desiccated overnight 

to yield 13 (0.081 g, 0.096 mmol, 62%). CV (DMA): Ep,a= + 0.79 V (NHE). IR: ν(SO) 1406 cm-1, ν(NO) 1559 

cm-1, ν(CO) 1736 cm-1, ν(BH) 2505 cm-1. 1H-NMR (d3-MeCN, δ, 25 oC): 8.04 (1H, d, TpB3), 7.95 (1H, d, TpA3), 

7.89 (1H, d, Tp5), 7.88 (1H, d, Tp5), 7.79 (1H, d, TpA5), 7.56 (1H, dd J = 5.9, 2.5, H2), 7.40 (1H, d, TpC3), 

6.39 1H , t, TpB4), 6.34 (1H, t, TpA4), 6.30 (1H, t, TpC4), 3.67 (3H, s, OMe), 3.48 (1H, d J =  10.3, H7), 3.47 

(1H, m, H5), 3.40 (3H, s, OMe), 3.19 (4H, m, H11, H8), 2.19 (1H, m, H3), 2.78 (1H, dd J = 16.5, 5.8, H6a), 

2.30 (1H, d J = 16.5, H6b), 1.79 (4H, H10, H9), 1.21 (9H, d J = 8.6, PMe3), 0.93 (1H, d J = 9.4, H4). 13C-NMR 

(d3-MeCN, δ, 25 oC): 170.6 (1C, C=O), 170.4 (1C, C=O), 145.0 (1C, d J = 2.2, C2), 144.3 (1C, TpB3), 142.9 (1C, 

TpA3), 141.7 (1C, TpC3), 138.3 (1C, Tp5), 137.7 (1C, Tp5), 137.3 (1C, TpA5), 124.1 (1C, C1), 107.7 (1C, 

TpB4), 107.5 (1C, TpC4), 107.0 (1C, TpA4), 60.4 (1C, C7), 58.4 (1C, C4), 52.9 (1C, OMe), 52.5 (1C, OMe), 

48.3 (2C, C11, C8), 48.0 (1C, d J = 9.1, C3), 38.2 (1C, C5), 27.2 (1C, C6), 26.0 (2C, C10, C9), 13.9 (3C, d J = 

29.1, PMe3). Anal. Calcd for C27H40BN8O7PSW‧2/3LiOTf: C, 34.97; H, 4.24; N, 11.79. Found: C, 35.03; H, 

4.42; N, 11.54.  
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Compound 14 

 

Compound 2 (0.100 g, 0.152 mmol) and MeCN were combined in a test tube to form an orange 

heterogeneous solution. NaCN (0.037 g, 0.760 mmol) and MeOH were combined in a second test tube to 

form a clear solution. Both solutions were cooled to 0 °C for 15 min. 1M HOTf/MeCN (0.230 mL, 0.230 

mmol, -30 °C) was added to the reaction via syringe. Upon addition, the reaction became a dark red, 

homogeneous mixture. After 5 minutes, the protonated solution was added slowly to the NaCN solution. 

The first test tube was rinsed with 0.5 mL of MeCN, which was added to the reaction. The reaction was 

stirred for 15 hrs. The test tube was removed from the box and evaporated to dryness. The resulting oil 

was purified by Combiflash flash chromatography on a 12 g silica column using a gradient elution of 0-

100% ethyl acetate in hexanes. The fractions of 100% ethyl acetate containing the product were 

evaporated to dryness, picked up in minimal DCM, and precipitated into 10 mL of pentane yielding white 

solid. The white precipitant was collected on a 15 mL fine porosity fitted disc, washed with hexanes (3 x 

10 ml), and desiccated overnight to yield 14 (0.059 g, 0.085 mmol, 56%). CV (DMA): Ep,a= + 0.97 V (NHE). 

IR: ν(SO) 1405 cm-1, ν(NO) 1571 cm-1, ν(CN) 2225 cm-1, ν(BH) 2502 cm-1. 1H-NMR (d3-MeCN, δ, 25 oC): 8.05 

(1H, d, TpB3), 7.89 (2H, d, TpA5, TpB5), 7.81 (1H, d, TpA3), 7.80 (1H, d, TpC5), 7.79 (1H, dd J = 5.7, 2.5, 

H2), 7.49 (1H, d, TpC3), 6.39 (1H, t, TpB4), 6.33 (2H, t, TpA4, TpC4), 3.91 (1H, m, H5), 3.03 (1H, m, H3), 

2.94 (3H, s, SO2Me), 2.87 (1H, ddm J = 16.8, 6.7, H6a), 2.67 (1H, d J = 16.8, H6b), 1.53 (1H, d J = 9.1, H4), 

1.25 (9H, d J = 9.0, PMe3). 13C-NMR (d3-MeCN, δ, 25 oC): 146.0 (1C, C2), 144.6 (1C, TpB3), 142.7 (1C, TpA3), 

142.2 (TpC3), 138.4 (1C, Tp5), 138.0 (1C, Tp5), 137.5 (1C, TpC5), 127.5 (1C, CN), 125.9 (1C, C1), 107.8 (1C, 

Tp4), 107.6 (1C, Tp4), 107.4 (1C, Tp4), 57.67 (1C, d J = 2.5, C4), 47.0 (1C, d J = 9.3, C3), 45.1 (1C, SO2Me), 
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30.0 (1C, C5), 26.9 (1C, C6), 13.6 (3C, d J = 30.1, PMe3). Anal. Calcd for C20H28BN8O3PSW‧1/3DCM: C, 34.18; 

H, 4.04; N, 15.68. Found: C, 34.22; H, 4.19; N, 15.75.  

 

Compound 15 

 

Compound 4 (0.100 g, 0.138 mmol) and MeCN were combined in a test tube to form an orange 

heterogeneous solution. NaCN (0.034 g, 0.690 mmol) and MeOH were combined in a second test tube to 

form a clear solution. Both solutions were cooled to 0 °C for 15 min. 1M HOTf/MeCN (0.21 mL, 0.210 

mmol, -30 °C) was added to the reaction via syringe. Upon addition, the reaction became a dark red, 

homogeneous mixture. After 15 minutes, the protonated solution was added slowly to the NaCN solution. 

The first test tube was rinsed with 0.5 mL of MeCN, which was added to the reaction. The reaction was 

stirred for 16 hrs. A white precipitant was found to have crashed out of solution overnight. The white 

precipitant was collected on a 15 mL fine porosity fitted disc, washed with hexanes (3 x 10 ml), and 

desiccated overnight to yield 15 (0.052 g, 0.069 mmol, 50%). CV (DMA): Ep,a= + 0.99 V (NHE). IR: ν(SO) 

1406 cm-1, ν(NO) 1547 cm-1, ν(CN) 2350 cm-1, ν(BH) 2488 cm-1. 1H-NMR (d3-MeCN, δ, 25 oC): 8.02 (1H, dd 

J = 6.0, 2.5, H2), 7.99 (1H, d, TpB3), 7.90 (2H, m, H12, H8), 7.87 (1H, d, TpC5), 7.86 (1H, d, TpB5), 7.77 (1H, 

d, TpA5), 7.75 (1H, d, TpA3), 7.58 (1H, m, H10), 7.52 (2H, m, H11, H9), 7.50 (1H, d, TpC3), 6.37 (1H, t, 

TpB4), 6.32 (1H, t, TpC4), 6.29 (1H, t, TpA4), 3.83 (1H, m, H5), 3.01 (1H, m, H3), 2.76 (1H, ddm J = 16.6, 

6.8, H6b), 2.50 (1H, d J = 16.5, H6a), 1.49 (1H, d J = 9.3, H4), 1.26 (9H, d J = 8.8, PMe3). 13C-NMR (d3-MeCN, 

δ, 25 oC): 147.6 (1C, d J = 2.8, C2), 144.6 (1C, TpB3),  143.4 (1C, C7), 142.7 (1C, TpA3), 142.2 (1C, TpC3), 

138.4 (1C, TpB5), 138.0 (1C, TpC5), 137.5 (1C, TpA5), 133.5 (1C, C10), 129.9 (2C, C11, C9), 128.5 (2C, C12, 

C8), 127.2 (1C, CN), 126.2 (1C, C1), 107.9 (1C, TpB4), 107.6 (1C, TpC4), 107.4 (1C, TpA4), 57.9 (1C, C4), 47.7 
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(1C, d J = 9.3, C3), 30.1 (1C, C5), 26.9 (1C, C6), 14.0 (3C, d J = 29.6, PMe3). Anal. Calcd for C25H30BN8O3PSW

‧1/2DCM: C, 38.73; H, 3.95; N, 14.17. Found: C, 38.47; H, 4.05; N, 14.16. 

 

Compound 16 

 

Compound 3 (0.100 g, 0.140 mmol) and MeCN were combined in a test tube to form an orange 

heterogeneous solution. NaCN (0.034 g, 0.700 mmol) and MeOH were combined in a second test tube to 

form a clear solution. Both solutions were cooled to 0 °C for 15 min. 1M HOTf/MeCN (0.210 mL, 0.210 

mmol, -30 °C) was added to the reaction via syringe. Upon addition, the reaction became a dark red, 

homogeneous mixture. After 15 minutes, the protonated solution was added slowly to the NaCN solution. 

The first test tube was rinsed with 0.5 mL of MeCN, which was added to the reaction. The reaction was 

stirred for 16 hrs. A white precipitant was found to have crashed out of solution overnight. The white 

precipitant was collected on a 15 mL fine porosity fitted disc, washed with hexanes (3 x 10 ml), and 

desiccated overnight to yield 16 (0.043 g, 0.059 mmol, 42%). CV (DMA): Ep,a= + 0.93 V (NHE). IR: ν(SO) 

1406 cm-1, ν(NO) 1559 cm-1, ν(CN) 2361 cm-1, ν(BH) 2512 cm-1. 1H-NMR (d3-MeCN, δ, 25 oC): 8.04 (1H, d, 

TpB3), 7.89 (2H, d, TpB5, TpC5), 7.80 (1H, d, TpA5), 7.79 (1H, TpA3), 7.67 (1H, dd J = 6.1, 2.7, H2), 7.50 

(1H, d, TpC3), 6.39 (1H, t, TpB4), 6.33 (1H, t, TpC4), 6.32 (1H, t, TpA4), 3.83 (1H, m, H5), 3.27 (4H, m, H10, 

H7), 3.01 (1H, m, H3), 2.81 (1H, ddm J = 16.8, 6.7, H6b), 2.63 (1H, d J = 16.3, H6a), 1.83 (4H, m, H9, H8), 

1.44 (1H, d J = 9.5, H4), 1.23 (9H, d J = 8.7, PMe3). 13C-NMR (d3-MeCN, δ, 25 oC): 145.4 (1C, d J = 2.9, C2), 

144.4 (1C, TpB3), 142.6 (1C, TpA3), 142.1 (1C, TpC3), 138.4 (1C, Tp5), 137.9 (1C, Tp5), 137.5 (1C, TpA5), 

127.6 (1C, CN), 123.5 (1C, C1), 107.8 (1C, TpB4), 107.6 (1C, Tp4), 107.4 (1C, Tp4), 57.4 (1C, C4), 48.5 (2C, 
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C10, C7), 47.1 (1C, d J = 9.6, C3), 30.0 (1C, C5), 27.8 (1C, C6), 26.1 (2C, C9, C8), 13.9 (3C, d J = 28.8, PMe3). 

Anal. Calcd for C23H33BN9O3PSW‧1/3NaOTf: C, 35.09; H, 4.17; N, 15.79. Found: C, 34.86; H, 4.39; N, 15.92. 

 

Compound 17 

 

Compound 2 (0.100 g, 0.152 mmol) and MeCN were combined in a test tube to form an orange 

heterogeneous solution. Tetrabutylammonium borohydride (0.117 g, 0.455 mmol) and MeCN were 

combined in a second test tube to form a clear solution. Both solutions were cooled to 0 °C for 15 min. 

1M HOTf/MeCN (0.167 mL, 0.167 mmol, -30 °C) was added to the reaction. Upon addition, the reaction 

became a dark red, homogeneous mixture. After 5 minutes, the protonated solution was added slowly to 

the tetrabutylammonium borohydride solution. The first test tube was rinsed with 0.5 mL of MeCN, which 

was added to the reaction. Reaction may turn blue. The reaction was stirred for 18 hrs. The reaction was 

warmed to room temperature and removed from the glovebox. H2O (13 mL) was added slowly to the 

stirring solution to induce precipitation of a white solid. The white solid was collected on a 15 mL fine 

porosity fritted disc, wash with ether (2 x 10 mL) and hexanes (3 x 10 mL), then desiccated overnight to 

yield 17 (0.062 g, 0.094 mmol, 62%). CV (DMA): Ep,a= + 0.72 V (NHE). IR: ν(SO) 1401 cm-1, ν(NO) 1551 cm-

1, ν(BH) 2485 cm-1. 1H-NMR (d3-MeCN, δ, 25 oC): 8.04 (1H, d, TpB3), 7.97 (1H, d, TpA3), 7.87 (1H, d, TpB5), 

7.86 (1H, d, TpC5), 7.78 (1H, d, TpA5), 7.67 (1H, dd J = 5.8, 2.4, H2), 7.45 (1H, d, TpC3), 6.37 (1H, t, TpB4), 

6.31 (1H, t, TpA4), 6.29 (1H, t, TpC4), 3.45 (1H, m, H5a), 2.94 (1H, m, H3), 2.90 (3H, s, SO2Me), 2.82 (1H, 

ddm J = 14.2, 7.1, H5b), 2.56 (1H, m, H6b), 2.34 (1H, dd J = 15.9, 6.3, H6a), 1.36 (1H, m, H4), 1.25 (9H, d J 

= 8.6, PMe3). 13C-NMR (d3-MeCN, δ, 25 oC): 145.7 (1C, d J = 2.7, C2), 144.4 (1C, TpB3), 142.7 (1C, TpA3), 

142.0 (1C, TpC3), 138.1 (1C, TpC5), 137.5 (1C, TpB5), 137.1 (1C, TpA5), 129.1 (1C, C1), 107.6 (1C, TpB4), 
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107.3 (1C, TpC4), 107.0 (1C, TpA4), 57.1 (1C, C4), 48.9 (1C, d J = 8.5, C3), 45.1 (1C, SO2Me), 27.0 (1C, C5), 

23.0 (1C, C6), 13.8 (3C, d J = 28.7, PMe3). Anal. Calcd for C19H29BN7O3PSW: C, 34.53; H, 4.42; N, 14.83. 

Found: C, 34.35; H, 4.27; N, 14.49. 

 

Compound 18 

 

Compound 4 (0.100 g, 0.138 mmol) and MeCN were combined in a test tube to form an orange 

heterogeneous solution. Sodium borohydride (0.013 g, 0.344 mmol) and MeCN were combined in a 

second test tube to form a clear solution. Both solutions were cooled to 0 °C for 15 min. 1M HOTf/MeCN 

(0.150 mL, 0.150 mmol, -30 °C) was added to the reaction. Upon addition, the reaction became a dark red, 

homogeneous mixture. After 5 minutes, the protonated solution was added slowly to the sodium 

borohydride solution. The first test tube was rinsed with 0.5 mL of MeCN, which was added to the 

reaction. Reaction may turn blue. The reaction was stirred for 16 hrs. The reaction was warmed to room 

temperature and removed from the glovebox. H2O (13 mL) was added slowly to the stirring solution to 

induce precipitation of a white solid. The white solid was collected on a 15 mL fine porosity fritted disc, 

wash with ether (2 x 10 mL) and hexanes (3 x 10 mL), then desiccated overnight to yield 18 (0.068 g, 0.094 

mmol, 68%). CV (DMA): Ep,a= + 0.72 V (NHE). IR: ν(SO) 1405 cm-1, ν(NO) 1557 cm-1, ν(BH) 2474 cm-1. 1H-

NMR (d3-MeCN, δ, 25 oC): 7.98 (1H, d, TpB3), 7.93 (1H, dd J = 6.0, 2.5, H2), 7.91 (1H, d, TpA3), 7.87 (2H, m, 

H12, H8), 7.84 (2H, d, TpB5, TpC5), 7.75 (1H, d, TpA5), 7.55 (1H, m, H10), 7.49 (2H, m, H11, H9), 7.46 (1H, 

d, TpC3), 6.35 (1H, t, TpB4), 6.28 (1H, t, TpC4), 6.26 (1H, t, TpA4), 3.25 (1H, m, H5a), 2.91 (1H, m, H3), 2.75 

(1H, m, H5b), 2.41 (1H, m, H6b), 2.14 (1H, dd J = 16.2, 5.8, H6a), 1.32 (1H, d J = 10.0, H4), 1.26 (9H, d J = 

8.6, PMe3). 13C-NMR (d3-MeCN, δ, 25 oC): 147.7 (1C, d J = 2.7, C2), 144.3 (1C, TpB3), 143.9 (1C, C7), 142.6 

(1C, TpA3), 142.0 (1C, TpC3), 138.1 (1C, Tp5), 137.5 (1C, Tp5), 137.1 (1C, Tp5), 133.1 (1C, C10), 129.7 (2C, 
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C11, C9), 129.0 (1C, C1), 128.3 (2C, C12, C8), 107.4 (1C, TpB4), 107.3 (1C, TpC4), 106.9 (1C, TpA4), 57.3 

(1C, C4), 49.5 (1C, d J = 8.6, C3), 27.3 (1C, C5), 22.9 (1C, C6), 14.1 (3C, d J = 29.4, PMe3). Anal. Calcd for 

C24H31BN7O3PSW‧1/4NaOTf: C, 38.01; H, 4.08; N, 12.80. Found: C, 38.18; H, 4.26; N, 13.10. 

 

Compound 19 

 

Complex is unstable in solution. Partial characterization 1H-NMR (d3-MeCN, δ, 25 °C): 8.35 (1H, d, Tp3/5), 

8.04 (1H, d, Tp3/5), 8.02 (1H, d, Tp3/5), 7.99 (1H, d, Tp3/5), 7.95 (1H, d, Tp3/5), 7.84, (1H, d, Tp3/5), 6.55 

(1H, t, Tp4), 6.52 (1H, t, Tp4), 6.36 (1H, t, Tp4), 6.08 (1H, d J = 8.1, H4), 5.52 (1H, tm J = 7.8, H3), 4.61 (1H, 

ddm J = 15.5, 6.9, H2), 4.13 (1H, t J = 8.9, H1), 3.94 (1H, t J = 8.4, H5), 3.74 (3H, s, OMe), 3.01 (3H, s, 

SO2Me), 1.35 (1H, s, H10/9), 1.33 (3H, s, H10/9), 1.22 (9H, d J = 9.3, PMe3). 

 

Compound 20 

 

Complex is unstable in solution. Partial Characterization 1H-NMR (d3-MeCN, δ, 25 °C): 8.34 (1H, d, 

Tp3/5), 8.05 (1H, d, Tp3/5), 8.00 (1H, d, Tp3/5), 7.99 (2H, m, H16, H12), 7.97 (1H, d, Tp3/5), 7.96 (1H, d, 

Tp3/5), 7.83 (1H, d, Tp3/5), 7.82 (1H, m, H14), 7.72 (2H, m, H15, H13), 6.58 (1H, t, Tp4), 6.52 (1H, t, Tp4), 

6.34 (1H, t, Tp4), 6.00 (1H, d J = 8.2, H4), 5.50 (1H, tm J = 7.8, H3), 4.77 (1H, dd J = 15.7, 6.7, H2), 4.18 
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(1H, t J = 8.2, H1), 3.78 (1H, t J = 8.61, H5), 3.63 (3H, s, OMe), 3.01 (3H, s, SO2Me), 1.26 (9H, d J = 9.8, 

PMe3), 1.20 (3H, s, H10/9), 1.16 (3H, s, H10/9). 

 

Compound 22 

 

Compound 23 (0.400 g, 0.507 mmol) and 15 mL of THF were combined in a 4-dram vial with a stir pea. 

The heterogenous cloudy mixture was stirred for an hour. A 150 mL medium porosity fritted disc was filled 

¾ full of silica and set in ether. The heterogenous reaction was loaded onto the silica column and eluted 

with 250 mL of ethyl acetate. No bands visible to the eye were observed to have eluted. All eluant was 

combined and evaporated to dryness. The resulting oil was picked up in minimal DCM and precipitated 

into 20 mL of stirring pentane to yield a white solid. The white precipitant was collected on a 15 mL fine 

porosity fritted disc, was with hexanes (3 x 10 mL), and desiccated overnight to yield 22 (0.214 g, 0.302 

mmol, 60%). CV (DMA): Ep,a= + 0.73 V (NHE). IR: ν(NO) 1575 cm-1, ν(CO) 1718 cm-1, ν(CN) 2359 cm-1, ν(BH) 

2503 cm-1. 1H-NMR (d3-MeCN, δ, 25 oC): 8.03 (1H, d, TpB5), 7.87 (1H, d, TpB3), 7.85 (1H, d, TpC3), 7.79 

(2H, TpA5, TpA3), 7.43 (1H, d, TpC5), 6.66 (1H, m, H2), 6.37 (1H, t, TpB4), 6.34 (1H, t, TpA4), 6.29 (1H, t, 

TpC4), 5.02 (1H, d J = 10.4, H1), 3.74 (3H, s, OMe), 3.34 (1H, m, H5), 3.16 (1H, m, H6), 3.01 (1H, m, H3), 

1.37 (3H, s, H10/9), 1.32 (3H, s, H10/9), 1.24 (9H, d J = 8.7, PMe3), 1.21 (1H, d J = 9.6, H4). 13C-NMR (d3-

MeCN, δ, 25 oC): 178.5 (1C, C8), 144.4 (1C, TpB5), 142.4 (1C, TpA5), 141.8 (1C, TpC5), 138.0 (1C, TpC3), 

137.6 (1C, TpB3), 137.1 (1C, TpA3), 133.9 (1C, C2), 127.4 (1C, CN), 116.8 (1C, C1), 107.5 (1C, Tp4), 107.4 

(1C, Tp4), 107.3 (1C, Tp4), 59.2 (1C, C4), 52.4 (1C, OMe), 48.6 (1C, d J = 10.9, C3), 45.4 (1C, C7), 43.5 (1C, 

C6), 31.7 (1C, C5), 27.2 (1C, C10/9), 20.7 (1C, C10/9), 13.7 (3C, d J = 28.9, PMe3). Anal. Calcd for 

C24H34BN8O3PW: C, 40.70; H, 4.84; N, 15.82. Found: C, 40.85; H, 4.76; N, 15.55.  
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Compound 23 

 

Compound 8 (0.700 g, 0.919 mmol) and MeCN were combined in a test tube. NaCN (0.135 g, 2.757 mmol), 

MeOH, and a stir pea were combined in a second test tube. Both solutions were cooled to -30 °C for 15 

min. 1M HOTf/MeCN (1.10 mL, 1.10 mmol, -30 °C) was added to the solution of 8 and MeCN via syringe. 

The reaction turned a dark brown upon addition of the acid. After 15 min, the reaction was added to the 

solution of NaCN and MeOH. 2 mL of MeCN were used to rinse the first test tube and added to the reaction 

solution. The reaction was stirred for 24 hrs. A white precipitant formed in the solution overnight. The 

white solid was collected on a 30 mL fine porosity fritted disc and washed with ether (3 x 15 mL) and 

desiccated overnight yielding 23 (0.470 g, 0.596 mmol, 65%). CV (DMA): Ep,a= + 0.69 V (NHE). IR: ν(SO) 

1405 cm-1, ν(NO) 1542 cm-1, ν(CO) 1719 cm-1, ν(CN) 2215 cm-1, ν(BH) 2517 cm-1. 1H-NMR (d3-MeCN, δ, 25 

oC): 8.05 (1H, d, TpB3), 7.87 (1H, d, TpC5), 7.86 (1H, d, TpB5), 7.78 (1H, d, TpA5), 7.66 (1H, d, TpA3), 7.36 

(1H, d, TpC3), 6.36 (1H, t, TpB4), 6.31 (2H, m, TpA4, TpC4), 4.45 (1H, m, H1), 3.71 (3H, s, OMe), 3.39 (1H, 

bs, H4), 3.06 (3H, s, SO2Me), 2.93 (1H, m, H2), 2.62 (1H, dt J = 13.2, 3.0, H5), 2.07 (1H, m, H6b), 1.87 (1H, 

m, H6a), 1.35 (3H, s, H10/9), 1.34 (3H, s, H10/9), 1.22 (9H, d J = 8.9, PMe3), 1.20 (1H, d J = 11.3, H3). 13C-

NMR (d3-MeCN, δ, 25 oC): 178.1 (1C, C=O), 145.2 (1C, TpB3), 143.9 (1C, TpA3), 142.4 (1H, TpC3), 138.2 

(1H, Tp5), 138.0 (1C, Tp5), 137.9 (1C, Tp5), 127.0 (1C, CN), 107.6 (1C, TpB4), 107.4 (1C, Tp4), 107.3 (1C, 

Tp4), 64.5 (1C, C1), 59.1 (1C, C3), 52.3 (1C, OMe), 46.1 (1C, C7), 39.7 (1C, C5), 37.8 (1C, d J = 11.7, C2), 37.0 

(1C, SO2Me), 32.1 (1C, C4), 25.8 (1C, C10/9), 25.4 (1C, C6), 21.1 (1C, C10/9), 13.5 (3C, d J = 29.0, PMe3). 

Anal. Calcd for C25H38BN8O5PSW‧1/4NaOTf: C, 36.48; H, 4.61; N, 13.48. Found: C, 36.83; H, 4.78; N, 13.69.  
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Compound 24 

 

Compound 9 (0.200 g, 0.243 mmol) and MeCN were combined in a test tube. NaCN (0.038 g, 0.729 mmol), 

MeOH, and a stir pea were combined in a second test tube. Both solutions were cooled to -30 °C for 15 

min. 1M HOTf/MeCN (0.29 mL, 0.29 mmol, -30 °C) was added to the solution of 9 and MeCN via syringe. 

The reaction turned a dark brown upon addition of the acid. After 15 min, the reaction was added to the 

solution of NaCN and MeOH. 1 mL of MeCN were used to rinse the first test tube and added to the reaction 

solution. The reaction was stirred for 24 hrs. A white precipitant formed in the solution overnight. The 

white solid was collected on a 15 mL fine porosity fritted disc and washed with ether (3 x 10 mL) and 

desiccated overnight yielding 24 (0.15 g, 0.176 mmol, 72%). CV (MeCN): Ep,a= + 0.78 V (NHE). IR: ν(SO) 

1405 cm-1, ν(NO) 1541 cm-1, ν(CO) 1714 cm-1, ν(CN) 2336 cm-1, ν(BH) 2520 cm-1. 1H-NMR (d3-MeCN, δ, 25 

oC): 8.05 (1H, d, TpB3), 8.01 (2H, dm J = 8.3, H16, H12), 7.88 (1H, d, TpC5), 7.86 (1H, d, TpB5), 7.78 (1H, d, 

TpA5), 7.76 (1H, tt J = 7.5, 1.1, H14), 7.69 (2H, t J = 8.1, H15, H13), 7.60 (1H, d, TpA3), 7.38 (1H, d, TpC3), 

6.36 (1H, t, TpB4), 6.34 (1H, t, TpC4), 6.29 (1H, t, Tp A4), 4.58 (1H, m, H1), 3.62 (3H, s, OMe), 3.34 (1H, bs, 

H4), 3.15 (1H, m, H2), 2.41 (1H, dt J = 13.2, 2.9, H5), 1.76 (1H, q J = 13.2, H6a), 1.47 (1H, ddt J = 13.2, 6.9, 

1.9, H6b), 1.32 (9H, d J = 9.0, PMe3), 1.19 (3H, s, C10/9), 1.14 (3H, s, C10/9), 1.11 (1H, d J = 11.3, H3). 13C-

NMR (d3-MeCN, δ, 25 oC): 177.8 (1C, C=O), 145.2 (1C, TpB3), 143.8 (1C, TpA3), 142.3 (1H, TpC3), 138.8 (1C, 

C11), 138.2 (1H, Tp5), 138.0 (1C, Tp5), 137.9 (1C, Tp5), 134.9 (1H, C14), 130.4 (2C, C15, C13), 130.1 (2C, 

C16, C12), 126.2 (1C, CN), 107.6 (1C, TpB4), 107.5 (1C, Tp4), 107.4 (1C, Tp4), 65.8 (1C, C1), 59.0 (1C, C3), 

52.5 (1C, OMe), 45.8 (1C, C7), 39.7 (1C, C5), 37.7 (1C, d J = 11.6, C2), 31.9 (1C, C4), 26.1 (1C, C6), 25.3 (1C, 
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C10/9), 21.4 (1C, C10/9), 13.6 (3C, d J = 29.0, PMe3). Anal. Calcd for C30H40BN8O5PSW‧1/4NaOTf: C, 40.67; 

H, 4.51; N, 12.54. Found: C, 40.43; H, 4.74; N, 12.37.  

 

Compound 25 

 

Outside of the glovebox, 23 (0.100 g, 0.126 mmol) and acetone were combined in a 4-dram vial. A stir pea 

and NOPF6 (0.035 g, 0.202 mmol) were added to a separate 4-dram vial. The solution of 23 in acetone was 

then added to the vial with the stir pea and NOPF6 while stirring. The initial solution was black and became 

a golden yellow as it stirred overnight. The golden solution was evaporated to dryness, picked up in 

minimal DCM, and added to 20 mL of stirring pentane. A green precipitant formed and was collected on 

a 15 mL medium porosity fritted disc and washed with hexanes (2 x 10 mL). The resulting filtrate was 

evaporated to dryness. The resulting oil was washed with 25 mL of hexanes followed by 25 mL of ether. 

The remaining oil was dissolved in ethyl acetate and ran through 30 mL of silica. The silica was washed 

with 60 mL of ethyl acetate. The filtrate was evaporated to dryness yielding 25 (0.023 g, 0.081 mmol, 

64%). 1H-NMR (d3-MeCN, δ, 25 oC): 6.14 (1H, ddd J = 9.9, 5.9, 2.48 Hz, H2), 6.07 (1H, dm J = 9.9 Hz, H1), 

3.91 (1H, m, H6), 3.67 (3H, s, OMe), 3.48 (1H, m, H1), 2.87 (3H, s, SO2Me), 2.26 (1H, dm J = 13.1, H5), 2.13 

(1H, dd J = 4.3, 2.0 Hz, H4), 1.88 (1H, m, H5), 1.32 (6H, s, H9, H8). 13C-NMR (d3-MeCN, δ, 25 oC): 177.2 (1C, 

C=O), 130.0 (1C, C2), 124.2 (1C, C1), 119.4 (1C, CN), 62.9 (1C, C6), 52.7 (1C, OMe), 45.4 (1C, C7), 42.6 (1C, 

C4), 37.9 (1C, SO2Me), 28.6 (1C, C3), 23.2 (1C, C5), 23.0 (1C, C9/8), 22.9 (1C, C9/8). HRMS (ESI-TOF) m/z: 

[M+Na]+ calcd for 308.0927; found 308.0927.   
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Compound 26 

 

Outside of the glovebox, 24 (0.105 g, 0.123 mmol) and acetone were combined in a 4-dram vial. A stir pea 

and NOPF6 (0.051 g, 0.291 mmol) were added to a separate 4-dram vial. The solution of 24 in acetone was 

then added to the vial with the stir pea and NOPF6 while stirring. The initial solution was black and became 

a golden yellow as it stirred overnight. The golden solution was evaporated to dryness, picked up in 

minimal DCM, and added to 20 mL of stirring pentane. A green precipitant formed and was collected on 

a 15 mL medium porosity fritted disc and washed with hexanes (2 x 10 mL). The resulting filtrate was 

evaporated to dryness. The resulting oil was washed with 25 mL of hexanes followed by 25 mL of ether. 

The remaining oil was dissolved in ethyl acetate and ran through 30 mL of silica. The silica was washed 

with 60 mL of ethyl acetate. The filtrate was evaporated to dryness yielding 26 (0.033 g, 0.094 mmol, 

76%). 1H-NMR (d3-MeCN, δ, 25 oC): 7.88 (2H, dm J = 8.6, H15, H11), 7.75 (1H, tm J = 7.6, H13), 7.64 (2H, 

tm J = 7.8, H14, H12), 6.02 (2H, m, H2, H1), 4.09 (1H, m, H6), 3.61 (3H, s, OMe), 3.37 (1H, m, H3), 2.12 (1H, 

m, H5a), 2.03 (1H, ddd J = 12.9, 4.3, 2.0, H4), 1.70 (1H, m, H5b), 1.23 (6H, s, H9, H8). 13C-NMR (d3-MeCN, 

δ, 25 oC): 177.1 (1C, C=O), 137.2 (1C, C10), 135.3 (1C, C13), 130.3 (2C, C14, C12), 130.1 (2C, C15, C11), 

129.9 (1C, C2), 124.4 (1C, C1), 118.9 (1C, CN), 64.1 (1C, C6), 52.6 (1C, OMe), 45.3 (1C, C7), 42.5 (1C, C4), 

28.5 (1C, C3), 23.3 (1C, C5), 23.0 (1C, C9/8). 22.8 (1C, C9/8). HRMS (ESI-TOF) m/z: [M+Na]+ calcd for 

370.1083; found 370.1083. 

 

 

 



94 

 

References 

 (1) Pienkos, J. A.; Zottig, V. E.; Iovan, D. A.; Li, M.; Harrison, D. P.; Sabat, M.; Salomon, R. J.; 

Strausberg, L.; Teran, V. A.; Myers, W. H.; Harman, W. D. Organometallics 2013, 32, 691. 

 (2) Lis, E. C.; Salomon, R. J.; Sabat, M.; Myers, W. H.; Harman, W. D. Journal of the American 

Chemical Society 2008, 130, 12472. 

 (3) Zottig, V. E.; Todd, M. A.; Nichols-Nielander, A. C.; Harrison, D. P.; Sabat, M.; Myers, W. 

H.; Harman, W. D. Organometallics 2010, 29, 4793. 

 (4) Todd, M. A.; Sabat, M.; Myers, W. H.; Harman, W. D. Journal of the American Chemical 

Society 2007, 129, 11010. 

 (5) Todd, M. A.; Sabat, M.; Myers, W. H.; Smith, T. M.; Harman, W. D. Journal of the 

American Chemical Society 2008, 130, 6906. 

 (6) Salomon, R. J.; Todd, M. A.; Sabat, M.; Myers, W. H.; Harman, W. D. Organometallics 

2010, 29, 707. 

 (7) Kolis, S. P.; Chordia, M. D.; Liu, R.; Kopach, M. E.; Harman, W. D. Journal of the American 

Chemical Society 1998, 120, 2218. 

 (8) Kolis, S. P.; Kopach, M. E.; Liu, R.; Harman, W. D. Journal of the American Chemical 

Society 1998, 120, 6205. 

 (9) Kopach, M. E.; Kolis, S. P.; Liu, R.; Robertson, J. W.; Chordia, M. D.; Harman, W. D. 

Journal of the American Chemical Society 1998, 120, 6199. 

 (10) Keane, J. M.; Ding, F.; Sabat, M.; Harman, W. D. Journal of the American Chemical 

Society 2004, 126, 785. 

 (11) Wilson, K. B.; Myers, J. T.; Nedzbala, H. S.; Combee, L. A.; Sabat, M.; Harman, W. D. 

Journal of the American Chemical Society 2017, 139, 11401. 



95 

 

 (12) Myers, J. T.; Smith, J. A.; Dakermanji, S. J.; Wilde, J. H.; Wilson, K. B.; Shivokevich, P. J.; 

Harman, W. D. Journal of the American Chemical Society 2017, 139, 11392. 

 (13) Smith, J. A.; Simpson, S. R.; Westendorff, K. S.; Weatherford-Pratt, J.; Myers, J. T.; Wilde, 

J. H.; Dickie, D. A.; Harman, W. D. Organometallics 2020, 39, 2493. 

 (14) Graham, P. M.; Mocella, C. J.; Sabat, M.; Harman, W. D. Organometallics 2005, 24, 911. 

 (15) Lis, E. C.; Delafuente, D. A.; Lin, Y.; Mocella, C. J.; Todd, M. A.; Liu, W.; Sabat, M.; Myers, 

W. H.; Harman, W. D. Organometallics 2006, 25, 5051. 

 (16) Welch, K. D.; Harrison, D. P.; Lis, E. C.; Liu, W.; Salomon, R. J.; Harman, W. D.; Myers, W. 

H. Organometallics 2007, 26, 2791. 

 (17) Feng, M.; Tang, B.; Liang, S. H.; Jiang, X. Curr Top Med Chem 2016, 16, 1200. 

 (18) Martins, P.; Jesus, J.; Santos, S.; Raposo, L. R.; Roma-Rodrigues, C.; Baptista, P. V.; 

Fernandes, A. R. Molecules (Basel, Switzerland) 2015, 20, 16852. 

 (19) Surur, A. S.; Schulig, L.; Link, A. Archiv der Pharmazie 2019, 352, 1800248. 

 (20) Harrison, D. P.; Nichols-Nielander, A. C.; Zottig, V. E.; Strausberg, L.; Salomon, R. J.; 

Trindle, C. O.; Sabat, M.; Gunnoe, T. B.; Iovan, D. A.; Myers, W. H.; Harman, W. D. Organometallics 2011, 

30, 2587. 

 (21) Smith, J. A.; Schouten, A.; Wilde, J. H.; Westendorff, K. S.; Dickie, D. A.; Ess, D. H.; 

Harman, W. D. Journal of the American Chemical Society 2020, 142, 16437. 

 (22) Smith, J. A.; Wilson, K. B.; Sonstrom, R. E.; Kelleher, P. J.; Welch, K. D.; Pert, E. K.; 

Westendorff, K. S.; Dickie, D. A.; Wang, X.; Pate, B. H.; Harman, W. D. Nature 2020, 581, 288. 

 (23) Lankenau, A. W.; Iovan, D. A.; Pienkos, J. A.; Salomon, R. J.; Wang, S.; Harrison, D. P.; 

Myers, W. H.; Harman, W. D. Journal of the American Chemical Society 2015, 137, 3649. 

 (24) Wilson, K. B.; Smith, J. A.; Nedzbala, H. S.; Pert, E. K.; Dakermanji, S. J.; Dickie, D. A.; 

Harman, W. D. The Journal of Organic Chemistry 2019, 84, 6094. 



96 

 

 Chapter 5 

 

 

Utilization of Sulfones as Leaving Groups to Yield Trisubstituted 

Cyclohexenes from Three Independent Nucleophilic Additions  
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5.1 Introduction  

 In chapter 3, we demonstrated the ability of the π-base {WTp(NO)(PMe3)} to coordinate methyl 

phenyl sulfone, diphenyl sulfone, and phenylsulfonyl pyrrolidine, thus increasing the electron density of 

the phenyl ring.1 This enabled the selective protonation of the carbon ortho to the sulfone group, which 

allowed for the η2-arenium complexes to undergo a nucleophilic addition with a range of nucleophiles to 

yield conjugated η2-diene species as demonstrated in Chapter 4. The η2-diene complexes that underwent 

addition with the nucleophile MTDA were then able to undergo a second protonation followed by 

nucleophilic addition of a CN- anion, which led to sulfone-functionalized trisubstituted cyclohexenes. It 

should be noted that the two η2-cyclohexene products described in Chapter four (6, 7) resulted from a 

selective precipitation out of the reaction mixture. When the filtrate was ran through a silica column, 

sulfone elimination was observed to yield a new conjugated η2-diene species (8). Knowing that sulfinates 

(:SO2R-) have been observed as leaving groups for nucleophilic substitution and elimination reactions,2-10 

we sought to explore which conditions would allow for sulfinate retention versus those that would allow 

for the replacement of the sulfonyl group by other substituents. 

 

5.2 Double Nucleophilic Additions 

 In an effort to form other examples of sulfonyl cyclohexene complexes such as compounds 6 or 

7, solutions of diene complexes 1 and 2 were treated with either LiDMM or H-. Protonation of either diene 

complex 1 or 2 followed by the addition of TBAB resulted in the monosubstituted cyclohexene complex 3. 

In this case, the purported cyclohexene D (Scheme 5.1) loses sulfinate then adds the second hydride (i.e., 

an SN1 reaction mechanism). Analysis of compound 3 revealed that the alkyl substituent is oriented anti 

to the tungsten at the homoallylic carbon closer to the PMe3. The proximal allyl conformation (E in Scheme 

5.1) is calculated to be unstable with respect to the distal form (F) by ~2 kcal/mol similar to the parent,11 

and the hydride addition occurs with the latter conformer.  
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In contrast, when LiDMM was used as the nucleophile, the reactions of either 1 or 2 yielded the 

trialkylated η2-cyclohexene complex 4. Apparently, in a manner similar to the reaction with cyanide, 1 and 

2 undergo the addition of the malonate but then rapidly lose the sulfinate to form allyl B (Scheme 5.1). 

Although for the parent cyclohexenyl allyl complex, the distal conformer is more favorable than the 

proximal by several kcal/mol,11 DFT calculations show that the proximal allyl B has a lower free energy 

than its conformer C by 1.3 kcal/mol (CH3CN). Reaction of this conformer leads to the 3,4,6-trisubstituted 

cyclohexene product 4. Repeating this reaction with only one equivalent of LiDMM generates half an 

equivalent of the product and the parent allyl, respectively. This observation suggests that the rate of 

addition of DMM to form A is slower than the sequence that converts the purported sulfonyl-bearing 

cyclohexene (A) to the trialkylated cyclohexene 4.  

This tandem addition and substitution sequence from 1 to 4 occurred in less than 10 minutes. 

However, if the reaction is allowed to stand overnight, the product partially undergoes an isomerization 

to form 5 (ratio of 5:4 is 10:1 after 26 h). Apparently, epimerization of the tungsten stereocenter occurs 

in order to lower steric interactions for this unusually congested species. The stereochemical assignments 

for both 4 and 5 are supported by NOESY and COSY correlations between the five methine ring hydrogens. 

Further, DFT calculations determine that 5 is thermodynamically competitive with its isomer 4 (Scheme 

5.1) (+0.6 kcal/mol in CH3CN). Of note, if 4 is isolated, washed with hexanes, and dried before being placed 

into a solution of acetonitrile, then no epimerization is observed over a period of 48 h, indicating that the 

epimerization is catalyzed by an impurity in the initial reaction mixture. 
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Scheme 5.1: Double nucleophilic additions to η2-1-sulfonyl-1,3-diene complexes 

 

5.3 Elimination of the Sulfone Functionality  

 Given the difficulties with adding a third nucleophile through direct substitution of the sulfone, 

we next sought to cleanly eliminate the sulfone group in the η2-cyclohexene complex 6 to form diene 8. 
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Curiously, treatment of the sulfonyl cyclohexene (6 or 7) with acid (HOTf/MeOH, HOTf/CH3CN, 

HOTf/acetone, diphenyl ammonium triflate (DPhAT)) or base (triethylamine) alone failed to cause any 

reaction. However, running a solution of 6 or 7 down a silica column resulted in clean formation of 8. 

Treatment of 6 or 7 directly with the nucleophilic salts LiDMM, TBAB, or NaCN resulted in cyclohexenes 9 

(see appendix for crystal struture), 10, and 11, respectively (Scheme 5.2). However, the sulfone 

substitution did not proceed in the case of covalent nucleophiles such as methylamine, dimethylamine, 

or methyl trimethylsilyl dimethyl ketone acetal. Yet, if diene 8 was protonated at low temperature, the 

purported allyl intermediate (8H) reacts with imidazole to provide the trisubstituted cyclohexene 12 

(Scheme 5.2). Compounds 9, 10, and 11 can also be synthesized through 8H. As in earlier cases, the 

nucleophilic addition occurred at the carbon adjacent to the bound carbon, proximal to the PMe3 ligand 

and to the face of the diene anti to the metal. 

 
Scheme 5.2: The third nucleophilic addition to the initial aromatic ring, via replacement of the sulfone 
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5.4 Formation of an η2-Trans Substituted Cyclohexene Ring 

 Even though exposing 6 or 7 to Brønsted acids failed to cause any reaction, treatment of 6 or 7 

with a Lewis acid such as ZnBr2 led to the formation of three complexes after stirring in deuterated 

acetonitrile for half an hour (Scheme 5.3). The Lewis acid is believed to interact with the sulfone ligand, 

thus allowing it to act as a leaving group. The sulfone functionality leaves as a sulfinate, and the electron 

donation from the W(0) fragment allows for the stable formation of allyl 8H with the positive charge 

proximal to the PMe3 ligand as the dominant isomer. 8H exists in an equilibrium between the proximal 

(8Hp) and distal (8Hd) forms. Even though the 8Hp is the favored isomer, 8Hd still is present and presents 

the cation ortho to an acidic proton. This proton is apparently acidic enough to be easily deprotonated to 

yield the η2-diene 13 (Scheme 5.3). Compound 13 can be reprotonated to revert to 8H if the protonation 

occurs syn to the metal. However, if the proton protonates 13 on the face of the diene anti to the face 

bound by the metal, then a new thermodynamically competitive allyl (14) is formed where the two 

substituents are now trans to each other. If triethylamine is added to this reaction, deprotonation occurs, 

and 13 is exclusively formed.  

 
Scheme 5.3: Lewis acid promotion of sulfone elimination and subsequent allyl isomerization 

 Similarly, if 8 is protonated and allowed to sit in solution for a few hours, both 8H and 14 can be 

observed via 1H-NMR in a 1:1 ratio. However, if 13 is exposed to acid and followed by exposure to NaBH4 

fifteen minutes later, only complex 9 is formed, indicating that initial protonation occurs on the face of 
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the diene bound to the metal. When LiDMM was used as the nucleophile, only complex 10 was observed. 

It appears that while the trans allyl 14 is a competitive isomer to 8H, epimerization needs to occur after 

the initial protonation to access 14. Work is currently underway to find conditions that will allow for the 

addition of a nucleophile that yields trans substituted cyclohexenes. 

 

5.5 Formation of 3,6-Disubstituted Cyclohexenes  

Finally, we attempted to prepare 3,6-disubstituted cyclohexenes using a hydride reagent as the 

first nucleophile. Treatment of the diphenylsulfone complex 15 with acid followed by TBAB resulted in the 

diene complex 16. When this material was subjected to acid followed by NaCN, two complexes resulted 

from the addition of cyanide. Presumably, the reaction occurs via an intermediate sulfonylcyclohexene 

17. Subsequent loss of the sulfinate results in an allyl complex that can react with CN with either the distal 

or proximal conformer of the allyl complex to generate the 3,4-dicyano (18B) or 3,6-dicyanocyclohexene 

species (18A), respectively (Scheme 8). Through a similar sequence, the 3,6-disubstituted bis malonate 20 

was generated via allyl 19. 

 
Scheme 5.4: Synthesis of 3,6-disubstituted cyclohexenes 



103 

 

5.6 Liberation of Organics from Metal 

Previous studies have shown that cyclohexenes can be liberated from the {WTp(NO)(PMe3)} 

system using a variety of different oxidants, including Ag+, [FeCp2]+, DDQ, NOPF6, CAN, and even O2. 

Several additional examples are provided in Table 3. These cyclohexenes were liberated from the metal 

through oxidation with NOPF6 in yields ranging from 54 to 68%. 

 
Table 5.1: Decomplexation of functionalized cyclohexenes 

 

5.7 Position of Carbocation in η2-allyls 

The allyl complexes resulting from the protonation of dihapto-coordinated dienes are usefully 

described as dihapto-coordinated with one of the three allylic carbons bound only weakly by the tungsten. 
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This carbon takes on considerable carbocation character, as has been experimentally and theoretically 

documented previously.11 Comprehensive DFT calculations (SI) reveal that each cyclohexadienium allyl 

exists as two ring conformations (chair and boat; Scheme 5.5), and any substituents (A-C) at C4-C6 can 

significantly influence the energy difference between distal and proximal forms (SI). Although the 

{WTp(NO)(PMe3)} system typically favors the distal-boat conformer, the proximal-chair conformation 

becomes more competitive when an electron-withdrawing group is located at C4, or when a sterically 

bulky group is located at C6, trans (or cis) to the metal (SI). Consequently, these π-allyl complexes can be 

separated by several kcal/mol, with a kinetic barrier of roughly 6 kcal/mol.11  

 
Scheme 5.5: Equilibrium of distal and proximal allyl complexes and the two ring conformations for each species 
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While we expect that the rates of the “allyl-shift” (Scheme 5.5, k1, k-1) to be much greater than 

those of nucleophilic addition (k2, k3), the four competing transition states for the addition will reflect the 

relative stabilities of the allyl conformations. Provided the transition states for nucleophilic addition 

proximal and distal to the PMe3 are the same, the difference in the overall reaction barriers (reflected in 

the ratio of cyclohexene product isomers) is directly impacted by the free-energy difference of the 

competing allyl conformers (Curtin-Hammett).12 Of course, steric interactions between the incoming 

nucleophile and ring substituents will also play a role in determining the location of nucleophilic addition 

of the second and third nucleophile. The consequence is a clear preference for a cis-3,4,6 substitution 

pattern of the cyclohexene ligand. When a hydride is implemented as one of the nucleophiles, this 

methodology gives rise to cis-3,4-, and cis-3,6- substitution patterns as well. 

 

5.8 Significance of this Work 

 The revered Diels-Alder reaction, which produces a cyclohexene from an alkene and a diene, is 

considered one of the most important reactions in modern synthetic chemistry. This is largely because of 

the predominance of six-membered carbocycles in nature and the ability to create multiple stereocenters 

in the newly formed ring with considerable selectivity. The work described herein conceptually represents 

a complementary approach to cyclohexenes with multiple stereocenters, in this case, derived from simple 

benzene precursors and common nucleophiles.  

In recent years there has been an explosion of new methods for dearomatization of benzenes13, 

including catalytic hydrogenations,14,15 enzymatic oxidations,16 radical cyclizations,17,18 photochemical and 

thermal cycloadditions,19-23 and transition metal-mediated approaches.24-28 Regarding the last approach, 

arenes can be coordinated through two, four, or six carbons, with η2-arene complexes such as Cr(CO)3(η6-

benzene) being the most common method.25 In such compounds, the metal acts as an electron-

withdrawing group, and the arene is activated toward nucleophilic addition reactions.  
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In contrast, the tungsten complex in the present study is a powerful π base and activates the 

arene toward electrophilic addition and protonation reactions, even in the presence of an electron 

withdrawing substituent such as a sulfonyl group. The resulting η2-arenium complex can then be subjected 

to nucleophilic addition. Because the metal only occupies one double bond of the benzene ring, the entire 

process can be repeated. The distinguishing feature of the current study is the ability of the EWG 

substituent to be replaced with a third independent nucleophile.  

But as demonstrated above, in addition to using the sulfone or sulfonamide as a leaving group, 

these medicinally relevant functional groups can be left intact.29,30 Of the nine novel substituted 

cyclohexenes prepared as examples of this methodology, six meet the criteria of Lipinski’s rule of five31 

for evaluating drug likeliness, as well as the criteria of Ghose,32 Veber,33 Egan,34 and Muegge.35 This 

indicates that these six compounds have a high probability of showing desirable biological activity. 

 

5.9 Comparison with Previous Methods in which a Metal Mediates 3 additions to an Aromatic Ring 

The dearomatization of benzene by π-basic metal fragments has been extensively investigated for 

arenes containing a π donor substituent such as anisoles,36-39 phenols,40-44 and anilines.45-47 The closest 

prior example of a reaction sequence in which a metal mediates three additions to an aromatic ring was 

observed for an osmium anisole derivative (Scheme 5.6),48 where the addition of an acetal at C4 followed 

by nucleophilic addition at C3 generated an alkoxydiene complex. Subsequent reduction and substitution 

of the alkoxy group via an allyl intermediate provided a net addition of an electrophile (E1) and two 

nucleophiles (Nu1, Nu2) to the benzene ring system (Scheme 5.6).49 

An intramolecular example of this reaction pattern has also been documented for tungsten,36 in 

which the addition of the beta carbon of acrolein (E1) followed by the addition of a cyanoalkoxide (Nu1) 

created an oxadecalin core. Subsequent reduction, replacement of the methoxy group with CN- (Nu2), 

and oxidative decomplexation provided the trisubstituted cyclohexene product. We note that methoxy 
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groups and halides are well known as leaving groups for η6-benzene complexes of Cr(CO)3 and 

[Mn(CO)3]+,50 but to our knowledge, sulfinates have not been utilized for such purposes, even though 

several examples have been documented of η6-sulfone complexes.51-54 

 
Scheme 5.6: Prior examples of triple addition reactions (E+/Nu-/Nu-) to 2-anisole complexes 

 

5.10 Proposed Mechanism for Sulfone Elimination  

Sulfones are generally regarded as robust functional groups, with elimination occurring only at 

high temperatures (ca. 500 °C) through an intramolecular process (Ei).4 However, elimination of sulfinic 

acid was observed to occur on silica for a tosylated glucopyranoside in which the tosylated carbon was 
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attached to an oxygen.6 Fujita et al. also demonstrated that b-tributylstannyl sulfones undergo elimination 

on silica to form the corresponding alkene, whereas, without the silica, refluxing xylenes was required to 

achieve elimination.7 Ley et al. demonstrated that a-sulfonated cyclic ethers or cyclic amides could 

undergo substitution or elimination with a suitable nucleophile in the presence of a Lewis acid such as 

MgBr2.9,10 This behavior is similar to that observed for the tungsten allyl sulfones of the present report, 

where the tungsten-bound alkene moiety serves as the π-donor, facilitating loss of the sulfinate group 

(Scheme 11) in tandem with a Lewis acid. With the tungsten acting as a π donor, exposing 26 to silica, for 

example, promotes the elimination of the sulfinic acid and formation of 25. It was also observed that when 

salts of stabilized carbanions such as NaCN or LiDMM were used, no external Lewis acid was needed 

(beyond the alkali metal cation). Finally, we comment that Pd(0) has been used to catalyze the allylic 

substitution of allylic sulfones,55 where one can consider the metal as stabilizing both allyl and sulfonate 

fragments (Scheme 11). By contrast, [WTp(NO)(PMe3)(allyl)]+ is an 18e system and cannot stabilize the 

sulfinate group; thus, a Lewis acid appears to be required. 

 
Scheme 5.7: Sulfone substitution reactions (LA = Lewis acid) 
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5.11 Conclusion  

Previous chapters demonstrated the ability of η2-phenyl sulfones two sequential tandem 

protonation/nucleophilic additions. This chapter expanded on the phenyl sulfone reactivity by 

demonstrating that the sulfone functional group can be substituted for a third independent nucleophile. 

Without exception, this reaction sequence produces a predictable regio- and stereochemical pattern for 

the cyclohexene ligand, which is liberated from the metal through oxidative decomplexation. Through this 

methodology, not only can cis, cis- 3,4,6 trisubstituted cyclohexenes be generated, but through the 

appropriate use of hydride, cis-3,4- and cis-3,6- disubstituted cyclohexene patterns are also achieved. 

Given that WTp(NO)(PMe3)(η2-benzene) and its derivatives can be prepared in enantioenriched form,56 

the compounds reported herein should be accessible as single enantiomers.57,58 Work is currently 

underway to carry out controlled epimerizations in the cyclohexene ring via a deprotonation/ protonation 

sequence, in order to achieve trans- substitution patterns for the cyclohexene ring, where the influence 

of the metal can be leveraged still further.  
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Experimental 

General Methods. NMR spectra were obtained on 500, 600, or 800 MHz spectrometers. Chemical shifts 

are referenced to tetramethylsilane (TMS) utilizing residual 1H signals of the deuterated solvents as 

internal standards. Chemical Shifts are reported in ppm, and coupling constants (J) are reported in hertz 

(Hz). Infrared spectra (IR) were recorded as a solid on a spectrometer with an ATR crystal accessory, and 

peaks are reported in cm−1. Electrochemical experiments were performed under a nitrogen atmosphere. 

Most cyclic voltammetric data were recorded at ambient temperature at 100 mV/ s, unless otherwise 

noted, with a standard three-electrode cell from +1.  to −1.  V with a platinum working electrode, 

acetonitrile or N,N-dimethylacetamide (DMA) solvent, and tetrabutylammonium (TBAH) electrolyte (∼1.0 

M). All potentials are reported versus the normal hydrogen electrode (NHE) using cobaltocenium 

hexafluorophosphate (E1/2 = −0.   V, −1. 5 V) or ferrocene (E1/2 = 0.55 V) as an internal standard. The peak 

separation of all reversible couples was less than 100 mV. All synthetic reactions were performed in a 

glovebox under a dry nitrogen atmosphere unless otherwise noted. All solvents were purged with nitrogen 

prior to use. Deuterated solvents were used as received from Cambridge Isotopes and were purged with 

nitrogen under an inert atmosphere. When possible, pyrazole protons of the tris(pyrazolyl)borate (Tp) 

ligand were uniquely assigned (e.g., “Tp3B”) using two-dimensional NMR data. If unambiguous 

assignments were not possible, Tp protons were labeled as “Tp3/5 or Tp4”. All J values for Tp protons are 

2(±0.4) Hz. BH peaks (around 4−5 ppm) in the 1H NMR spectra are not assigned due to their quadrupole 

broadening; However, confirmation of the BH group is provided by IR data (ca 2500 cm−1).  

 

 

 

 

 



111 

 

Compound 3 

 

Compound 2 (0.23 g, 0.279 mmol) and MeCN were combined in a test tube. NaBH4 and MeCN were 

combined in a second test tube along with a stir pea. Both test tubes were cooled to -40 °C for 15 min. 

1M HOTf/MeCN (0.56 mL, 0.56 mmol) was then added to the test tube containing compound 2 to form a 

homogenous golden-brown solution. After 15 min, the reaction was added dropwise to the test tube 

containing NaBH4. The reaction was stirred for 18 hours. The reaction was removed from the box and 

purified via Combiflash flash chromatography on a 12 g silica column using a gradient elution of 0-100% 

ethyl acetate in hexanes. A large U.V. peak was observed at 100% ethyl acetate. The resulting fractions 

were evaporated to dryness. The resulting oil was picked up in minimal DCM and added to 10 mL of 

pentane. Nitrogen gas was blown over the solution to allow for a slow precipitation of a tan solid out of 

solution. The tan product was collected on a 15 mL fine porosity fritted disc, washed with hexanes (3 x 10 

mL), and desiccated overnight to yield 3 (0.106 g, 0.155 mmol, 55%). CV (DMA): Ep,a= + 0.31 V (NHE). IR: 

ν(NO) 1536 cm-1, ν(CO) 1719 cm-1, ν(BH) 2481 cm-1. 1H-NMR (d3-MeCN, δ, 25 oC): 8.31 (1H, d, TpA3), 8.05 

(1H, d, TpB3), 7.86 (1H, d, TpB5), 7.78 (1H, d, TpC5), 7.73 (1H, d, TpA5), 7.35 (1H, d, TpC3), 6.38 (1H, t, 

TpB4), 6.26 (1H, 5, TpA4), 6.20 (1H, t, TpC4), 3.61 (3H, OMe), 3.23 (1H, m, H2a), 2.97 (1H, tt J = 13.2, 4.1 

Hz, H5b), 2.84 (1H, m, H5a), 2.67 (1H, m, H3, H2b), 2.09 (1H, m, H1), 1.65 (1H, m, H6a), 1.38 (1H, m, H4), 

1.18 (3H, s, H9/8), 1.14 (12H, d, PMe3, H9/8 buried), 1.09 (2H, qd J = 11.9, 3.6 Hz, H6b). 13C-NMR (d3-MeCN, 

δ, 25 oC): 179.4 (1C, C=O), 144.2 (1C, TpB3), 143.4 (1C, TpA3), 141.7 (1C, TpC3), 137.7 (1C, TpC5), 136.9 

(1C, TpB5), 136.8 (1C, TpA5), 107.4 (1C, TpB4), 106.8 (1C, TpC4), 106.5 (1C, TpA4), 55.6 (1C, d J = 10.8 Hz, 

C3), 52.9 (1C, C4), 51.9 (1C, OMe), 46.6 (1C, C7), 43.1 (1C, C1), 33.3 (1C, d J = 3.6 Hz, C2), 31.7 (1C, C5), 
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28.9 (1C, C6), 23.4 (1C, C9/8), 22.1 (1C, C9/8), 13.5 (3C, d J = 27.7 Hz, PMe3). Anal. Calcd for 

C23H37BN7O3PW: C, 40.32; H, 5.44; N, 14.31. Found: C, 40.59; H, 5.53; N, 14.12.  

 

Compound 4 

 

Compound 1 (0.210 g, 0.275 mmol) and MeCN were combined in a test tube. LiDMM (0.190 g, 1.38 mmol) 

and MeCN were combined in a second test tube along with a stir pea. Both test tubes were cooled to -40 

°C for 15 min. 1M HOTf/MeCN (0.55 mL, 0.550 mmol) was then added to the test tube containing 

compound 1 to form a homogenous golden-brown solution. After 15 min, the reaction was added 

dropwise to the test tube containing LiDMM. The reaction was stirred for 30 min. The reaction was 

removed from the box and purified via Combiflash flash chromatography on a 12 g silica column using a 

gradient elution of 0-100% ethyl acetate in hexanes. A large U.V. peak was observed at 100% ethyl acetate. 

The resulting fractions were evaporated to dryness. The resulting oil was picked up in minimal DCM and 

added dropwise to 10 mL of stirring pentane yielding a white solid. The resulting white product was 

collected on a 15 mL fine porosity fritted disc, washed with hexanes (3 x 10 mL), and desiccated overnight 

to yield 4 (0.208 g, 0.216 mmol, 78%). CV (DMA): Ep,a= + 0.38 V (NHE). IR: ν(NO) 1544 cm-1, ν(CO) 1716 cm-

1, ν(BH) 2474 cm-1. 1H-NMR (d3-MeCN, δ, 25 oC): 8.00 (1H, d, TpB3), 7.94 (1H, d, TpA3), 7.82 (2H, m, TpC5, 

TpB5), 7.75 (1H, d, TpA5), 7.10 (1H, d, TpC4), 6.32 (1H, t, TpB4), 6.29 (1H, t, TpC4), 6.27 (1H, TpA4), 3.93 

(1H, d J = 4.0, H11), 3.91 (3H, s, OMe), 3.88 (1H, d J = 3.8, H10), 3.72 (3H, s, OMe), 3.67 (4H, s, OMe, H4), 

3.58 (1H, m, H1), 3.49 (3H, s, OMe), 3.26 (1H, s, OMe), 2.72 (1H, m, H2), 2.38 (1H, ddd J = 12.4, 3.9, 1.6, 

H5), 1.58 (1H, dd J = 12.9, 5.0, H6b), 1.49 (1H, q J = 12.4, H6a), 1.28 (3H, s, H9/8), 1.22 (9H, d J = 8.1, PMe3), 
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1.16 (3H, s, H9/8), 0.81 (1H, d J = 11.3, H3). 13C-NMR (d3-MeCN, δ, 25 oC): 179.0 (1C, C=O), 171.2 (1C, C=O), 

170.5 (2C, C=O), 170.0 (1C, C=O), 145.1 (1C, TpB3), 144.3 (1C, TpA3), 141.6 (1C, TpC3), 137.6 (1C, TpC5), 

137.4 (2C, TpA5, TpB5), 107.2 (1C, TpB4), 107.0 (1C, TpC4), 106.7 (1C, TpA4), 60.1 (1C, C3), 57.7 (1C, C11), 

56.5 (1C, C10), 52.9 (2C, OMe), 52.5 (1C, OMe), 52.4 (1C, OMe), 52.3 (1C, OMe), 48.6 (1C, d J = 11.1, C2), 

45.6 (1C, C7), 44.7 (1C, C5), 41.31 (1C, C1), 39.5 (C1, C4), 28.3 (1C, C9/8), 24.6 (1C, C9/8), 23.1 (1C, C6), 

14.9 (3C, d J = 28.1, PMe3). Anal. Calcd for C33H49BN7O11PW: C, 41.92; H, 5.22; N, 10.37. Found: C, 41.95; 

H, 5.24; N, 10.45.  

 

Compound 5 

 

Compound 1 (0.100 g, 0.131 mmol) and MeCN were combined in a test tube. LiDMM (0.091 g, 0.657 

mmol) and MeCN were combined in a second test tube along with a stir pea. Both test tubes were cooled 

to -40 °C for 15 min. 1M HOTf in MeCN (0.26 mL, 0.260 mmol) was then added to the test tube containing 

compound 1 to form a homogenous golden-brown solution. After 15 min, the reaction was added 

dropwise to the test tube containing LiDMM. The reaction was stirred for 24 hours. The reaction was 

removed from the box and purified via Combiflash flash chromatography on a 12 g silica column using a 

gradient elution of 0-100% ethyl acetate in hexanes. A large U.V. peak was observed at 100% ethyl acetate. 

The resulting fractions were evaporated to dryness. The resulting oil was picked up in minimal DCM and 

added dropwise to 10 mL of stirring pentane yielding a white solid. The resulting white product was 

collected on a 15 mL fine porosity fritted disc, washed with hexanes (3 x 10 mL), and desiccated overnight 

to yield 5 (0.087 g, 0.092 mmol, 70%). 1H-NMR (d3-Acetone, δ, 25 oC): 8.07 (1H, d, TpB3), 8.05 (1H, d, 
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TpA3), 7.94 (1H, d, TpC5), 7.90 (1H, d, TpB5), 7.84 (1H, d, TpA5), 7.23 (1H, d, TpC3), 6.37 (1H, t, TpB4), 6.36 

(1H, t, TpC4), 6.25 (1H, t, TpA4), 4.13 (1H, bs, H2), 4.04 (1H, m, H5), 3.85 (1H, d J = 6.8, H11), 3.74 (3H, s, 

OMe), 3.72 (3H, s, OMe), 3.70 (3H, s, OMe), 3.61 (3H, s, OMe), 3.32 (3H, s, OMe), 3.24 (1H, d J = 5.9, H10), 

2.62 (1H, dm J = 11.5, H1), 2.36 (1H, t J = 12.6, H3), 2.14 (1H, dd J =  13.1, 5.6, H4a), 1.49 (1H, q J = 12.0, 

H4b), 1.27 (3H, s, H8/7), 1.26 (10H, d J = 8.3, PMe3, H8/7), 1.04 (1H, dt J = 11.4, 2.4, H4). 13C-NMR (d3-

MeCN, δ, 25 oC): 179.3 (1C, C=O), 171.5 (1C, C=O), 171.0 (2C, C=O), 170.5 (1C, C=O), 144.0 (1C, TpB3), 

143.5 (1C, TpA3), 140.9 (1C, TpC3), 138.5 (1C, TpC5), 137.9 (1C, Tp5), 137.2 (1C, Tp5), 107.4 (1C, TpB4), 

107.1 (1C, TpC4), 106.7 (1C, TpA4), 58.9 (1C, C11), 56.9 (1C, d J = 10.2, C3), 56.4 (1C, C10), 53.4 (1C, OMe), 

53.0 (1C, OMe), 52.9 (1C, OMe), 52.8 (1C, OMe), 51.91 (1C, OMe), 49.6 (1C, C1), 49.3 (1C, C4), 43.5 (1C, 

C5), 40.5 (1H, d J = 3.5, C2), 34.9 (1C, C7), 25.5 (1C, C9/8), 24.4 (1C, C6), 19.6 (1C, C9/8), 13.9 (3C, d J = 

27.8, PMe3). 

 

Compound 8H 

 

1H-NMR (d3-MeCN, δ, 25 oC): 8.22 (1H, d, TpB3), 8.08 (1H, d, TpC5), 8.05 (1H, d, TpB5), 7.95 (1H, d, TpC3), 

7.92 (1H, d, TpA5), 7.53 (1H, d, TpA3), 7.12 (1H, m, H5), 6.55 (1H, t, TpB4), 6.53 (1H, t, TpC4), 6.42 (1H, t, 

TpA4), 5.51 (1H, m, H4), 3.71 (3H, s, OMe), 3.37 (1H, ddt J = 19.8, 10.7, 2.3, H6a), 3.30 (1H, m, H2), 3.24 

(1H, m, H3), 3.02 (1H, dm J = 19.5, H6b), 2.18 (1H, m, H1), 1.40 (3H,s, H10/9), 1.34 (3H, s, H10/9), 1.12 

(9H, d J = 9.7, PMe3).  13C-NMR (d3-MeCN, δ, 25 oC): 177.4 (1C, CO), 144.4 (1C, Tp3), 144.3 (1C, Tp3), 142.6 

(1C, TpA3), 140.3 (1C, Tp5), 139.7 (1C, Tp5), 139.0 (1C, Tp5),  136.6 (1C, C5), 124.71 (1C, CN), 109.5 (1C, 

Tp4), 109.0 (1C, Tp4), 109.4 (1C, TpA4), 93.4 (1C, C4), 73.0 (1C, C3), 52.8 (1C, OMe), 45.4 (1C, C7), 42.2 

(1C, C1), 28.2 (1C, C2), 27.9 (1C, C6), 26.0 (1C, C10/9), 21.4 (1C, C10/C9), 11.9 (3C, d J = 33.9, PMe3). 
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Compound 9 

 

Compound 6 (0.200 g, 0.254 mmol), NaCNBH3 (0.064 g, 1.02 mmol), MeCN, and a stir pea were added to 

a 4 dram to form a cloudy, yellow tinted solution. The reaction was allowed to stir overnight. A 60 mL 

course porosity fritted disc was then filled ¾ full of silica and set in ether. The reaction was evaporated to 

dryness, picked up in minimal DCM, and loaded onto the column. 200 mL of ethyl acetate was used to pull 

the product off the column. There is no colored band observed. The ethyl acetate was evaporated to 

dryness. The resulting oil was dissolved in minimal DCM and added dropwise to 20 mL of stirring pentane 

to yield a white solid. The resulting solid was collected on a 15 mL fine porosity fritted disc, washed with 

hexanes (2 x 10 mL), and desiccated overnight to yield 9. (0.135 g, 0.190 mmol, 75%). CV (DMA): Ep,a= + 

0.55 V (NHE). IR: ν(NO) 1561 cm-1, ν(CO) 1718 cm-1, ν(CN) 2219 cm-1, ν(BH) 2505 cm-1. 1H-NMR (d3-MeCN, 

δ, 25 oC): 8.02 (1H, d, TpB5), 7.85 (1H, d, TpB3), 7.82 (1H, d, TpC5), 7.81 (1H, d, TpA5), 7.78 (1H, d, TpA3), 

7.33 (1H, d, TpC3), 6.36 (1H, t, TpB4), 6.35 (1H, t, TpA4), 6.26 (1H,  t, TpC4), 3.71 (3H, s, OMe), 3.54 (1H, 

bs, H2), 3.01 (1H, m, H5), 2.82 (2H, m, H5, H4), 2.38 (1H, ddd J = 112.1, 3.7, 2.0 Hz, H1), 1.62 (1H, dm J = 

13.3 Hz, H6), 1.53 (1H, m, H6), 1.29 (3H, s, H10/9), 1.28 (3H, s, H10/9), 1.20 (9H, d J = 8.1 Hz, PMe3), 1.04 

(1H, d J =11.0 Hz, H3). 13C-NMR (d3-MeCN, δ, 25 oC): 178.6 (1C, C8), 144.4 (1C, TpB3), 143.5 (1C, TpA3), 

141.5 (1C, TpC3), 137.8 (1C, Tp5), 137.5 (2C, Tp5), 127.8 (1C, CN), 107.5 (1C, Tp4), 107.4 (2C, Tp4), 59.1 

(1C, C3), 52.3 (1C, OMe), 46.3 (1C, d J = 12.5 Hz, C4), 46.1 (1C, C7), 42.3 (1C, C1), 33.5 (1C, C2), 29.5 (1C, d 

J = 4.1 Hz, C5), 26.4 (1C, C10/9), 24.5 (1C, C6), 21.0 (1C, C10/9), 13.9 (3C, d J = 29.0 Hz, PMe3). Anal. Calcd 

for C24H36BN8O3PW‧1DCM: C, 37.76; H, 4.82; N, 14.09. Found: C, 37.51; H, 54.85; N, 14.37.  
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Compound 10 

 

Compound 6 (0.100 g, 0.127 mmol), LiDMM (0.087 g, 0.634 mmol), MeCN, and a stir pea were added to 

a 4 dram to form a cloudy, yellow tinted solution. The reaction was allowed to stir overnight. A 30 mL 

course porosity fritted disc was then filled ¾ full of silica and set in ether. The reaction was evaporated to 

dryness, picked up in minimal DCM, and loaded onto the column. 200 mL of ethyl acetate was used to pull 

the product off the column. There is no colored band observed. The ethyl acetate was evaporated to 

dryness. The resulting oil was dissolved in minimal DCM and added dropwise to 20 mL of stirring pentane 

to yield a white solid. The resulting solid was collected on a 15 mL fine porosity fritted disc, washed with 

hexanes (2 x 10 mL), and desiccated overnight to yield 10 (0.072 g, 0.086 mmol, 68%). CV (DMA): Ep,a= + 

0.63 V (NHE). IR: ν(NO) 1565 cm-1, ν(CO) 1717 cm-1, ν(CN) 2218 cm-1, ν(BH) 2515 cm-1. 1H-NMR (d3-MeCN, 

δ, 25 oC): 8.03 (1H, d, TpB3), 7.84 (2H, d, TpB5, TpC5), 7.78 (1H, d, TpA5), 7.69 (1H, d, TpA3), 7.18 (1H, d, 

TpC3), 6.35 (1H, t, TpB4), 6.32 (1H, t, TpA4), 6.29 (1H, t, TpC4), 4.06 (1H, d, J = 7.0 Hz, H11), 3.84 (3H, s, 

OMe), 3.75 (3H, s, OMe), 3.70 (3H, s, OMe), 3.65 (1H, m, H1), 3.42 (1H, bs, H4), 2.47 (1H, m, H2), 2.39 (1H, 

dt J = 12.6, 3.6 Hz, H5), 1.91 (1H, q J = 11.8 Hz, H6), 1.59 (1H, dd = 13.5, 5.3 Hz, H6), 1.28 (3H, s, H10/9), 

1.26 (3H, s, H10/9), 1.22 (9H, d J = 8.2 Hz, PMe3), 1.02 (1H, d J = 11.3 Hz, H3). 13C-NMR (d3-MeCN, δ, 25 

oC): 178.5 (1C, C=O), 170.4 (1C, C=O), 170.1 (1C, C=O), 145.1 (1C, TpB3), 143.7 (1C, TpA3), 141.8 (1C, TpC3), 

138.0 (1C, Tp5), 137.8 (1C, Tp5), 137.7 (1C, TpC5), 127.3 (1C, CN), 107.5 (1C, Tp3), 107.4 (1C, Tp3), 107.4 

(1C, Tp3), 59.6 (1C, C3), 59.0 (1C, C11), 53.0 (1C, OMe), 52.9 (1C, OMe), 52.4 (1C, OMe) 47.6 (1C, d J = 12.2 

Hz, C2), 46.1 (1C, C7), 41.4 (1C, C5), 40.1 (1C, C1), 32.7 (1C, C4), 26.2 (1C, C10/9), 25.7 (1C, C6), 20.9 (1C, 

C10/9), 14.6 (1C, d J = 31.0 Hz, PMe3). Anal. Calcd for C29H42BN8O7PW: C, 41.45; H, 5.04; N, 13.33. Found: 

C, 41.40; H, 5.06; N, 13.32.  
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Compound 11 

 

Compound 6 (0.100 g, 0.127 mmol), NaCN (0.032 g, 0.634 mmol), MeCN, and a stir pea were added to a 

4 dram to form a cloudy, yellow tinted solution. The reaction was allowed to stir overnight. A white 

precipitant crashed out of solution overnight. The resulting solid was collected on a 15 mL fine porosity 

fritted disc, washed with hexanes (2 x 10 mL), and desiccated overnight to yield 11 (0.074 g, 0.100 mmol, 

79%). CV (MeCN): Ep,a= + 0.95 V (NHE). IR: ν(NO) 1540 cm-1, ν(CO) 1714 cm-1, ν(CN) 2226 cm- ν(BH) 2527 

cm-1. 1H-NMR (d3-MeCN, δ, 25 oC): 8.04 (1H, d, TpB3), 7.87 (1H, d, TpB5), 7.86 (1H, d, TpC5), 7.81 (1H, d, 

TpA5), 7.71 (1H, d, TpA3), 7.36 (1H, d, TpC3), 6.38 (1H, t, TpB4), 6.34 (1H, t, TpA4), 6.30 (1H, t, TpC4), 3.96 

(1H, m, H1), 3.72 (3H, s, OMe), 3.53 (1H, bs, H4), 2.79 (1H, m, H2), 2.36 (1H, dm J = 12.4, H5), 2.09 (1H, m, 

H6a), 1.80 (1H, q J = 12.6, H6b), 1.32 (3H, s, H10/9), 1.30 (3H, s, H10/9), 1.25 (9H, d J = 8.3, PMe3), 1.05 

(1H, d J = 11.3, H3). 13C-NMR (d3-MeCN, δ, 25 oC): 178.0 (1C, C=O), 144.7 (1C, TpB3), 143.7 (1C, TpA3), 

141.8 (1C, TpC3), 138.1 (1C, Tp5), 138.0 (1C, Tp5), 137.9 (1C, Tp5), 126.8 (2C, CN), 107.8 (1C, TpC4), 107.6 

(2C, TpA4, TpB4), 57.5 (1C, C3), 52.6 (1C, OMe), 45.9 (1C, C7), 43.8 (1C, d J = 12.9, C2), 41.0 (1C, C5), 32.5 

(1C. C4), 30.7 (1C, C1), 28.9 (1C, C6), 26.2 (1C, C10/9), 21.0 (1C, C10/9), 14.17 (3C, d J = 28.9, PMe3).   

 

Compound 12 
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Compound 8 (0.200 g, 0.282 mmol) and MeCN were combined in a test tube. Imidazole (0.190 g, 2.79 

mmol), MeCN, and a stir pea were combined in a second test tube. Both solutions were cooled to -30 °C 

for 15 min. 1M HOTf/MeCN (0.56 mL, 0.560 mmol, -30 °C) was added to the solution of 8 and MeCN via 

syringe. After 5 min the reaction mixture was added to the imidazole solution. The reaction was stirred 

for 19 hrs. A tan precipitant formed overnight in solution. The tan precipitant was collected on a 15 mL 

fine porosity fritted disc, washed with hexanes (3 x 10 mL), and desiccated overnight yielding 12 (0.143 g, 

0.184 mmol, 65%). CV (MeCN): Ep,a= + 0.78 V (NHE). IR: ν(NO) 1575 cm-1, ν(CO) 1712 cm-1, ν(CN) 2358 cm-

1, ν(BH) 2508 cm-1. 1H-NMR (d3-MeCN, δ, 25 oC): 8.05 (1H, d, TpB3), 7.89 (1H, s, H11), 7.87 (1H, d, TpB5), 

7.85 (1H, d, TpC5), 7.82 (1H, d, TpA5), 7.76 (1H, d, TpA3), 7.51 (1H, s, H13), 7.31 (1H, d, TpC3), 7.07 (1H, s, 

H12), 6.39 (1H, t, TpB4), 6.36 (1H, t,TpA4), 6.28 (1H, t, TpC4), 5.54 (1H, m, H1), 3.72 (3H, s, OMe), 3.54 

(1H, bs, H4), 2.84 (1H, m, H2), 2.56 (1H, dm J = 13.7, H5), 2.02 (1H, dm J = 13.6, H6a), 1.69 (1H, m, H6b), 

1.30 (1H, s, H10/9), 1.27 (1H, s, H10/9), 1.23 (1H, d J = 11.5, H3), 0.90 (9H, d J = 8.6, PMe3). 13C-NMR (d3-

MeCN, δ, 25 oC): 178.2 (1C, C=O), 144.3 (1C, TpB3), 143.9 (1C, TpA3), 141.6 (1C, TpC3), 138.0 (1C, Tp5), 

137.8 (2C, Tp5), 137.5 (1C, C11), 130.1 (1C, C13), 127.1 (1C, CN), 118.8 (1C, C13), 107.8 (1C, Tp4), 107.5 

(2C, Tp4), 59.5 (1C, C1), 58.4 (1C, C3), 52.5 (1C, OMe), 48.8 (1C, d J = 11.8, C2), 45.9 (1C, C7), 40.6 (1C, C5), 

35.7 (1C, C6), 32.8 (1C, C4), 26.4 (1C, C10/9), 20.8 (1C, C10/9), 13.6 (3C, d J = 29.0, PMe3). Anal. Calcd for 

C27H38BN10OPW‧1/3N2C3H5OTf: C, 40.08; H, 4.71; N, 17.60 Found: C, 39.98; H, 4.72; N, 17.36.  

 

Compound 13 

 

1H-NMR (d3-MeCN, δ, 25 oC): 8.10 (1H, d, Tp3/5), 8.00 (1H, d, Tp3/5), 7.90 (1H, d, Tp3/5), 7.88 (1H, d, 

Tp3/5), 7.74 (3H, d, Tp3/5, C2), 7.54 (1H, d, Tp3/5), 6.42 (1H, t, Tp4), 6.30 (1H, t, Tp4), 6.29 (1H, t, Tp4), 
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3.65 (3H, s, OMe), 3.42 (1H, m, H5a), 3.11 (1H, m, H6), 2.82 (1H, m, H4), 2.69 (1H, m, H5b), 1.66 (1H, m, 

H3), 1.38 (3H, s, H10/9), 1.30 (3H, s, H10/9), 1.21 (9H, d J = 8.5, PMe3). 

 

Compound 14 

 

1H-NMR (d3-MeCN, δ, 25 oC): 8.45 (1H, d, Tp3/5), 8.43 (1H, d, Tp3/5), 8.02 (1H, d, Tp3/5), 7.96 (1H, d, 

Tp3/5), 7.89 (1H, d, Tp3/5), 7.84 (1H, d, Tp3/5), 6.55 (1H, t, Tp4), 6.54 (1H, t, Tp4), 6.41 (1H, t, Tp4), 5.96 

(1H, d J = 7.7, H2), 5.23 (1H, t J = 8.6, H3), 4.82 (1H, d J = 10, H1), 4.62 (1H, m, H4), 3.69 (3H, t, OMe), 3.55 

(1H, m, H5a), 2.61 (1H, dd J = 16.0, 8.4, H5b), 2.48 (1H, q J = 9.2, H6), 1.29 (3H, s, H10/9), 1.28 (3H, s, 

H10/9), 1.20 (9H, d J = 9.8, PMe3). 13C-NMR (d3-MeCN, δ, 25 oC): 177.3 (1C, CO), 148.5 (1C, Tp3), 144.6 (1C, 

Tp3), 1423.1 (1C, Tp3), 149.8 (1C, Tp5), 139.7 (1C, Tp5), 139.6 (1C, Tp5), 122.2 (1C, CN), 117.6 (1C, C2), 

109.4 (1C, Tp4), 109.2 (1C, Tp4), 108.4 (1C, Tp4), 104.6 (1C, C3), 73.0 (1C, C4), 52.8 (1C, OMe), 46.6 (1C, 

C7), 40.1 (1C, C6), 32.3 (1C, C1), 28.6 (1C, C5), 23.5 (1C, C10/9), 23.4 (1C, C10/C9), 12.8 (3C, d J = 34.0, 

PMe3). 

 

Compound 18a and 18b 

 

Compound 16 (0.250 g, 0.346 mmol) and MeCN were combined in a test tube. NaCN (0.051 g, 1.04 mmol), 

MeOH, and a stir pea were combined in a second test tube. Both solutions were cooled to -30 °C for 15 
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min. 1M HOTf/MeCN (0.41 mL, 0.41 mmol, -30 °C) was added to the solution of 16 and MeCN via syringe. 

The reaction turned a dark brown upon addition of the acid. After 15 min, the reaction was added to the 

solution of NaCN and MeOH. 1 mL of MeCN was used to rinse the first test tube and added to the reaction 

solution. The reaction was stirred for 24 hrs. After 24 hrs, the reaction was removed from the glovebox 

and warmed to room temperature. The reaction was evaporated to dryness to form a dark brown oil. A 

60 mL medium porosity frit was filled ¾ full with silica and set in hexanes. Minimal acetone was used to 

pick the reaction oil up and load it onto the column. The silica plug was washed with 100 mL of hexanes, 

followed by 150 mL of diethyl ether, and finally by 150 mL of ethyl acetate. The ethyl acetate was then 

evaporated to dryness yielding a yellow oil. The oil was picked up in minimal DCM and precipitated into 

20 mL of stirring pentane to yield an off white solid. The off-white solid was collected on a 15 mL fine 

porosity fritted disc, washed with hexanes (3 x 10 mL), and desiccated overnight yielding a combination 

of 18a and 18b (0.155 g, 0.244 mmol, 70%). CV (MeCN): Ep,a= + 0.69 V (NHE). IR: ν(NO) 1547cm-1, ν(CN) 

2230 cm-1, ν(BH) 2480 cm-1. 1H-NMR 18a (d3-MeCN, δ, 25 oC): 8.06 (1H, d, TpA3), 8.03 (1H, d, TpB3), 7.89 

(1H, d, TpB5), 7.87 (1H, d, TpC5), 7.82 (1H, d, TpA5), 7.43 (1H, d, TpC3), 6.40 (1H, t, TpB4), 6.33 (1H, t, 

TpA4), 6.29 (1H, t, TpC4), 4.03 (1H, m, H4), 3.86 (1H, t J= 5.7, H1), 2.62 (1H, td J = 11.4, 1.6, H2), 2.07 (1H, 

m, H5a), 2.02 (1H, m, H6a), 1.92 (1H, m, H6b), 1.82 (1H, m, H5b), 1.16 (10H, d J = 8.2, PMe3, H3). 1H-NMR 

18b (d3-MeCN, δ, 25 oC): 8.09 (1H, d, TpA3), 8.02 (1H, d, TpB3), 7.88 (1H, d, TpB5), 7.85 (1H, d, TpC5), 7.82 

(1H, d, TpA5), 7.43 (1H, d, TpC3), 6.39 (1H, t, TpB4), 6.33 (1H, t, TpA4), 6.28 (1H, t, TpC4), 4.25 (1H, t J = 

3.7, H2), 3.41 (1H, m, H5a), 3.33 (1H, m, H1), 2.78 (1H, m, H5b), 2.70 (1H, m, H4), 1.94 (1H buried, H6a, 

H6b), 1.13z (10H, d J = 8.5, PMe3, H3). 13C-NMR (d3-MeCN, δ, 25 oC) 18a: 144.4 (1C, Tp3), 142.9 (1C, Tp3), 

142.0 (1C, Tp3), 138.3 (1C, Tp5), 137.9 (1C, Tp5), 137.8 (1C, Tp5), 127.7 (1C, CN), 127.2 (1C, CN), 107.9 (1C, 

Tp4). 107.4 (1C, Tp4), 107.1 (1C, Tp4), 50.3 (1C, C3), 48.9 (1C, d J = 12.4, C2), 31.3 (1C, d J = 4.3, C1), 30.9 

(1C, C4), 26.0 (2C, C5, C6), 13.42 (3C, d J = 29.3, PMe3). 13C-NMR (d3-MeCN, δ, 25 oC) 18b: 144.5 (1C, Tp3), 

143.4 (1C, Tp3), 141.7 (1C, Tp3), 138.1 (1C, Tp5), 137.8 (1C, Tp5), 137.7 (1C, Tp5), 124.9 (1C, CN), 121.7 
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(1C, CN), 107.8 (1C, Tp4). 107.4 (1C, Tp4), 107.1 (1C, Tp4), 50.3 (1C, C3) 47.9 (1C, d J = 11.8, C4), 35.5 (1C, 

C2), 30.1 (1C, C1), 27.3 (1C, d J = 4.0, C5), 26.2 (1C, C6) 13.42 (3C, d J = 29.3, PMe3). Anal. Calcd for 

C20H27BN9OPW: C: 37.82, H: 4.29, N: 19.85. Found: C: 38.19, H: 4.49, N: 19.80. 

 

Compound 21 

 

Outside of the glovebox, 9 (0.100 g, 0.140 mmol) and acetone were combined in a 4-dram vial. A stir pea 

and NOPF6 (0.040 g, 0.228 mmol) were added to a separate 4-dram vial. The solution of 9 in acetone was 

then added to the vial with the stir pea and NOPF6 while stirring. The initial solution was black and became 

a golden yellow as it stirred overnight. The golden solution was evaporated to dryness, picked up in 

minimal DCM, and added to 20 mL of stirring pentane. A green precipitant formed and was collected on 

a 15 mL medium porosity fritted disc and washed with hexanes (2 x 10 mL). The resulting filtrate was 

evaporated to dryness. The resulting oil was washed with 25 mL of hexanes. The remaining oil was washed 

with ether and ran through 30 mL of silica. The silica was washed with 60 mL of ether. The filtrate was 

evaporated to dryness yielding 21 (0.018 g, 0.088 mmol, 63%). 1H-NMR (d3-MeCN, δ, 25 oC): 5.92 (1H, m, 

H1), 5.70 (1H, m, H2), 3.65 (3H, s, OMe), 3.32 (1H, m, H3), 2.25 (1H, dt J = 18.6, 5.3, H6a), 2.12 (1H, m, 

H6b), 2.01 (1H, dd J = 12.7, 1.9, H4), 1.80 (1H, dd J = 13.6, 6.3, H5a), 1.60 (1H, m, H5b), 1.28 (3H, s, H9/8), 

1.27 (3H, s, H9/8). 13C-NMR (d3-MeCN, δ, 25 oC): 177.8 (1C, C=O), 132.4 (1C, C1), 123.2 (1C, C2), 120.9 (1C, 

CN), 52.5 (1C, OMe), 45.6 (1C, C7), 44.0 (1C, 4), 28.9 (1C, C3), 27.2 (1C, 6), 23.1 (1C, 9/8), 22.7 (1C, C9/8), 

22.3 (1C, C5). HRMS (ESI-TOF) m/z: [M+Na]+ calcd for 230.1151 found 230.1154. 
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Compound 22 

 

Outside of the glovebox, 10 (0.100 g, 0.106 mmol) and acetone were combined in a 4-dram vial. A stir pea 

and NOPF6 (0.028 g, 0.160 mmol) were added to a separate 4-dram vial. The solution of 10 in acetone was 

then added to the vial with the stir pea and NOPF6 while stirring. The initial solution was black and became 

a golden yellow as it stirred overnight. The golden solution was evaporated to dryness, picked up in 

minimal DCM, and added to 20 mL of stirring pentane. A green precipitant formed and was collected on 

a 15 mL medium porosity fritted disc and washed with hexanes (2 x 10 mL). The resulting filtrate was 

evaporated to dryness. The resulting oil was washed with 25 mL of hexanes followed by 25 mL of ether. 

The remaining oil was dissolved in ethyl acetate and ran through 30 mL of silica. The silica was washed 

with 60 mL of ethyl acetate. The filtrate was evaporated to dryness yielding 22 (0.028 g, 0.063 mmol, 

59%). 1H-NMR (d3-MeCN, δ, 25 oC): 5.77 (1H, ddd J = 10.11, 5.61, 2.44 Hz, H2), 5.57 (1H, dm J = 10.12 Hz, 

H1), 3.37 (1H, d J = 2.89 Hz, H8), 3.71 (3H, s, OMe), 3.70 (3H, s, OMe), 3.68 (3H, s, OMe), 3.62 (6H, s, 

2OMe), 3.16 (1H, d J = 9.11 Hz, H7), 3.11 (1H, bm, H3), 2.85 (1H, m, H6), 2.00 (1H, ddd J = 12.98, 4.98, 2.00 

Hz, H4), 1.79 (1H, m, H5), 1.21 (1H, m, H5), 1.20 (3H, s, H11/10), 1.18 (3H, s, H11/10). 13C-NMR (d3-MeCN, 

δ, 25 oC): 178.28 (1C, C=O), 170.40 (1C, C=O), 169.97 (1C, C=O), 169.47 (1C, C=O), 169.46 (1C, C=O), 130.66 

(1C, C2), 129.95 (1C, C1), 57.35 (1C, C8), 53.33 (1C, OMe), 53.08 (2C, 2OMe),  52.76 (1C, C7), 52.41 (1C, 

OMe), 52.31 (1C, OMe), 47.03 (1C, C4), 45.07 (1C, C9), 38.88 (1C, C6), 36.76 (1C, C3), 25.67 (1C, C11/10), 

25.08 (1C, C5), 23.94 (1C, C11/10). HRMS (ESI-TOF) m/z: [M+Na]+ calcd for 465.1731; found 465.1734.   
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Compound 23 

 

Outside of the glovebox, 3 (0.100 g, 0.156 mmol) and acetone were combined in a 4-dram vial. A stir pea 

and NOPF6 (0.040 g, 0.228 mmol) were added to a separate 4-dram vial. The solution of 3 in acetone was 

then added to the vial with the stir pea and NOPF6 while stirring. The initial solution was black and became 

a golden yellow as it stirred overnight. The golden solution was evaporated to dryness, picked up in 

minimal DCM, and added to 20 mL of stirring pentane. A green precipitant formed and was collected on 

a 15 mL medium porosity fritted disc and washed with hexanes (2 x 10 mL). The resulting filtrate was 

evaporated to dryness 23 (0.018 g, 0.098 mmol, 63%). 1H-NMR (d3-MeCN, δ, 25 oC): 5.65 (2H, m, H2, H1), 

3.61 (3H, s, OMe), 2.08 (1H, H3a), 2.03 (1H, m, H3b), 1.88 (1H, m, H6a), 1.82 (2H, m, H6b, H5), 1.65 (1H, 

m, H4a), 1.19 (1H, m, H4b), 1.13 (3H, s, H9/8), 1.09 (3H, s, H9/8). 13C-NMR (d3-MeCN, δ, 25 oC): 178.8 (1C, 

C=O), 127.7 (1C, C2/1), 127.4 (1C, C2/1), 52.0 (1C, OMe), 45.9 (1C, C7), 42.6 (1C, C5), 27.3 (1C, C6), 27.0 

(1C, C3), 24.9 (1C, C4), 22.2 (1C, C9/8), 22.1 (1C, C9/8). HRMS (ESI-TOF) m/z: [M+H]+ calcd for 183.1379; 

found 183.1378.   

 

Compound 25 

 

Outside of the glovebox, 12 (0.100 g, 0.129 mmol) and acetone were combined in a 4-dram vial. A stir pea 

and NOPF6 (0.036 g, 0.206 mmol) were added to a separate 4-dram vial. The solution of 12 in acetone was 
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then added to the vial with the stir pea and NOPF6 while stirring. The initial solution was black and became 

a golden yellow as it stirred overnight. The golden solution was evaporated to dryness, picked up in 

minimal DCM, and added to 20 mL of stirring pentane. A green precipitant formed and was collected on 

a 15 mL medium porosity fritted disc and washed with hexanes (2 x 10 mL). The resulting filtrate was 

evaporated to dryness. The resulting oil was washed with 25 mL of hexanes followed by 25 mL of ether. 

The remaining oil was dissolved in ethyl acetate and ran through 30 mL of basic alumina. The basic alumina 

was washed with 60 mL of ethyl acetate. The basic alumina was washed with 100 mL of acetone. The 

acetone filtrate was evaporated to dryness yielding 25 (0.019 g, 0.070 mmol, 54%) 1H-NMR A (d3-MeCN, 

δ, 25 oC): 7.56 (1H, bs, H10), 5.04 (1H, t J = 1.3, H11), 6.97 (1H, t J = 1.2, H12), 6.01 (1H, ddd J = 9.5, 5.5, 

2.4, H2), 5.92 (1H, dm J = 9.8, H1), 4.96 (1H, m, H6), 3.67 (3H, s, OMe), 3.50 (1H, m, H3), 2.29 (2H, m, H5a, 

H4), 1.84 (1H, m, H5b), 1.30 (6H, s, H9, H8). 13C-NMR (d3-MeCN, δ, 25 oC): 177.3 (1C, C=O), 137.1 (1C, C10), 

131.9 (1C, C1), 129.8 (1C, C11), 127.1 (C1, C2), 119.8 (C1, CN), 118.1 (1C, buried, C12), 55.6 (1C, C6), 52.6 

(1C, OMe), 45.4 (1C, C7), 43.3 (1C, C4), 31.1 (1C, C5), 28.8 (1C, C3), 23.1 (1C, C9/8), 22.8 (1C, C9/8). HRMS 

(ESI-TOF) m/z: [M+H]+ calcd for 274.1550; found 274.1552.   

 

Compound 27 a and b 

 

Outside of the glovebox, 18 (0.055 g, 0.086 mmol) and acetone were combined in a 4-dram vial. A stir pea 

and NOPF6 (0.024 g, 0.1.37 mmol) were added to a separate 4-dram vial. The solution of 18 in acetone 

was then added to the vial with the stir pea and NOPF6 while stirring. The initial solution was black and 

became a golden yellow as it stirred overnight. The golden solution was evaporated to dryness, picked up 
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in minimal DCM, and added to 20 mL of stirring pentane. A green precipitant formed and was collected 

on a 15 mL medium porosity fritted disc and washed with hexanes (2 x 10 mL). The resulting filtrate was 

evaporated to dryness. The resulting oil was washed with 25 mL of hexanes followed by 25 mL of ether. 

The remaining oil was dissolved in ethyl acetate and ran through 30 mL of silica. The silica was washed 

with 60 mL of ethyl acetate. The filtrate was evaporated to dryness yielding 27 (0.007 g, 0.053 mmol, 

62%). 1H-NMR A (d3-MeCN, δ, 25 oC): 5.92 (2H, d J = 1.5, H2, H1), 3.42 (2H, m, H3, H6), 2.1 (4H, m, H5, H4). 

1H-NMR B (d3-MeCN, δ, 25 oC): 6.01 (1H, m, H2), 5.65 (1H, m, H1), 3.75 (1H, m, H3), 3.28 (1H, q J = 6.1, 

H4), 2.27 (1H, m, H6/5), 2.01 (3H, buried, H6, H5). 13C-NMR A (d3-MeCN, δ, 25 oC): 126.4 (2C, C2, C1), 

1221.3 (2C, CN), 26.5 (2C, C6, C3), 24.67 (2C, C5, C4). 13C-NMR B (d3-MeCN, δ, 25 oC): 132.3 (1C, C2), 119.7 

(1C, C1), 30.3 (1C, C3), 28.9 (1C, C4), 23.9 (1C, C6/5), 23.1 (1C, C6/5).  
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An Investigation of Amine Additions to the η2-Phenyl Sulfone 

Family of Complexes 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



131 

 

6.1 Introduction 

While numerous methods have been developed for the addition of amines to alkenes and alkynes, 

similar reactions for benzene functionalization are less common and highly endergonic.1-4 Previous work 

in our lab found that protonation of the W(Tp)(NO)(PMe3)(η2-benzene) system followed by the addition 

of methylamine resulted in the hydroamination of the benzene ring when kept under basic conditions and 

low temperatures.5 This chapter presents the use of amines to expand the range of nucleophiles tolerable 

by the W(Tp)(NO)(PMe3)(η2-phenyl sulfone) systems. Also included is an intramolecular cyclization that 

results in the formation of a bicyclic compound. Recently highlighted issues of late-stage tolerance of 

amines and lack of methodology to synthesize or modify aliphatic nitrogen heterocycles led us to this 

investigation.6-8 Also, to note, Njardarson et al. conducted a recent study that reported that 59% of unique 

small molecules contained a nitrogen heterocycle with piperidine being one of the most common.6,7 

 

6.2 Secondary Amines as First Nucleophiles 

 Previous work in our lab reported the ability to introduce a proton followed by a range of amines 

to the cationic η2-N-ethylindolinium species at room temperature with the products being isolated via 

basic extraction.9 This work was applied to the η2-trifluorotoluene tungsten system with a few 

modifications.10 Due to the tendency for amines to eliminate at room temperature and reform starting 

material, a lower temperature (-30 °C) and base quench with a relatively strong base (tBuOK) was needed 

for the additions to be successful. This strategy was applied to the η2-phenyl sulfone systems. It was shown 

in Chapter 4 that protonation of 1 and 2 can occur with HOTf leveled in MeCN at 0 °C to afford a distorted 

allyl with the positive charge localized distal to the PMe3 ligand. The introduction of a primary amine (i.e., 

methyl amine) to the newly formed allyls led to what was believed to be a successful addition based on 

in situ 1H and 31P NMR data at low temperatures. However, attempts to work up the addition product led 

to the elimination of the amine and formation of the dihapto bound aromatic starting material. 
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Fortunately, the usage of secondary amines appeared to rectify this issue. Piperidine, morpholine, and 

the aromatic heterocycle imidazole were all successfully added as the first nucleophile and isolated to 

yield the η2-dienes 3, 4, and 5 (Scheme 6.1). The additions of morpholine (5) and imidazole (3) were 

isolated as precipitates after aqueous extractions, while the addition of morpholine (4) crashed out of the 

reaction solution. As seen in Chapter 4, the nucleophiles add anti to the metal. 

 
Scheme 6.1: First nucleophilic addition of secondary amines to η2-phenyl sulfones 

 

6.3 Intramolecular Cyclization Reaction Resulting in Lactam Formation 

 Previous work with the η2-trifluorotoluene and η2-benzene systems showed a vast range of 

nucleophiles that could be added following initial protonation at low temperature.5,10 Investigation of a 

second tandem protonation/nucleophilic addition with a high concentration of a primary amine as the 

nucleophile led to an intramolecular lactamization if the first nucleophilic addition resulted in an ester.5,10 



133 

 

This process led to the formation of indoline derivatives functionalized by a -CF3 group in the case of the 

η2-trifluorotoluene system. These conditions were applied to the η2-methyl phenyl sulfone system in the 

hope that the commonly seen intramolecular lactamization would occur.11-19  

Initial protonation of complexes 6 and 7 at low temperatures was followed quickly by the 

introduction of ten equivalents of a variety of amines. The initial amine addition stirred overnight at -30 

°C. The reaction was warmed to room temperature and allowed to stir for two days. The process was 

monitored by 31P NMR until a single product was observed. Aqueous workups yielded lactam products 8, 

9, 10, and 11 (Scheme 6.2). Successful addition of the amine group is indicated through the primary 

functionality of the amine. In the case of the benzylamine nucleophile, two geminal doublets at 4.55 and 

4.22 appear in the product along with corresponding aromatic features. The C5 methine proton appears 

downfield at 4.65 ppm compared to the typical methine protons of carbon or hydride nucleophiles. This 

proton exhibits a COESY correlation to the downbound at 1.29 ppm indicating the functional group adding 

to the carbon adjacent to the downbound carbon. This same proton exhibits NOE correlations to the TpA 

and TpC pyrazole rings, indicating that the proton is syn to the metal. This demonstrates that the addition 

occurs anti to the metal and thus a cis fused ring. An intramolecular cyclization is indicated through the 

loss of the methoxy peak from the starting material and the retention of the carbonyl IR frequency. HMBC 

correlations between the carbonyl carbon, the two proton singlets of the methyl groups H15 and H16, 

and the methine protons at 4.65 and 2.82 ppm also indicated cyclization. Previous carbonyls from second 

additions like those in Chapters 4 and 5 do not have HMBC correlations with the methines of C5. The data 

also matches nicely with similar lactam formations in the W(Tp)(NO)(PMe3)(η2-trifluorotoluene) and 

W(Tp)(NO)(PMe3)(η2-benzene)  systems.5,10 

 While the products 8, 9, 10, and 11 were synthesized through previously demonstrated methods, 

the products significantly differed from those of the W(Tp)(NO)(PMe3)(η2-trifluorotoluene) and 

W(Tp)(NO)(PMe3)(η2-benzene)  systems. The lactam products synthesized from the η2-methyl phenyl 
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sulfone system were η2-dienes resulting from the elimination of the sulfone functionality. While the 

trifluorotoluene system was restricted to -CF3 functionalization, compounds 8, 9, 10, and 11 now have to 

ability to undergo a third tandem protonation/nucleophilic addition, as shown in Chapter 5. This process 

allows for the formation of a nitrogen-containing heterocycle while potentially allowing for further 

functionalization. Both the η2-PhSO2Ph and η2-PhSO2(NC4H8) systems yielded identical products. In no 

instance was the sulfone functionality retained.  

 Though intramolecular lactamization is not anything novel, a recent paper submitted for 

publication from our group demonstrated efforts to synthesize a multicyclic biologically active molecule 

known as γ-lycorane from lactams synthesized from the W(Tp)(NO)(PMe3)(η2-trifluorotoluene) and 

W(Tp)(NO)(PMe3)(η2-benzene) systems. A benefit that the lactam products resulting from the 

W(Tp)(NO)(PMe3)(η2-phenyl sulfone) systems have is the elimination of the sulfone moiety to form a 

diene during the reaction. This allows for a third protonation, which could allow for a potential cyclization 

that would be influenced by the metal center. Work is currently underway to synthesize multicyclic 

products from complexes such as 9 and 10. 

 

Scheme 6.2: Intramolecular cyclization reaction forming lactam products 
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6.4 Third Additions to Coordinated Bicyclic Lactams 

With the intramolecular lactamization successful and resulting in an η2-diene, sights were set on 

demonstrating the ability of the new bicyclic η2-diene to undergo a third tandem protonation/nucleophilic 

addition. Compounds 8 and 11 were both successfully protonated at low temperatures and upon 

exposure to a hydride source, underwent addition of H- to form 12 and 14, respectively (Scheme 6.3). The 

hydride adds to the allyl with the cation proximal to the PMe3 ligand compared to the allyl with the cation 

distal to the PMe3 ligand in a ratio of   1̴0 : 1. Repeating this process with CN- as the nucleophile led to the 

same result and formed complexes 13 and 15 (Scheme 6.3). In this instance, the nucleophile adds anti to 

the face of the diene bound by the metal. Current work is underway to expand the range of nucleophiles.  

 

Scheme 6.3: Third tandem protonation/nucleophilic addition to dihapto bound bicyclic lactams 

 

6.5 Conclusion 

 The dihapto coordinated compounds WTp(NO)(PMe3)(η2-PhSO2Me) and WTp(NO)(PMe3)(η2-

PhSO2Ph) were able to successfully undergo an initial tandem protonation/nucleophilic addition utilizing 

secondary amines. The use of primary amines as the second nucleophile led to an intramolecular 

cyclization resulting in a lactam when the first nucleophile contained an ester. Finally, the resulting η2-
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dienes from the lactamization process were able to under a third tandem protonation/nucleophilic 

addition to yield η2-cyclohexenes. This work hit on the overall goals laid out in the introduction. A variety 

of amine nucleophiles were able to be added at every step of the functionalization process. Nitrogen-

containing heterocycles were able to be introduced through this tandem addition, while intramolecular 

cyclization also resulted in the synthesis of a nitrogen-containing heterocycle in the form of a lactam. 

Future work will include isolation of these organics and manipulations of the lactam products to form 

more complex multicyclic products. 
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Experimental  

 
General Methods. NMR spectra were obtained on 500, 600, or 800 MHz spectrometers. Chemical shifts 

are referenced to tetramethylsilane (TMS) utilizing residual 1H signals of the deuterated solvents as 

internal standards. Chemical shifts are reported in ppm and coupling constants (J) are reported in hertz 

(Hz). Chemical shifts for 19F and 31P spectra are reported relative to standards of hexafluorobenzene (164.9 

ppm) and triphenylphosphine (−6.00 ppm) or triphenyl phosphate (−16.5  ppm). Infrared spectra (IR) 

were recorded as a solid on a spectrometer with an ATR crystal accessory, and peaks are reported in cm−1. 

Electrochemical experiments were performed under a nitrogen atmosphere. Most cyclic voltammetric 

data were recorded at ambient temperature at 100 mV/s, unless otherwise noted, with a standard three-

electrode cell from +1.  to −1.  V with a platinum working electrode, acetonitrile or dimethylacetamide 

(DMA) solvent, and tetrabutylammonium (TBAH) electrolyte (∼1.0 M). All potentials are reported versus 

the normal hydrogen electrode (NHE) using cobaltocenium hexafluorophosphate (E1/2 = −0.   V, −1. 5 V) 

or ferrocene (E1/2 = 0.55 V) as an internal standard. The peak separation of all reversible couples was less 

than 100 mV. All synthetic reactions were performed in a glovebox under a dry nitrogen atmosphere 

unless otherwise noted. All solvents were purged with nitrogen prior to use. Deuterated solvents were 

used as received from Cambridge Isotopes and were purged with nitrogen under an inert atmosphere. 

When possible, pyrazole protons of the tris(pyrazolyl)borate (Tp) ligand were uniquely assigned (e.g., 

“Tp3B”) using two-dimensional NMR data. If unambiguous assignments were not possible, Tp protons 

were labeled as “Tp3/5 or Tp4”. All J values for Tp protons are 2(±0.4) Hz. Characterization of products is 

given when available. This work demonstrates some of the most recent advancements of this project, and 

thus only 2-dimensional NMR has been carried out on every product at this time.  
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Compound 3 

 

Compound 1 (0.100 g, 0.152 mmol) and MeCN were combined in a test tube to form an orange 

heterogeneous solution. Imidazole (0.155 g, 2.28 mmol) was added to a second test tube. Both solutions 

were cooled to 0 °C for 15 min. 1M HOTf/MeCN (0.227 mL, 0.227 mmol, -30 °C) was added to the reaction. 

Upon addition, the reaction became a dark red, homogeneous mixture. After 5 minutes, the cooled 

imidazole was added to the reaction. The reaction was stirred for 20 hrs. While the reaction was still in 

the cold probe, 1M tBuOK in tert-butanol (0.61 mL, 0.610 mmol) was added to the reaction and allowed 

to stir for an hour. The reaction was warmed to room temperature and removed from the glovebox. The 

reaction was diluted with 30 mL of H2O and washed with 40 mL DCM. The aqueous layer was back 

extracted twice with DCM (25mL). The organic layers were combined and dried over MgSO4 before being 

evaporated to dryness. The film was redissolved in MeCN and added to 15 mL of stirring H2O. The resulting 

brown precipitant was collected on a 15 mL fine porosity fritted disc, washed with ether (2 x 10 mL) and 

hexanes (3 x 10 mL), and desiccated to yield 3 (0.048 g, 0.065 mmol, 43%).  CV (DMA): Ep,a= + 0.93 V (NHE). 

IR: ν(SO) 1405 cm-1, ν(NO) 1540 cm-1, ν(BH) 2488 cm-1. 1H-NMR (d3-MeCN, δ, 25 oC): 8.08 (1H, d, TpA3), 

8.03 (1H, d, TpB3), 7.90 (1H, d, TpA5), 7.87 (1H, d, TpC5), 7.80 (2H, m, H2, TpB5), 7.68 (1H, s, H7), 7.51 

(1H, d, TpC5), 7.19 (1H, t J = 1.2, H8), 6.84 (1H, t J = 1.1, H9), 6.40 (1H, t, TpA4), 6.35 (1H, t, TpB4), 6.30 

(1H, t, TpC4), 5.46 (1H, m, H5), 3.19 (2H, m, H3, H6b), 2.84 (3H, s, SO2Me), 2.69 (1H, d J = 16.9, H6a), 1.45 

(1H, d J = 9.0, H4), 1.26 (9H, d J = 8.8, PMe3). 13C-NMR (d3-MeCN, δ, 25 oC): 145.9 (1C, d J = 2.9, C2), 144.7 

(1C, TpA3), 143.0 (1C, TpB3), 142.2 (1C, TpC3), 138.3 (1C, TpC5), 137.9 (1C, TpA5), 137.5 (1C, TpB5), 136.8 

(1C, C7), 128.9 (1C, C8), 126.2 (1C, C1), 119.2 (1C, C9), 107.8 (1C, TpA4), 107.5 (1C, TpC4), 107.3 (1C, TpB5), 
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58.2 (1C, C4), 57.2 (1C, C5), 50.0 (1C, d J = 9.2, C3), 44.7 (1C, SO2Me), 31.2 (1C, C6), 13.7 (3C, d J = 29.6, 

PMe3). Anal. Calcd for C22H31BN9O3PSW‧2H2O: C, 34.62; H, 4.62; N, 16.52. Found: C, 34.84; H, 4.38; N, 

16.52.  

 

Compound 4 

 

Compound 2 (0.100 g, 0.138 mmol) and MeCN were combined in a test tube to form an orange 

heterogeneous solution. Piperidine (0.18 mL, 0.18 g, 2.07 mmol) was added to a second test tube. Both 

solutions were cooled to 0 °C for 15 min. 1M HOTf/MeCN (0.21 mL, 0.210 mmol) was added to the 

reaction. Upon addition, the reaction became a dark red, homogeneous mixture. After 15 minutes, the 

reaction was added to the cooled piperidine test tube. The reaction was stirred overnight for 16 hrs. A 

white precipitant formed overnight. The test tube was removed from the glove box and the white solid 

was isolated on a 15 mL fine frit. The solid was washed with 5 mL H2O followed by hexanes (2 x 15 mL) 

and dessicated overnight yielding 4 (0.063 g, 0.078 mmol, 57 %). CV (MeCN) Ep,a = +0.71 V (NHE). IR: ν(BH) 

= 2488 cm-1, ν(NO) = 1574 cm-1, ν(SO) = 1406 cm-1. 1H NMR (CD3CN, δ):  .00 (1H, d, TpB3),  .94 (1H, d, 

TpA3), 7.89 (2H, m, H17, H13), 7.86 (1H, d, TpC5), 7.84 (1H, d, TpB5), 7.82 (1H, dd J = 6.0, 2.7, H2), 7.76 

(1H, d, TpA3), 7.57 (1H, m, H15), 7.53 (23H, m, TpC3, H16, H14), 6.35 (1H, t, TpB4), 6.31 (1H, t, TpC4), 6.24 

(1H, t, TpA4), 3.90 (1H, d J = 8.0, H5), 3.04 (1H, m, H3), 2.65 (1H, ddm J = 17.7, 8, H6a), 2.48 (4H, m, H11, 

H7), 2.38 (1H, d J = 17.7, H6b), 1.26 (9H, d J = 8.6, PMe3), 1.21 (4H, m, H10, H8), 1.14 (3H, m, H9, H4). 13C 

NMR (CD3CN, δ): 146.  (1C, C2), 144.6 (1C, TpB3), 143.3 (1C, C12), 142.4 (1C, TpA3), 142.1 (1C, TpC3), 

138.1 (1C, TpC5), 137.5 (2C, TpA5, TpB5), 133.3 (1C, C15), 129.8 (2C, C16, C14), 138.7 (2C, C17, C13), 128.4 
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(1C, C1), 107.5 (1C, TpB4), 107.3 (1C, TpC4), 106.9 (1C, TpA4), 62.7 (1C, C5), 53.7 (1C, C4), 51.3 (1C, C3), 

50.31 (2C, C11, C7), 27.43 (2C, C10, C8), 25.62 (1C, C9), 23.8 (1C, C6) 14.0 (3C, d J = 28.6, PMe3). Anal. 

Calc’d for C29H40BN8O3PSW‧H2O: C, 42.25; H, 5.14; N, 13.59. Found: C, 42.22; H, 4.86; N, 13.53. 

 

Compound 5 

 

Compound 1 (0.100 g, 0.138 mmol) and MeCN were combined in a test tube to form an orange 

heterogeneous solution. Morpholine (0.18 mL, 0.18 g, 2.07 mmol) was added to a second test tube. Both 

solutions were cooled to 0 °C for 15 min. 1M HOTf/MeCN (0.21 mL, 0.210 mmol) was added to the 

reaction. Upon addition, the reaction became a dark red, homogeneous mixture. After 15 minutes, the 

reaction was added to the cooled morpholine test tube. The reaction was stirred overnight for 16 hrs. 

While the reaction was still in the cold probe, 1M tBuOK in tert-butanol (0.55 mL, 0.55 mmol) was added 

to the reaction and allowed to stir for an hour. The reaction was warmed to room temperature and 

removed from the glovebox. The reaction was diluted with 30 mL of H2O and washed with 40 mL DCM. 

The aqueous layer was back extracted with DCM (25mL). The organic layers were combined and dried 

over MgSO4 before being evaporated to dryness. The film was washed with hexanes and then ether. The 

remaining film was picked up in ethyl acetate and ran through a 30 mL basic alumina plug with 100 mL of 

ethyl acetate. The resulting filtrate was evaporated to dryness, pick up in minimal DCM, and crashed out 

into 50 mL of stirring pentane. The resulting brown precipitant was collected on a 15 mL fine porosity 

fritted disc, washed with ether (2 x 10 mL) and hexanes (3 x 10 mL), and desiccated to yield 5 (0.075 g, 

0.093 mmol, 67%). CV (MeCN) Ep,a = +0.77 V (NHE). IR: ν(BH) = 2484 cm-1, ν(NO) = 1573 cm-1, ν(SO) = 1407 
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cm-1. 1H NMR (CD3CN, δ):  .00 (1H, d, TpB3),  .93 (1H, d, TpA3), 7.89 (2H, m, H16, H12), 7.86 (1H, d, TpC5), 

7.85 (1H, d, TpB5), 7.84 (1H, dd J = 6.0, 2.6, H2), 7.76 (1H, d, TpA5), 7.57 (1H, m, H14), 7.53 (1H, d, TpC3), 

7.52 (2H, m, H15, H13), 6.35 (1H, t, TpB4), 6.31 (1H, t, TpC4), 6.24 (1H, t, TpA4), 3.86 (1H, d J = 7.3, H5), 

3.33 (4H, m, H10, H8), 3.05 (1H, m, H3), 2.69 (1H, ddm J = 17.1, 7.7, H6a), 2.50 (2H, m, H9/H7), 2.43 (1H, 

d J = 17.1, H6b), 2.12 (2H, m, H9/H7), 1.25 (9H, d J = 8.5, PMe3), 1.17 (1H, d J = 9.5, H4). 13C NMR (CD3CN, 

δ): 146.  (1C, C2), 144.6 (1C, TpB3), 143.3 (1C, C11), 142.5 (1C, TpA3), 142.1 (1C, TpC3), 138.2 (1C, TpC5), 

137.6 (1C, TpB5), 137.5 (1C, TpA5), 133.3 (1C, C14), 129.8 (2C, C15, C13), 138.7 (2C, C15, C12), 128.0 (1C, 

C1), 107.6 (1C, TpB4), 107.3 (1C, TpC4), 106.9 (1C, TpA4), 68.0 (2C, C10, C8), 62.5 (1C, C5), 53.2 (1C, C4), 

51.2 (1C, C3), 50.0 (2C, C9, C7), 24.4 (1C, C6), 14.9 (3C, d J = 29.0, PMe3). Anal. Calc’d for C28H38BN8O4PSW: 

C, 41.60; H, 4.74; N, 13.86. Found: C, 41.54; H, 4.69; N, 13.66. 

 

Compound 7 

 

Compound 1 (0.500 g, 0.758 mmol) was added to a test a tube along with MeCN, and an orange 

heterogeneous solution formed. The solution was cooled at 0 °C for 15 min. Then, a 1 M HOTf/MeCN 

mixture (1.44 mL, 1.44 mmol, −30 °C) was added to the reaction using a syringe. Once the acid was added, 

the solution turned to a dark homogeneous mixture. Shortly after, 1-(tert-Butyldimethylsilyloxy)-1-

methoxyethene (0. 13 m, 0. 2  mL, 3. 9 mmol, −30 °C) was syringed to the reaction mixture. The solution 

stirred overnight. Excess Et3N (1.1 mL, 7.58 mmol) was added to the test tube. This was removed from the 

box and evaporated to dryness to form a dark oil, which was washed three times with hexanes. Two 

scoops of silica were then added to the oil and evaporated to dryness. A 60 mL medium-porosity frit was 
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filled two-thirds with silica, and the previous silica mixture was placed on top. Hexanes (250 mL) was 

eluted through the column, followed by diethyl ether (100 mL) and by ethyl acetate (250 mL). The ethyl 

acetate eluted a yellow band, which was evaporated to dryness, redissolved in minimal DCM, and then 

added to 20 mL of stirred pentane. An off-white solid precipitated out of the pentane, which was collected 

on a 15 mL fine-porosity fitted disk, washed pentane (2 × 10 mL) and desiccated overnight to yield 7 (0.325 

mg, 0.443 mmol, 58%). CV (MeCN) Ep,a = +0.80 V (NHE). IR: ν(BH) = 2503 cm-1, ν(CO) = 1732 cm-1, ν(NO) = 

1558 cm-1, ν(SO) = 1407 cm-1. 1H NMR (CD3CN, δ): 8.05 (1H, d, TpB3), 7.99 (1H, d, TpA3), 7.87 (2H, d, TpB5, 

TpC5), 7.78 (1H, d, TpA5), 7.66 (1H, dd J = 5.7, 2.5, H2) 7.41 (1H, d, TpC3), 6.37 (1H, t, TpB4), 6.33 (1H, t, 

TpA4), 6.29 (1H, t, TpC4), 3.52 (3H, s, OMe), 3.29 (1H, m, H5), 2.91 (1H, m, H3), 2.90 (3H, s, SO2Me), 2.83 

(1H, dd J= 16.5, 6.0, H6a), 2.57 (1H, dd J= 16.0, 7.4, H7b), 2.39 (1H, dd J = 14.5, 6.8, H7b), 2.28 (1H, d J = 

16.2, H6b), 1.23 (10H, d J = 8.9, PMe3, H2). 13C NMR (CD3CN, δ): 174.4 (1C, CO), 145.2 (1C, C2), 143.9 (1C, 

TpB3), 141.9 (1C, TpA3), 141.8 (1C, TpC3), 138.2 (1C, Tp5), 137.6 (1C, Tp5), 137.4 (1C, TpA5), 126.6 (1C, 

C1), 107.4 (1C, TpB4), 107.3 (1C, TpC4), 106.9 (1C, TpA4), 63.2 (1C, C4), 51.5 (1C, OMe), 47.5 (1C, SO2Me), 

44.8 (1C, d J= 17.5, C7), 44.7 (1C, C3), 34.2 (1C, C5), 27.6 (1C, d J= 10.0, C6), 13.7 (3C, d J= 28.9, PMe3) 

 

Compound 8 

 

Compound 6 (1.30 g, 1.71 mmol) was added to a test tube with MeCN and stirred at -30 °C for 20 min. 

Then, HOTf (0.46 g, 3.07 mmol, −30 °C) leveled in MeCN was added to the reaction using a syringe, and 

the solution was stirred at −30 °C. Once the acid was added, the solution turned to a dark homogeneous 

mixture. After 30 min a 2M MeNH2/THF (8.5 mL, 17.0 mmol) was syringed in the test tube, and the solution 
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became a red homogeneous mixture. The reaction stirred at −30 °C overnight. The resulting mixture was 

stirred at room temperature for 48 h. 31P confirmed the presence of only one species. An extraction with 

DCM/H2O was performed, and the organic layer was washed three times. This was dried over MgSO4 and 

evaporated in vacuo. The resulting yellow film was dissolved in minimal DCM and added dropwise to 15 

mL of stirring pentane. An off-white solid precipitated out and was collected on a 15 mL fine-porosity 

fitted disk, washed pentane (2 × 10 mL), and desiccated overnight to yield 8 (0.725 g, 1.06 mmol, 62%). 

1H NMR (CD3CN, δ):  8.05 (1H, d, TpB3), 8.03 (1H, d, TpC5), 7.86 (2H, d, TpB5, TpA5), 7.78 (1H, d, TpA3), 

7.49 (1H, d, TpC3), 6.41 (1H, ddd J = 10.0, 4.7, 2.3, H2), 6.37 (1H, t, TpB4), 6.31 (1H, t, TpC4), 6.29 (1H, t, 

TpA4), 4.72 (1H, dd J = 10.2, 2.1, H1), 4.62 (1H, d J = 6.2, H5), 2.85 (1H, m, H3),  2.82 (1H, m, H6), 2.61 (3H, 

s, N-Me), 1.35 (1H, d J = 9.9, H4), 1.18 (12 H, d J = 9.0, PMe3, H9/8), 1.08 (3H, s, H9/8).  

 

Compound 9 

  

Compound 6 (0.438 g, 0.532 mmol) was added to a test tube with MeCN and stirred at -30 °C for 20 min. 

Then, HOTf (0.120 g, 0.800 mmol, −30 °C) levelled in MeCN was added to the reaction using a syringe, and 

the solution stirred at −30 °C. Once the acid was added, the solution turned to a dark homogeneous 

mixture. After 30 min, benzylamine (0.570 g, 0.58 mL, 5.32 mmol) was syringed in the test tube, and the 

solution became a red homogeneous mixture. The reaction stirred at −30 °C overnight. The resulting 

mixture was stirred at room temperature for 48 h. 31P confirmed the presence of only one species. An 

extraction with DCM/H2O was performed and the organic layer washed three times. This was dried over 
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MgSO4 and evaporated in vacuo. The resulting yellow film was dissolved in minimal DCM and added 

dropwise to 15 mL of stirring pentane. An off-white solid precipitated out and was collected on a 15 mL 

fine-porosity fitted disk, washed pentane (2 × 10 mL), and desiccated overnight to yield 9 (0.220 g, 0.291 

mmol, 55%). IR: ν(BH) = 2477 cm-1, ν(CO) = 1662 cm-1, ν(NO) = 1559 cm-1. 1H NMR (CD3CN, δ):  8.02 (1H, d, 

TpB3), 7.84 (1H, d, TpC5), 7.83 (1H, d, TpB5), 7.69 (1H, d, TpA5), 7.68 (1H, d, TpA3), 7.32 (1H, d, TpC3), 

7.13 (3H, m, H10, H11, H12), 6.91 (2H, m, H13, H9), 6.40 (1H, dm J= 10.0 Hz, H2), 6.35 (1H, t, TpB4), 6.29 

(1H, t, TpC4), 6.06 (1H, t, TpA4), 4.77 (1H, dd J= 10.0, 2.0 Hz, H1), 4.65 (1H, d J= 6.2 Hz, H5), 4.55 (1H, d J= 

15.2 Hz, H7a), 4.22 (1H, d J= 15.3 Hz, H7b), 2.82 (1H, m, H6), 2.64 (1H, m, H3), 1.29 (1H, d J= 9.7 Hz, H4), 

1.20 (3H, s, H16/15), 1.16 (9H, d J= 8.6, PMe3), 1.15 (3H, s, H16/15). 13C NMR (CD3CN, δ): 180.3 (1C, CO), 

144.5 (1C, TpB3), 143.1 (1C, TpA3), 142.0 (1C, TpC3), 139.4 (1C, C8), 137.9 (1C, TpC5), 137.3 (1C, TpB5), 

137.0 (1C, TpA5), 132.2 (1C, d J= 3.5 Hz, C2), 129.1 (2C, C12, 10), 128.2 (2C, C13, C9), 127.5 (1C, C11), 115.4 

(1C, C1), 107.5 (1C, TpB4), 107.1 (1C, TpC4), 106.8 (1C, TpA4), 59.2 (1C, C5), 49.9 (1C, d J= 9.8 Hz, C3), 47.8 

(1C, C4), 45.0 (1C, C14), 44.0 (1C, C7), 43.8 (1C, C6), 25.1 (1C, C16/15), 20.8 (1C, C16/15), 13.6 (3C, d J= 

28.8, PMe3). 

 

Compound 10 

 

Compound 6 (0.200 g, 0.243 mmol) was added to a test tube with MeCN and stirred at -30 °C for 20 min. 

Then, HOTf (0.055 g, 0.366 mmol, −30 °C) levelled in MeCN was added to the reaction using a syringe, and 

the solution stirred at −30 °C. Once the acid was added, the solution turned to a dark homogeneous 



145 

 

mixture. After 30 min. 2-bromobenzylamine (0.32 g, 0.22 mL, 1.72 mmol) was syringed in the test tube, 

and the solution became a red homogeneous mixture. The reaction stirred at −30 °C overnight. The 

resulting mixture was stirred at room temperature for 48 h. 31P confirmed the presence of only one 

species. An extraction with DCM/H2O was performed and the organic layer washed three times. This was 

dried over MgSO4 and evaporated in vacuo. The resulting yellow film was dissolved in minimal DCM and 

added dropwise to 15 mL of stirring pentane. An off-white solid precipitated out and was collected on a 

15 mL fine-porosity fitted disk, washed pentane (2 × 10 mL), and desiccated overnight to yield 10 (0.150 

g, 0.179 mmol, 74%). 1H NMR (CD3CN, δ):  8.01 (1H, d, TpB3), 7.82 (1H, d, TpB5), 7.81 (1H, d, TpC5), 7.71 

(1H, d, TpA3), 7.67 (1H, d, TpA5), 7.28 (1H, dd J= 8.0, 1.0, H10), 7.23 (3H, m, TpC3, H13, H12), 7.04 (1H, m, 

H11), 6.43 (1H, ddd J= 10.1, 4.8, 2.6, H2), 6.34 (1H, t, TpB4), 6.24 (1H, t, TpC4), 6.05 (1H, t, TpA4), 4.80 (1H, 

dd J=10.0, 2.1, H1), 4.68 (1H, d J= 6.5, H5), 4.48 (1H, d J= 15.9, H7a), 4.42 (1H d J= 15.9, H7b), 2.84 (1H, m, 

H6), 2.58 (1H, m, H3), 1.28 (3H, d, H16/15), 1.23 (1H, d J= 9.6, H4), 1.17 (3H, s, H16/15), 1.16 (9H, d J= 8.3, 

PMe3). 13C NMR (CD3CN, δ): 180.6 (1C, CO), 144.6 (1C, TpB3), 142.9 (1C, TpA3), 141.9 (1C, TpC3), 138.5 

(1C, C8), 137.8 (1C, TpC5), 137.4 (1C, TpB4), 136.9 (1C, TpA5), 133.3 (1C, C10),  132.2 (1C, d J= 3.6, C2), 

130.2 (1C, C13), 129.4 (1C, C11), 128.3 (1C, C12), 122.9 (1C, C9), 115.4 (1C, C1), 107.5 (1C, TpB4), 107.1 

(1C, TpC4), 106.8 (1C, TpA4), 59.5 (1C, C5), 49.8 (1C, d J= 10.2, C3), 47.5 (1C, C4), 45.2 (1C, C14), 44.2 (1C, 

C7), 43.9 (1C, C6), 25.3 (1C, C16/15), 20.9 (1C, C16/15), 13.7 (3C, d J= 28.7, PMe3). 

 

Compound 11 
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Compound 7 (0.150 g, 0.204 mmol) was added to a test tube with MeCN and stirred at -30 °C for 20 min. 

Then, a 1 M HOTf/MeCN mixture (0.409 mL, 0.409 mmol, −30 °C) was added to the reaction using a 

syringe, and the solution stirred at −30 °C. Once the acid was added, the solution turned to a dark 

homogeneous mixture. After 30 min a 2M MeNH2/THF (1.02 mL, 2.04 mmol) was syringed in the test tube, 

and the solution became a red homogeneous mixture. The reaction stirred at −30 °C overnight. The 

resulting mixture was stirred at room temperature for 24 h. 31P confirmed the presence of only one 

species. An extraction with DCM/H2O was performed and the organic layer washed three times. This was 

dried over MgSO4 and evaporated in vacuo. The resulting yellow film was dissolved in minimal DCM and 

pipetted in 15 mL of stirring pentane. An off-white solid precipitated out and was collected on a 15 mL 

fine-porosity fitted disk, washed pentane (2 × 10 mL), and desiccated overnight to yield 11 (0.100 g, 0.153 

mmol, 75%). CV (MeCN) Ep,a = +0.49 V (NHE). IR: ν(BH) = 2504 cm-1, ν(CO) = 1664 cm-1, ν(NO) = 1552 cm-1. 

1H NMR (CD3CN, δ):  8.07 (2H, d, TpB3, TpC5), 7.87 (2H, d, TpB5, TpA3), 7.77 (1H, d, TpA5), 7.49 (1H, d, 

TpC3), 6.43 (1H, m, H2) 6.37 (1H, t, TpA4), 6.30 (1H, t, TpB4) 6.27 (1H, t, TpC4), 4.54 (1H, d J = 6.2, H5), 

4.50 (1H, d J = 9.7, H1), 3.21 (1H, m, H6), 2.81 (1H, m, H3), 2.61 (3H, s, N-Me), 2.58 (1H, dd J= 16.2, 8.9 , 

H7a), 1.90 (1H, d J = 16.3, H7b), 1.35 (1H, d J = 9.6, H4), 1.19 (9H, d J = 8.5, PMe3). 13C NMR (CD3CN, δ): 

175.4 (1C, CO), 144.6 (1C, Tp3), 143.7 (1C, Tp3), 141.6 (1C, TpC3), 138.1 (1C, Tp5), 137.4 (1C, Tp5), 136.8 

(1C, Tp5), 136.39 (1C, TpA5), 132.0 (1C, C2), 120.3 (1C, C1), 107.6 (1C, Tp4), 107.2 (1C, Tp4), 106.9 (1C, 

Tp4), 64.3 (1C, C5), 49.2 (1C, C3), 48.2 (1C, C4), 40.3 (1C, C7), 33.0 (1C, C6), 27.0 (1C, N-Me), 13.7 (3C, d J= 

29.3, PMe3). 
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Compound 12 

 

Compound 8 (0.100 g, 0.147 mmol) was added to a test tube with MeCN and cooled to −30 °C for 15 min. 

Then, a 1 M HOTf/MeCN mixture (0.22 mL, 0.22 mmol, −30 °C) was added to the reaction using a syringe, 

and the solution was stirred at −30 °C. After 15 min, a cooled solution of sodium borohydride (0.028 g, 

0.74 mmol) in MeCN was added to the test tube and the solution became a dark red homogeneous 

mixture. The solution was stirred at -30°C overnight. The test tube was removed from the box and added 

to a silica plug of a 30 mL medium-porosity frit filled two-thirds with silica. A yellow band was eluted with 

ether (150 ml). The band was evaporated to dryness, and a brown oil formed. This was picked up in DCM 

and dissolved in 15 mL of stirring pentane. An off-white solid precipitated out and was collected on a 15 

mL fine-porosity fitted disk, washed pentane (2 × 10 mL) desiccated overnight to yield 12 (0.072 g, 0.105 

mmol, 71%). 1H NMR (CD3CN, δ):  8.29 (1H, d, TpA3), 8.05 (1H, d, TpB3), 7.87 (1H, d, TpB5), 7.84 (1H, d, 

TpA5), 7.81 (1H, d, TpC5), 7.45 (1H, d, TpC3), 6.38 (1H, t, TpB4), 6.28 (1H, t, TpA4), 6.27 (1H, t, TpC4), 4.93 

(1H, d J = 5.2, H3), 2.78 (2H, m, H6a, H1), 2.49 (3H, s, N-Me), 2.40 (1H, m, H4), 2.01 (1H, m, H5a), 1.52 (1H, 

m, H5b), 1.26 (1H, d J = 10.5, H2), 1.14 (3H, s, H9/8), 1.12 (9H, d J = 8.5, PMe3), 1.04 (3H, s, H9/10). 

 

Compound 13 
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Compound 8 (0.100 g, 0.147 mmol) was added to a test tube with MeCN and cooled to −30 °C for 15 min. 

Then, a 1 M HOTf/MeCN mixture (0.22 mL, 0.22 mmol, −30 °C) was added to the reaction using a syringe, 

and the solution was stirred at −30 °C. NaCN (0.036 g, 0.735 mmol) and minimal MeOH were mixed into 

a separate test tube. After 15 min, the reaction mixture was added to the NaCN solution. The solution was 

stirred at -30°C overnight. The test tube was removed from the box and added to a silica plug of a 30 mL 

medium-porosity frit filled two-thirds with silica. A yellow band was eluted with ether (150 ml). The band 

was evaporated to dryness, and a brown oil formed. This was picked up in DCM and dissolved in 15 mL of 

stirring pentane. An off-white solid precipitated out and was collected on a 15 mL fine-porosity fitted disk, 

washed pentane (2 × 10 mL) desiccated overnight to yield 13 (0.068 g, 0.096 mmol, 65%). 1H NMR (CD3CN, 

δ):  8.09 (1H, d, TpA3), 8.06 (1H, d, TpB3), 7.88 (1H, d, TpB5), 7.88 (1H, d, TpC5), 7.80 (1H, d, TpA5), 7.45 

(1H, d, TpC3), 6.39 (1H, t, TpB4), 6.30 (1H, t, TpC4), 6.27 (1H, t, TpA4), 4.82 (1H, d J = 5.1, H3), 3.53 (1H , 

m, H6), 2.77 (1H, m, H1), 2.48 (3H, s, N-Me), 2.08 (1C, dt J = 12.1, 4.5, H4), 1.92 (1H, m, H5a), 1.43 (1H, q 

J = 12.1, H5b), 1.21 (9H, d J = 8.2, PMe3), 1.19 (1H, d J = 12.1, H2), 1.16 (3H, s, H9/8), 1.07 (3H, s, H9/8). 

 

Compound 14 

 

Compound 11 (0.120 g, 0.1 4 mmol) was added to a test tube with MeCN and cooled to −30 °C for 15 

min. Then, a 1 M HOTf/MeCN mixture (0.34  mL, 0.34  mmol, −30 °C) was added to the reaction using a 

syringe, and the solution stirred at −30 °C. Tetrabutylammonium borohydride (0.142 g, 0.552 mmol) was 

added to the test tube and the solution became a dark red homogeneous mixture. The solution stirred at 

-30°C overnight. The resulting mixture was cloudy and produced a precipitate, which was collected on a 
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15 mL fine-porosity fitted disk, washed pentane (2 × 10 mL), MeCN (2 x 10 mL) and desiccated overnight 

to yield 14 (0.074 mg, 0.113 mmol, 62%). CV (MeCN) Ep,a = +0.39 V (NHE). IR: ν(BH) = 2505 cm-1, ν(CO) = 

1675 cm-1, ν(NO) = 1557 cm-1. 1H NMR (CD3CN, δ):  8.29 (1H, d, TpA3), 8.05 (1H, d, TpB3), 7.86 (1H, d, 

TpB5), 7.83 (1H, d, TpA5), 7.80 (1H, d, TpC5), 7.45 (1H, d, TpC3), 6.38 (1H, t, TpB4), 6.29 (1H, t, TpA4), 6.28 

(1H, t, TpC4), 4.81 (1H, d J = 5.6, H3), 3.08 (1H, m, H6a), 2.73 (1H, m, H1), 2.51 (1H, m, H6b), 2.48 (3H, s, 

N-Me), 2.41 (2H, m, H4, H7a), 2.07 (1H, d J = 17.6, H7b), 1.65 (1H, m, H5a), 1.28 (1H, m, H5b), 1.16 (1H, d 

J = 11.3, H2), 1.13 (9H, d J = 8.7, PMe3). 13C NMR (CD3CN, δ): 175.4 (1C, CO), 144.3 (1C, TpA5), 143.0 (1C, 

TpA3), 142.0 (1C, TpB3), 138.0 (1C, TpC3), 137.7 (1C, TpC5), 137.2 (1C, TpB5), 107.6 (1C, TpA4), 107.1 (1C, 

Tp4C) 106.5 (1C, Tp4B), 63.8 (1C, C3), 52.3 (1C, d J = 11.0, C1), 49.5 (1C, C2), 38.3 (1C, C7), 32.8 (1C, C4), 

28.0 (1C, J = 4.48, C6), 27.6 (1C, C5), 27.6 (1C, N-Me), 13.20 (3C, d J= 29.1, PMe3) 

 

Compound 15 

 

Compound 11 (0.120 g, 0.1 4 mmol) was added to a test tube with MeCN and cooled to −30 °C for 15 

min. Then, a 1 M HOTf/MeCN mixture (0.22 mL, 0.22 mmol, −30 °C) was added to the reaction using a 

syringe, and the solution stirred at −30 °C. NaCN (0.02  g, 0.552 mmol) and minimal MeOH were mixed 

to a separate vial. The NaCN/MeOH solution was then added to the test tube and the undissolved NaCN 

was picked up using the reaction mixture. The solution became an orange homogeneous mixture. The 

solution stirred at -30°C overnight. The test tube was removed from the box and added to a silica plug of 

a 30 mL medium-porosity frit filled two-thirds with silica. A yellow band was eluted with ether (150 ml). 

The band was evaporated to dryness, and a brown oil formed. This was picked up in DCM and dissolved 
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in 15 mL of stirring pentane. An off-white solid precipitated out and was collected on a 15 mL fine-porosity 

fitted disk, washed pentane (2 × 10 mL) desiccated overnight to yield 15 (0.082 g, 0.121 mmol, 66%). CV 

(MeCN) Ep,a = +0.94 V (NHE). IR: ν(BH) = 2504 cm-1, ν(CO) = 1663 cm-1, ν(NO) = 1556 cm-1.1H NMR (CD3CN, 

δ):  8.13 (1H, d, TpA3), 8.06 (1H, d, TpB3), 7.89 (1H, d, TpB5), 7.88 (1H, d, TpC5), 7.81 (1H, d, TpA5), 7.48 

(1H, d, TpC3), 6.38 (1H, t, TpB4), 6.30 (1H, t, TpC4), 6.27 (1H, t, TpA4), 4.72 (1H, d J = 5.8, H3), 3.65 (1H, m, 

H6), 2.72 (1H, m, H1), 2.56 (1H, m, H7a), 2.52 (1H, m, H4), 2.48 (3H, s, N-Me), 2.19 (1H, H7b), 2.02 (1H, m, 

H5a), 1.59 (1H, m, H5b), 1.18 (9H, d J = 8.8, PMe3), 1.16 (1H, d J = 12.6, H2).13C NMR (CD3CN, δ): 175.2 (1C, 

CO), 144.6 (1C, TpB3), 143.6 (1C, TpA3), 142.3 (1C, TpC3),  138.3 (1C, TpA5), 138.0 (1C, TpC5), 137.7 (1C, 

TpB5), 127.8 (1C, CN), 107.8 (1C, TpB4), 107.3 (1C, Tp4), 106.7 (1C, Tp4), 62.6 (1C, C3), 49.6 (1C, d J = 12.6, 

C1), 47.3 (1C, C2), 39.3 (1C, C7), 31.2 (1C, C5), 31.0 (1C, C4), 29.7 (1H, C6), 27.5 (1C, N-Me), 13.8 (3C, d J = 

29.1, PMe3). 
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Concluding Remarks 

The backbone of this thesis may appear to be the organic manipulations that can be done to phenyl 

sulfones to yield alicyclic molecules. However, while these organic manipulations may be the basis of the thesis, 

none of it would be possible without the π-basic metal fragment {WTp(NO)(PMe3)}. The development began 

back in 1987 with the publication of the first report of the {Os(NH3)5} metal fragment. Over the last thirty years, 

the Harman lab has developed a family of dearomatization agents based on the transition metals Re(I), W(0), 

and Mo(0) that have all promoted novel synthetic transformations of aromatics. The ability of these metal 

fragments to promote rapid and stereoselective conversions of planar aromatic molecules into complex 

alicyclic systems has allowed for the work presented in this thesis to be developed. For this, I must thank all 

the “Harmanites” that came before me.  

 The {WTp(NO)(PMe3)} fragment itself has over 15 years of facilitating the formation of alicyclic 

compounds from aromatic precursors, including aniline, phenol, anisole, pyridines, naphthalene, furan, and 

pyrroles. It still baffles me that even after more than 15 years of the lab using the {WTp(NO)(PMe3)} metal 

fragment, new novel reactivity is still being found. One example would be a recent report on the reactivity of 

benzene bound to the {WTp(NO)(PMe3)} fragment. Previous attempts had been relatively unsuccessful when 

attempting to protonate the bound benzene. However, this has been overcome within the past few years, 

resulting in Nature and JOC papers. On this note, while multiple papers have been published on the reactivity 

of dihapto bound anisole, multiple projects are still ongoing years later with the dihapto-bound anisole due to 

the discovery of even more novel reactivity.  

Now that I have bragged enough about advancements of the Harman lab. Let us get into the work 

presented in this thesis. While I jumped from project to project over my first couple of years in the Harman Lab 

at UVA, I never would have imagined that an initial screening of what electron-deficient benzenes could be 

bound in a dihapto fashion through the aromatic ring to the metal fragment {WTp(NO)(PMe3)} would lead to 

a fully developed thesis. These initial screenings that were the basis of Chapter 3 led to fourteen novel 
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dearomatized complexes. Each complex gave its own mysteries, especially the binding of benzonitrile, but 

eventually, the phenyl sulfone system was chosen to go onto further elaboration.  

 The hope for the organic manipulations of the phenyl sulfone systems presented in Chapter 4 was to 

investigate if the same reactivity of the recent η2-trifluorotoluene complex could be replicated. An easy one-

off project in theory. Show that the reactivity of electron-deficient benzenes is the same across the board and 

move on to the next project. Initially, this is what we saw. The initial tandem protonation/nucleophilic addition 

to the phenyl sulfone systems worked well with protonation occurring ortho to the sulfone functionality and 

the nucleophile adding regio- and stereoselectively anti to the metal. The resulting η2-1,3-dienes were then 

successfully protonated to yield allylic species that matched the data from the second protonation of the η2-

trifluorotoluene complex. Initial additions of NaCN to the allylic species yielded the same reactivity and 

regioselectivity as the η2-trifluorotoluene system to yield a cis-3,4,6-cyclohexene. However, this is where the 

similarities ended. 

 As presented in Chapter 4, it was found that the NaCN addition resulted in the formation of a new η2-

diene when exposed to silica due to the elimination of the sulfone moiety. Chapter 5 further elaborates on the 

sulfone's ability to eliminate and the introduction of a third nucleophile of our choosing. This led to the 

synthesis of up to trisubstituted cyclohexenes, including cis-3,4,6-cyclohexenes, cis-3,4-cyclohexenes, and cis-

3,6-cyclohexenes. This ability to add a third nucleophile selectively had only previously been seen with the 

Os(II) fragment in one instance. The ability of the sulfone to eliminate opened up the potential to access trans 

isomers through the epimerization of the allyl resulting from the system’s third protonation. While the trans-

functionalized allyl has been viewed in situ, initial attempts to add a nucleophile to it have been unsuccessful. 

Due to time restrictions set by COVID, a full investigation into this phenomenon was not possible at the time 

of this dissertation.  

 Chapter 6 gives a brief overview of the ability of the η2-phenyl sulfone system to tolerate a variety of 

amine nucleophiles in all three possible tandem additions. The introduction of a primary amine during the 

second tandem addition allows for an intramolecular cyclization resulting in the formation of an indoline 
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derivate. The formation of the indoline derivatives gives access to a η2-1,3-diene through the elimination of 

the sulfone moiety. Further functionalization on this bound diene is possible in a stereo- and regioselective 

manner. Overall, this process allows for the addition of nitrogen-containing heterocycles, the intramolecular 

formation of nitrogen-containing heterocycles, and the addition of amines at various stages of the reaction 

schemes. 

 This work has demonstrated the ability to regio- and stereoselectively add up to three new 

stereocenters through three nucleophilic additions due to the ability of the sulfone to eliminate under specific 

conditions. The organics isolated from this methodology meet a variety of drug-likeness rules such as Lipinski's 

Rule of 5 as well as the criteria of Ghose, Veber, Egan, and Muegge. Future work of this system will include the 

investigation of creating multicyclic systems from the η2-dienes resulting from the lactam formation and the 

creation of trans isomers in an effort to expand the possible selective stereochemistry that the 

{WTp(NO)(PMe3)}  system can afford. 

 As our understanding of the reactivity and regioselectivity of the WTp(NO)(PMe3)(η2-aromatic) 

systems continues to evolve with each new project, the ability to predict new reactivity and incorporate more 

complex reagents will increase. Predictable reactivity and regio- and stereoselective control are important 

features for medicinal chemists. The ability of our metal systems to provide these features along with facile 

introduction of a range of functional groups, will hopefully outweigh the issues of air sensitivity and 

quantitative use of the metal in the eyes of synthetic chemists. As demonstrated in this dissertation, the 

{WTp(NO)(PMe3)} metal fragment has powerful synthetic potential, but its potential is limited by the quantity 

of those researching it. Thus, we must continue to bridge the gap between the range of synthetic 

transformations this process can achieve and what is valued in the synthetic and medicinal chemistry fields. 
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Appendix 

Includes supporting spectroscopic data, crystal data, supporting figures, and calculations for molecules 

discussed throughout this work. The organization is on a per-chapter basis.  
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Supporting Information for Chapter 3 

1H NMR Spectrum of 2A 2B 2C 2D and 2E 
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13C  {1H} NMR Spectrum of 2A 2B 2C 2D and 2E 
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1H NMR Spectrum of 4A and 4B 
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13C  {1H} NMR Spectrum of 4A and 4B 
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1H NMR Spectrum of 5A and 5B 
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13C  {1H} NMR Spectrum of 5A and 5B 
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1H NMR Spectrum of 6A and 6B 
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13C  {1H} NMR Spectrum of 6A and 6B 
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1H NMR Spectrum of 7A and 7B 
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13C  {1H} NMR Spectrum of 7A and 7B 
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1H NMR Spectrum of 8A and 8B 
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13C  {1H} NMR Spectrum of 8A and 8B 
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1H NMR Spectrum of 9 
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13C  {1H} NMR Spectrum of 9 
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1H NMR Spectrum of 10 
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13C  {1H} NMR Spectrum of 10 
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1H NMR Spectrum of 11A and 11B 
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13C  {1H} NMR Spectrum of 11A and 11B 
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1H NMR Spectrum of 12A and 12B 
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13C  {1H} NMR Spectrum of 12A and 12B 
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1H NMR Spectrum of 13 
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13C  {1H} NMR Spectrum of 13 
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1H NMR Spectrum of 14 

 

 

 

 

 

 

 

 

 



180 

 

13C  {1H} NMR Spectrum of 14 
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1H NMR Spectrum of 15A and 15B 
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13C  {1H} NMR Spectrum of 15A and 15B 
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1H NMR Spectrum of 16 
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13C  {1H} NMR Spectrum of 16 
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Supporting Crystallographic Data for Chapter 3 

 

 

Crystal Structure Report for 6 in Chapter 3 
 

A yellow plate-like specimen of C23H35BN7O4PSW, approximate dimensions 0.054 mm x 0.147 mm x 
0.312 mm, was coated with Paratone oil and mounted on a MiTeGen MicroLoop. The X-ray intensity 
data were measured on a Bruker Kappa APEXII Duo system equipped with a fine-focus sealed tube (Mo 
Kα, λ = 0. 10 3 Å) and a graphite monochromator. 
 
The total exposure time was 1.63 hours. The frames were integrated with the Bruker SAINT software 
package1 using a narrow-frame algorithm. The integration of the data using a monoclinic unit cell 
yielded a total of 35588 reflections to a maximum θ angle of 28.30° (0.75 Å resolution), of which 7289 
were independent (average redundancy 4.882, completeness = 99.8%, Rint = 6.18%, Rsig = 5.46%) and 
5821 (79.86%) were greater than 2σ(F2). The final cell constants of a = 12.8008(7) Å, b = 17.9773(9) Å, c = 
13.4385(7) Å, β = 108.074(2)°, volume = 2939.9(3) Å3, are based upon the refinement of the XYZ-
centroids of 9744 reflections above 20 σ(I) with 4.458° < 2θ < 56.25°. Data were corrected for absorption 
effects using the Multi-Scan method (SADABS).1 The ratio of minimum to maximum apparent 
transmission was 0.711. The calculated minimum and maximum transmission coefficients (based on 
crystal size) are 0.3610 and 0.8090.  
 
The structure was solved and refined using the Bruker SHELXTL Software Package2 within APEX3 1 and 
OLEX2,3 using the space group P 21/c, with Z = 4 for the formula unit, C23H35BN7O4PSW. Non-hydrogen 

 
1 Bruker (2012). Saint; SADABS; APEX3. Bruker AXS Inc., Madison, Wisconsin, USA. 
2 Sheldrick, G. M. (2015). Acta Cryst. A71, 3-8. 
3 Dolomanov, O. V.; Bourhis, L. J.; Gildea, R. J.; Howard, J. A. K.; Puschmann, H. J. Appl. Cryst. (2009). 42, 339-

341. 
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atoms were refined anisotropically. The B-H atom was located in the diffraction map and refined 
isotropically. All other hydrogen atoms were placed in geometrically calculated positions with Uiso = 
1.2Uequiv of the parent atom (Uiso = 1.5Uequiv  for methyl). The relative occupancies of the disordered 
atoms was freely refined, and constraints were used on the anistropic displacement parameters of the 
disordered atoms. Restraints were needed on most of the disordered bonds.  The final anisotropic full-
matrix least-squares refinement on F2 with 353 variables converged at R1 = 3.39%, for the observed data 
and wR2 = 7.26% for all data. The goodness-of-fit was 1.034. The largest peak in the final difference 
electron density synthesis was 2.128 e-/Å3 and the largest hole was -1.715 e-/Å3 with an RMS deviation 
of 0.141 e-/Å3. On the basis of the final model, the calculated density was 1.652 g/cm3 and F(000), 1456 
e-.  
 

Table 1. Sample and crystal data for Harman_SS4_176.  

Identification code Harman_SS4_176 

Chemical formula C23H35BN7O4PSW 

Formula weight 731.27 g/mol 

Temperature 100(2) K 

Wavelength 0.71073 Å 

Crystal size 0.054 x 0.147 x 0.312 mm 

Crystal habit yellow plate 

Crystal system monoclinic 

Space group P 21/c 

Unit cell dimensions a = 12.8008(7) Å α = 90° 
 b = 17.9773(9) Å β = 10 .0 4(2)° 
 c = 13.4385(7) Å γ = 90° 

Volume 2939.9(3) Å3  

Z 4 

Density (calculated) 1.652 g/cm3 

Absorption coefficient 4.096 mm-1 

F(000) 1456 

 

Table 2. Data collection and structure refinement for Harman_SS4_176.  

Diffractometer Bruker Kappa APEXII Duo 

Radiation source 
fine-focus sealed tube (Mo Kα, λ = 0. 10 3 
Å) 

Theta range for data collection 1.96 to 28.30° 

Index ranges -17<=h<=17, -23<=k<=23, -17<=l<=17 

Reflections collected 35588 

Independent reflections 7289 [R(int) = 0.0618] 

Coverage of independent 
reflections 

99.8% 

Absorption correction Multi-Scan 
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Max. and min. transmission 0.8090 and 0.3610 

Structure solution technique direct methods 

Structure solution program SHELXT 2014/5 (Sheldrick, 2014) 

Refinement method Full-matrix least-squares on F2 

Refinement program SHELXL-2018/3 (Sheldrick, 2018) 

Function minimized Σ w(Fo
2 - Fc

2)2 

Data / restraints / parameters 7289 / 5 / 353 

Goodness-of-fit on F2 1.034 

Δ/σmax 0.001 

Final R indices 
5821 data; 
I>2σ(I) 

R1 = 0.0339, wR2 = 
0.0677 

 all data 
R1 = 0.0505, wR2 = 
0.0726 

Weighting scheme 
w=1/[σ2(Fo

2)+(0.0231P)2+4.9839P] 
where P=(Fo

2+2Fc
2)/3 

Largest diff. peak and hole 2.128 and -1.715 eÅ-3 

R.M.S. deviation from mean 0.141 eÅ-3 

 

Table 3. Atomic coordinates and equivalent 
isotropic atomic displacement parameters 
(Å2) for Harman_SS4_176.  

U(eq) is defined as one third of the trace of 
the orthogonalized Uij tensor. 
 x/a y/b z/c U(eq) 

W1 0.81496(2) 0.37055(2) 0.28407(2) 0.01428(5) 

P1 0.85827(9) 0.30762(6) 0.45875(8) 0.0193(2) 

O1 0.9956(2) 0.28833(19) 0.2309(3) 0.0297(8) 

O4 0.2992(5) 0.2570(4) 0.2407(5) 0.099(2) 

N1 0.6826(3) 0.42967(19) 0.3307(3) 0.0174(7) 

N2 0.5746(3) 0.4199(2) 0.2735(3) 0.0189(7) 

N3 0.6960(3) 0.2788(2) 0.2376(2) 0.0173(7) 

N4 0.5851(3) 0.2913(2) 0.2026(3) 0.0198(8) 

N5 0.7124(3) 0.4052(2) 0.1257(3) 0.0198(8) 

N6 0.6003(3) 0.4007(2) 0.0974(3) 0.0217(8) 

N7 0.9193(3) 0.3216(2) 0.2498(3) 0.0198(8) 

C1 0.6838(3) 0.4764(2) 0.4087(3) 0.0199(9) 

C2 0.5774(4) 0.4978(3) 0.4018(3) 0.0251(10) 

C3 0.5109(4) 0.4611(3) 0.3157(4) 0.0259(10) 

C4 0.7101(4) 0.2052(3) 0.2367(3) 0.0216(9) 

C5 0.6086(4) 0.1695(3) 0.2002(3) 0.0258(10) 
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C6 0.5324(4) 0.2259(3) 0.1801(3) 0.0272(10) 

C7 0.7389(4) 0.4260(2) 0.0408(3) 0.0250(10) 

C8 0.6439(4) 0.4352(3) 0.9570(3) 0.0292(11) 

C9 0.5582(4) 0.4192(3) 0.9949(3) 0.0289(11) 

C17 0.9086(4) 0.3608(2) 0.5806(3) 0.0256(10) 

C18 0.9610(4) 0.2346(3) 0.4763(4) 0.0342(12) 

C19 0.7409(4) 0.2625(3) 0.4824(4) 0.0340(12) 

C20 0.3569(7) 0.2671(6) 0.3566(8) 0.102(3) 

C21 0.2733(6) 0.2401(4) 0.4041(6) 0.069(2) 

C22 0.2245(7) 0.1725(4) 0.3383(6) 0.074(2) 

C23 0.2322(7) 0.1902(5) 0.2231(7) 0.089(3) 

B1 0.5399(4) 0.3712(3) 0.1753(3) 0.0179(9) 

S1 0.14821(9) 0.49426(7) 0.17346(8) 0.0166(3) 

O2 0.2564(4) 0.5092(3) 0.2432(5) 0.0241(6) 

O3 0.0972(3) 0.55230(19) 0.1005(3) 0.0241(6) 

C10 0.9380(4) 0.4488(3) 0.3883(4) 0.0146(4) 

C11 0.8892(4) 0.4830(3) 0.2856(3) 0.0146(4) 

C12 0.9599(4) 0.4975(3) 0.2222(3) 0.0146(4) 

C13 0.0640(4) 0.4731(3) 0.2505(3) 0.0146(4) 

C14 0.1134(4) 0.4346(2) 0.3492(3) 0.0146(4) 

C15 0.0535(4) 0.4256(3) 0.4154(4) 0.0146(4) 

C16 0.1519(4) 0.4134(3) 0.1009(4) 0.0267(12) 

S1A 0.2085(9) 0.4469(7) 0.2893(10) 0.032(3) 

O2A 0.269(4) 0.493(2) 0.251(4) 0.0241(6) 

O3A 0.260(2) 0.4139(16) 0.384(2) 0.0241(6) 

C10A 0.851(3) 0.514(2) 0.275(2) 0.0146(4) 

C11A 0.923(3) 0.465(2) 0.351(3) 0.0146(4) 

C12A 0.041(3) 0.448(2) 0.370(3) 0.0146(4) 

C13A 0.076(3) 0.464(2) 0.282(3) 0.0146(4) 

C14A 0.003(2) 0.503(2) 0.193(3) 0.0146(4) 

C15A 0.897(3) 0.518(2) 0.187(3) 0.0146(4) 

C16A 0.208(4) 0.384(2) 0.185(3) 0.0267(12) 

 

Table 4. Bond lengths (Å) for Harman_SS4_176.  

W1-N7 1.775(3) W1-C11A 2.20(4) 

W1-N3 2.200(3) W1-N5 2.216(3) 

W1-C11 2.232(5) W1-C10 2.248(5) 

W1-N1 2.248(3) W1-P1 2.5079(11) 

W1-C10A 2.63(4) P1-C19 1.820(5) 
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P1-C18 1.821(5) P1-C17 1.833(4) 

O1-N7 1.238(4) O4-C23 1.451(9) 

O4-C20 1.514(11) N1-C1 1.339(5) 

N1-N2 1.368(5) N2-C3 1.350(5) 

N2-B1 1.530(6) N3-C4 1.336(6) 

N3-N4 1.368(4) N4-C6 1.342(6) 

N4-B1 1.549(6) N5-C7 1.339(5) 

N5-N6 1.368(5) N6-C9 1.356(5) 

N6-B1 1.574(6) C1-C2 1.391(6) 

C1-H1 0.95 C2-C3 1.373(6) 

C2-H2 0.95 C3-H3 0.95 

C4-C5 1.394(6) C4-H4 0.95 

C5-C6 1.374(7) C5-H5 0.95 

C6-H6 0.95 C7-C8 1.387(6) 

C7-H7 0.95 C8-C9 1.376(7) 

C8-H8 0.95 C9-H9 0.95 

C17-H17A 0.98 C17-H17B 0.98 

C17-H17C 0.98 C18-H18A 0.98 

C18-H18B 0.98 C18-H18C 0.98 

C19-H19A 0.98 C19-H19B 0.98 

C19-H19C 0.98 C20-C21 1.487(11) 

C20-H20A 0.99 C20-H20B 0.99 

C21-C22 1.518(10) C21-H21A 0.99 

C21-H21B 0.99 C22-C23 1.614(11) 

C22-H22A 0.99 C22-H22B 0.99 

C23-H23A 0.99 C23-H23B 0.99 

B1-H1A 1.10(4) S1-O2 1.436(6) 

S1-O3 1.442(3) S1-C13 1.752(5) 

S1-C16 1.759(5) C10-C11 1.463(6) 

C10-C15 1.469(6) C10-H10 0.95 

C11-C12 1.445(6) C11-H11 0.95 

C12-C13 1.341(7) C12-H12 0.95 

C13-C14 1.455(6) C14-C15 1.352(6) 

C14-H14 0.95 C15-H15 0.95 

C16-H16A 0.98 C16-H16B 0.98 

C16-H16C 0.98 S1A-O2A 1.35(3) 

S1A-O3A 1.37(3) S1A-C13A 1.70(4) 

S1A-C16A 1.80(4) C10A-C11A 1.45(2) 

C10A-C15A 1.48(2) C10A-H10A 0.95 
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C11A-C12A 1.48(5) C11A-H11A 0.95 

C12A-C13A 1.41(5) C12A-H12A 0.95 

C13A-C14A 1.45(2) C14A-C15A 1.36(2) 

C14A-H14A 0.95 C15A-H15A 0.95 

C16A-H16D 0.98 C16A-H16E 0.98 

C16A-H16F 0.98   

 

Table 5. Bond angles (°) for Harman_SS4_176.  

N7-W1-C11A 93.5(10) N7-W1-N3 93.70(14) 

C11A-W1-N3 170.8(11) N7-W1-N5 99.20(14) 

C11A-W1-N5 106.8(9) N3-W1-N5 77.69(12) 

N7-W1-C11 95.71(17) N3-W1-C11 159.61(15) 

N5-W1-C11 82.96(15) N7-W1-C10 91.94(16) 

N3-W1-C10 159.32(14) N5-W1-C10 120.96(15) 

C11-W1-C10 38.12(15) N7-W1-N1 178.22(14) 

C11A-W1-N1 87.4(10) N3-W1-N1 85.30(13) 

N5-W1-N1 82.04(12) C11-W1-N1 85.70(15) 

C10-W1-N1 88.50(15) N7-W1-P1 93.04(12) 

C11A-W1-P1 91.9(10) N3-W1-P1 81.95(9) 

N5-W1-P1 156.80(9) C11-W1-P1 115.49(11) 

C10-W1-P1 77.89(12) N1-W1-P1 85.36(9) 

N7-W1-C10A 108.5(7) C11A-W1-C10A 33.4(7) 

N3-W1-C10A 147.1(8) N5-W1-C10A 75.0(7) 

N1-W1-C10A 73.1(7) P1-W1-C10A 119.6(6) 

C19-P1-C18 105.0(3) C19-P1-C17 99.0(2) 

C18-P1-C17 102.8(2) C19-P1-W1 114.18(16) 

C18-P1-W1 112.79(17) C17-P1-W1 121.04(15) 

C23-O4-C20 110.0(6) C1-N1-N2 106.6(3) 

C1-N1-W1 133.4(3) N2-N1-W1 120.0(3) 

C3-N2-N1 109.2(3) C3-N2-B1 128.7(4) 

N1-N2-B1 122.1(3) C4-N3-N4 106.8(3) 

C4-N3-W1 131.4(3) N4-N3-W1 121.8(3) 

C6-N4-N3 109.2(4) C6-N4-B1 129.3(4) 

N3-N4-B1 120.4(3) C7-N5-N6 107.5(3) 

C7-N5-W1 131.7(3) N6-N5-W1 120.5(2) 

C9-N6-N5 108.7(4) C9-N6-B1 129.5(4) 

N5-N6-B1 121.6(3) O1-N7-W1 176.8(3) 

N1-C1-C2 110.3(4) N1-C1-H1 124.8 

C2-C1-H1 124.8 C3-C2-C1 105.2(4) 
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C3-C2-H2 127.4 C1-C2-H2 127.4 

N2-C3-C2 108.7(4) N2-C3-H3 125.6 

C2-C3-H3 125.6 N3-C4-C5 110.2(4) 

N3-C4-H4 124.9 C5-C4-H4 124.9 

C6-C5-C4 104.9(4) C6-C5-H5 127.6 

C4-C5-H5 127.6 N4-C6-C5 109.0(4) 

N4-C6-H6 125.5 C5-C6-H6 125.5 

N5-C7-C8 109.6(4) N5-C7-H7 125.2 

C8-C7-H7 125.2 C9-C8-C7 105.9(4) 

C9-C8-H8 127.1 C7-C8-H8 127.1 

N6-C9-C8 108.4(4) N6-C9-H9 125.8 

C8-C9-H9 125.8 P1-C17-H17A 109.5 

P1-C17-H17B 109.5 H17A-C17-H17B 109.5 

P1-C17-H17C 109.5 H17A-C17-H17C 109.5 

H17B-C17-H17C 109.5 P1-C18-H18A 109.5 

P1-C18-H18B 109.5 H18A-C18-H18B 109.5 

P1-C18-H18C 109.5 H18A-C18-H18C 109.5 

H18B-C18-H18C 109.5 P1-C19-H19A 109.5 

P1-C19-H19B 109.5 H19A-C19-H19B 109.5 

P1-C19-H19C 109.5 H19A-C19-H19C 109.5 

H19B-C19-H19C 109.5 C21-C20-O4 102.5(6) 

C21-C20-H20A 111.3 O4-C20-H20A 111.3 

C21-C20-H20B 111.3 O4-C20-H20B 111.3 

H20A-C20-H20B 109.2 C20-C21-C22 103.5(7) 

C20-C21-H21A 111.1 C22-C21-H21A 111.1 

C20-C21-H21B 111.1 C22-C21-H21B 111.1 

H21A-C21-H21B 109.0 C21-C22-C23 105.3(6) 

C21-C22-H22A 110.7 C23-C22-H22A 110.7 

C21-C22-H22B 110.7 C23-C22-H22B 110.7 

H22A-C22-H22B 108.8 O4-C23-C22 102.5(7) 

O4-C23-H23A 111.3 C22-C23-H23A 111.3 

O4-C23-H23B 111.3 C22-C23-H23B 111.3 

H23A-C23-H23B 109.2 N2-B1-N4 109.8(3) 

N2-B1-N6 108.1(4) N4-B1-N6 104.2(3) 

N2-B1-H1A 114.(2) N4-B1-H1A 112.(2) 

N6-B1-H1A 108.(2) O2-S1-O3 116.7(2) 

O2-S1-C13 107.5(3) O3-S1-C13 109.1(2) 

O2-S1-C16 109.2(3) O3-S1-C16 107.7(2) 

C13-S1-C16 106.0(2) C11-C10-C15 117.1(4) 
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C11-C10-W1 70.4(2) C15-C10-W1 115.7(3) 

C11-C10-H10 121.5 C15-C10-H10 121.5 

W1-C10-H10 84.6 C12-C11-C10 118.0(4) 

C12-C11-W1 120.0(3) C10-C11-W1 71.5(3) 

C12-C11-H11 121.0 C10-C11-H11 121.0 

W1-C11-H11 79.8 C13-C12-C11 121.5(4) 

C13-C12-H12 119.2 C11-C12-H12 119.2 

C12-C13-C14 121.8(4) C12-C13-S1 120.1(3) 

C14-C13-S1 118.0(4) C15-C14-C13 118.8(4) 

C15-C14-H14 120.6 C13-C14-H14 120.6 

C14-C15-C10 122.4(4) C14-C15-H15 118.8 

C10-C15-H15 118.8 S1-C16-H16A 109.5 

S1-C16-H16B 109.5 H16A-C16-H16B 109.5 

S1-C16-H16C 109.5 H16A-C16-H16C 109.5 

H16B-C16-H16C 109.5 O2A-S1A-O3A 117.(3) 

O2A-S1A-C13A 123.(2) O3A-S1A-C13A 108.6(17) 

O2A-S1A-C16A 87.(3) O3A-S1A-C16A 109.(2) 

C13A-S1A-C16A 108.(2) C11A-C10A-C15A 106.(3) 

C11A-C10A-W1 57.(2) C15A-C10A-W1 102.(2) 

C11A-C10A-H10A 127.0 C15A-C10A-H10A 127.0 

W1-C10A-H10A 106.5 C10A-C11A-C12A 129.(4) 

C10A-C11A-W1 90.(2) C12A-C11A-W1 113.(3) 

C10A-C11A-H11A 115.5 C12A-C11A-H11A 115.5 

W1-C11A-H11A 62.9 C13A-C12A-C11A 113.(3) 

C13A-C12A-H12A 123.6 C11A-C12A-H12A 123.6 

C12A-C13A-C14A 120.(4) C12A-C13A-S1A 119.(3) 

C14A-C13A-S1A 121.(3) C15A-C14A-C13A 121.(3) 

C15A-C14A-H14A 119.5 C13A-C14A-H14A 119.5 

C14A-C15A-C10A 125.(3) C14A-C15A-H15A 117.3 

C10A-C15A-H15A 117.3 S1A-C16A-H16D 109.5 

S1A-C16A-H16E 109.5 H16D-C16A-H16E 109.5 

S1A-C16A-H16F 109.5 H16D-C16A-H16F 109.5 

H16E-C16A-H16F 109.5   

 

Table 6. Torsion angles (°) for Harman_SS4_176.  

C1-N1-N2-C3 0.8(5) W1-N1-N2-C3 
-
179.5(3) 

C1-N1-N2-B1 178.4(4) W1-N1-N2-B1 -1.9(5) 
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C4-N3-N4-C6 -0.3(4) W1-N3-N4-C6 
-
179.9(3) 

C4-N3-N4-B1 
-
169.2(3) 

W1-N3-N4-B1 11.2(5) 

C7-N5-N6-C9 -0.4(5) W1-N5-N6-C9 
-
175.0(3) 

C7-N5-N6-B1 174.8(4) W1-N5-N6-B1 0.2(5) 

N2-N1-C1-C2 -0.7(5) W1-N1-C1-C2 179.6(3) 

N1-C1-C2-C3 0.4(5) N1-N2-C3-C2 -0.5(5) 

B1-N2-C3-C2 
-
178.0(4) 

C1-C2-C3-N2 0.1(5) 

N4-N3-C4-C5 0.5(4) W1-N3-C4-C5 
-
179.9(3) 

N3-C4-C5-C6 -0.6(5) N3-N4-C6-C5 -0.1(5) 

B1-N4-C6-C5 167.6(4) C4-C5-C6-N4 0.4(5) 

N6-N5-C7-C8 0.2(5) W1-N5-C7-C8 174.0(3) 

N5-C7-C8-C9 0.0(5) N5-N6-C9-C8 0.4(5) 

B1-N6-C9-C8 
-
174.2(4) 

C7-C8-C9-N6 -0.3(5) 

C23-O4-C20-C21 -36.1(9) O4-C20-C21-C22 40.1(9) 

C20-C21-C22-C23 -31.0(9) C20-O4-C23-C22 16.0(9) 

C21-C22-C23-O4 9.3(8) C3-N2-B1-N4 
-
125.6(4) 

N1-N2-B1-N4 57.2(5) C3-N2-B1-N6 121.3(4) 

N1-N2-B1-N6 -55.8(5) C6-N4-B1-N2 130.4(4) 

N3-N4-B1-N2 -63.2(4) C6-N4-B1-N6 
-
114.1(5) 

N3-N4-B1-N6 52.4(4) C9-N6-B1-N2 
-
128.5(4) 

N5-N6-B1-N2 57.5(5) C9-N6-B1-N4 114.8(5) 

N5-N6-B1-N4 -59.2(5) C15-C10-C11-C12 -5.2(6) 

W1-C10-C11-C12 
-
114.8(4) 

C15-C10-C11-W1 109.6(4) 

C10-C11-C12-C13 7.3(7) W1-C11-C12-C13 -76.6(5) 

C11-C12-C13-C14 -3.5(7) C11-C12-C13-S1 
-
178.0(4) 

O2-S1-C13-C12 141.5(4) O3-S1-C13-C12 14.0(5) 

C16-S1-C13-C12 
-
101.8(5) 

O2-S1-C13-C14 -33.2(5) 

O3-S1-C13-C14 
-
160.7(4) 

C16-S1-C13-C14 83.5(4) 
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C12-C13-C14-C15 -2.3(7) S1-C13-C14-C15 172.3(4) 

C13-C14-C15-C10 4.2(7) C11-C10-C15-C14 -0.4(7) 

W1-C10-C15-C14 79.6(5) 
C15A-C10A-C11A-
C12A 

26.(5) 

W1-C10A-C11A-
C12A 

120.(5) 
C15A-C10A-C11A-
W1 

-94.(3) 

C10A-C11A-C12A-
C13A 

-21.(6) 
W1-C11A-C12A-
C13A 

89.(4) 

C11A-C12A-C13A-
C14A 

9.(6) 
C11A-C12A-C13A-
S1A 

-179.(3) 

O2A-S1A-C13A-C12A -139.(4) O3A-S1A-C13A-C12A 4.(4) 

C16A-S1A-C13A-
C12A 

122.(4) O2A-S1A-C13A-C14A 34.(5) 

O3A-S1A-C13A-C14A 176.(3) 
C16A-S1A-C13A-
C14A 

-65.(4) 

C12A-C13A-C14A-
C15A 

-7.(6) 
S1A-C13A-C14A-
C15A 

-179.(3) 

C13A-C14A-C15A-
C10A 

15.(6) 
C11A-C10A-C15A-
C14A 

-22.(5) 

W1-C10A-C15A-
C14A 

-81.(4)   

 

Table 7. Anisotropic atomic displacement parameters (Å2) for 
Harman_SS4_176.  

The anisotropic atomic displacement factor exponent takes the form: -
2π2[ h2 a*2 U11 + ... + 2 h k a* b* U12 ]  

 U11 U22 U33 U23 U13 U12 

W1 0.01624(8) 0.01273(10) 0.01580(7) 
-
0.00176(7) 

0.00778(5) 
-
0.00122(7) 

P1 0.0240(6) 0.0144(6) 0.0175(5) -0.0002(4) 0.0039(4) 0.0014(4) 

O1 0.0201(16) 0.034(2) 0.0376(17) 
-
0.0174(15) 

0.0126(14) 0.0030(14) 

O4 0.072(4) 0.108(5) 0.128(5) 0.032(4) 0.044(4) -0.003(3) 

N1 0.0200(17) 0.014(2) 0.0203(17) 0.0046(14) 0.0096(14) 0.0033(14) 

N2 0.0154(17) 0.020(2) 0.0197(17) 0.0042(14) 0.0027(14) 0.0031(14) 

N3 0.0162(17) 0.019(2) 0.0168(17) 
-
0.0002(13) 

0.0054(14) 
-
0.0024(14) 

N4 0.0130(16) 0.022(2) 0.0227(17) 0.0017(15) 0.0032(14) 
-
0.0017(15) 

N5 0.0207(18) 0.019(2) 0.0204(17) 0.0031(14) 0.0068(14) 0.0008(15) 

N6 0.029(2) 0.017(2) 0.0158(16) 0.0007(14) 0.0022(14) 0.0049(16) 
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 U11 U22 U33 U23 U13 U12 

N7 0.0203(18) 0.019(2) 0.0207(17) 
-
0.0058(14) 

0.0076(14) 
-
0.0038(15) 

C1 0.020(2) 0.019(2) 0.022(2) 
-
0.0019(17) 

0.0089(17) 0.0008(17) 

C2 0.026(2) 0.025(3) 0.028(2) 0.0014(19) 0.0130(19) 0.0083(19) 

C3 0.021(2) 0.024(3) 0.035(2) 0.008(2) 0.0119(19) 0.0093(19) 

C4 0.027(2) 0.018(3) 0.021(2) 
-
0.0027(16) 

0.0097(17) 
-
0.0011(18) 

C5 0.030(2) 0.017(3) 0.026(2) 
-
0.0031(18) 

0.0031(19) -0.007(2) 

C6 0.023(2) 0.023(3) 0.030(2) 0.0008(19) 0.0007(19) -0.010(2) 

C7 0.040(3) 0.017(3) 0.021(2) 0.0007(17) 0.0142(19) 0.000(2) 

C8 0.048(3) 0.022(3) 0.019(2) 0.0009(18) 0.011(2) 0.004(2) 

C9 0.037(3) 0.023(3) 0.021(2) 0.0039(18) 0.0001(19) 0.008(2) 

C17 0.035(2) 0.022(3) 0.0162(19) 0.0008(17) 0.0034(17) 0.003(2) 

C18 0.045(3) 0.022(3) 0.029(2) -0.001(2) 0.002(2) 0.011(2) 

C19 0.050(3) 0.030(3) 0.023(2) 0.002(2) 0.014(2) -0.011(2) 

C20 0.071(6) 0.112(8) 0.116(8) 0.005(6) 0.018(6) -0.027(5) 

C21 0.060(5) 0.073(6) 0.068(5) -0.007(4) 0.012(4) -0.005(4) 

C22 0.090(6) 0.054(5) 0.083(5) 0.015(4) 0.034(5) -0.004(4) 

C23 0.058(5) 0.080(6) 0.118(7) 0.016(5) 0.013(5) -0.027(4) 

B1 0.016(2) 0.022(3) 0.018(2) 0.0020(19) 0.0095(17) 0.002(2) 

S1 0.0147(5) 0.0171(7) 0.0199(5) 0.0008(4) 0.0079(4) -0.0020(4) 

O2 0.0168(12) 0.0253(18) 0.0315(13) 0.0061(12) 0.0092(11) 
-
0.0005(11) 

O3 0.0168(12) 0.0253(18) 0.0315(13) 0.0061(12) 0.0092(11) 
-
0.0005(11) 

C10 0.0170(9) 0.0107(11) 0.0164(9) 0.0003(7) 0.0056(8) -0.0012(7) 

C11 0.0170(9) 0.0107(11) 0.0164(9) 0.0003(7) 0.0056(8) -0.0012(7) 

C12 0.0170(9) 0.0107(11) 0.0164(9) 0.0003(7) 0.0056(8) -0.0012(7) 

C13 0.0170(9) 0.0107(11) 0.0164(9) 0.0003(7) 0.0056(8) -0.0012(7) 

C14 0.0170(9) 0.0107(11) 0.0164(9) 0.0003(7) 0.0056(8) -0.0012(7) 

C15 0.0170(9) 0.0107(11) 0.0164(9) 0.0003(7) 0.0056(8) -0.0012(7) 

C16 0.029(3) 0.024(3) 0.033(3) -0.005(2) 0.017(2) -0.005(2) 

S1A 0.021(5) 0.034(8) 0.050(7) -0.009(6) 0.023(5) -0.010(5) 

O2A 0.0168(12) 0.0253(18) 0.0315(13) 0.0061(12) 0.0092(11) 
-
0.0005(11) 

O3A 0.0168(12) 0.0253(18) 0.0315(13) 0.0061(12) 0.0092(11) 
-
0.0005(11) 
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 U11 U22 U33 U23 U13 U12 

C10A 0.0170(9) 0.0107(11) 0.0164(9) 0.0003(7) 0.0056(8) -0.0012(7) 

C11A 0.0170(9) 0.0107(11) 0.0164(9) 0.0003(7) 0.0056(8) -0.0012(7) 

C12A 0.0170(9) 0.0107(11) 0.0164(9) 0.0003(7) 0.0056(8) -0.0012(7) 

C13A 0.0170(9) 0.0107(11) 0.0164(9) 0.0003(7) 0.0056(8) -0.0012(7) 

C14A 0.0170(9) 0.0107(11) 0.0164(9) 0.0003(7) 0.0056(8) -0.0012(7) 

C15A 0.0170(9) 0.0107(11) 0.0164(9) 0.0003(7) 0.0056(8) -0.0012(7) 

C16A 0.029(3) 0.024(3) 0.033(3) -0.005(2) 0.017(2) -0.005(2) 

 

Table 8. Hydrogen atomic coordinates and 
isotropic atomic displacement parameters (Å2) for 
Harman_SS4_176.  
 x/a y/b z/c U(eq) 

H1 0.7483 0.4926 0.4613 0.024 

H2 0.5554 0.5306 0.4470 0.03 

H3 0.4331 0.4643 0.2901 0.031 

H4 0.7793 0.1807 0.2578 0.026 

H5 0.5951 0.1176 0.1912 0.031 

H6 0.4550 0.2196 0.1545 0.033 

H7 0.8115 0.4332 0.0383 0.03 

H8 0.6391 0.4497 -0.1123 0.035 

H9 0.4823 0.4208 -0.0442 0.035 

H17A 0.9750 0.3882 0.5812 0.038 

H17B 0.9259 0.3267 0.6404 0.038 

H17C 0.8519 0.3960 0.5854 0.038 

H18A 0.9331 0.1958 0.4234 0.051 

H18B 0.9765 0.2129 0.5463 0.051 

H18C 1.0286 0.2556 0.4685 0.051 

H19A 0.6851 0.3000 0.4821 0.051 

H19B 0.7647 0.2376 0.5506 0.051 

H19C 0.7096 0.2258 0.4273 0.051 

H20A 0.4249 0.2370 0.3802 0.123 

H20B 0.3753 0.3200 0.3740 0.123 

H21A 0.2165 0.2784 0.3996 0.083 

H21B 0.3078 0.2262 0.4784 0.083 

H22A 0.1471 0.1651 0.3359 0.089 

H22B 0.2668 0.1271 0.3675 0.089 

H23A 0.2679 0.1490 0.1972 0.106 

H23B 0.1586 0.1994 0.1726 0.106 
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H1A 0.451(4) 0.371(2) 0.134(3) 0.019(11) 

H10 0.8968 0.4418 0.4354 0.017 

H11 0.8134 0.4955 0.2613 0.017 

H12 0.9319 0.5248 0.1591 0.017 

H14 1.1864 0.4161 0.3668 0.017 

H15 1.0874 0.4035 0.4818 0.017 

H16A 1.2034 0.4207 0.0609 0.04 

H16B 1.0783 0.4034 0.0526 0.04 

H16C 1.1760 0.3712 0.1486 0.04 

H10A 0.7877 0.5385 0.2807 0.017 

H11A 0.8902 0.4394 0.3961 0.017 

H12A 1.0887 0.4290 0.4334 0.017 

H14A 1.0296 0.5181 0.1372 0.017 

H15A 0.8487 0.5327 0.1205 0.017 

H16D 1.1771 0.4089 0.1175 0.04 

H16E 1.1625 0.3403 0.1878 0.04 

H16F 1.2830 0.3677 0.1929 0.04 

 
 

 

 

 

 

 

 

 

 

 



198 

 

NOESY of WTp(NO)(PMe3)(η2-benzonitrile) Isomers (2A-2E) at 25 °C 

 

 

 

Details on DFT Calculations 

All complexes were optimized in Gaussian 16 at the M06 level of theory, utilizing a hybrid basis set. This 

hybrid basis set used 6-31G(d,p) for all nonmetallic atoms, and LANL2DZ and its associated 

pseudopotentials for W and Mo. Initial starting geometries and optimized geometries are included as 

separate files. 
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Supporting Information for Chapter 4 

1H NMR Spectrum of 8 
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13C {1H} NMR Spectrum of 8 
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1H NMR Spectrum of 9 
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13C {1H} NMR Spectrum of 9 
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1H NMR Spectrum of 10 
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13C {1H} NMR Spectrum of 10 
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1H NMR Spectrum of 11 
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13C {1H} NMR Spectrum of 11 
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1H NMR Spectrum of 12 
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13C {1H} NMR Spectrum of 12 
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1H NMR Spectrum of 13 
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13C {1H} NMR Spectrum of 13 
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1H NMR Spectrum of 14 
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13C {1H} NMR Spectrum of 14 
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1H NMR Spectrum of 15 
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13C {1H} NMR Spectrum of 15 
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1H NMR Spectrum of 16 
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13C {1H} NMR Spectrum of 16 
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1H NMR Spectrum of 17 
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13C {1H} NMR Spectrum of 17 
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1H NMR Spectrum of 18 

 

 

 

 
 

 

 

N(C4H9)4 
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13C {1H} NMR Spectrum of 18 

 

 

 

 
 

 

 

N(C4H9)4 

N(C4H9)4 



221 

 

1H NMR Spectrum of 22 

 

 

 

 

 

 

 



222 

 

13C {1H} NMR Spectrum of 22 
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1H NMR Spectrum of 23  
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13C {1H} NMR Spectrum of 23 
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1H NMR Spectrum of 24 
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13C {1H} NMR Spectrum of 24 
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1H NMR Spectrum of 25 
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13C {1H} NMR Spectrum of 25 
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1H NMR Spectrum of 26 
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13C {1H} NMR Spectrum of 26 
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Supporting Crystallographic Data for Chapter 4 

 

Crystal Structure Report for 8 in Chapter 4 
 
A yellow plate-like specimen of C24

H
37

BN
7

O
5

PSW, approximate dimensions 0.044 mm x 0.063 mm x 0.097 mm, was 
coated with Paratone oil and mounted on a MiTeGen MicroLoop. The X-ray intensity data were 
measured on a Bruker Kappa APEXII Duo system equipped with a fine-focus sealed tube (Mo Kα, λ = 
0.71073 Å) and a graphite monochromator. 
 
The total exposure time was 2.22 hours. The frames were integrated with the Bruker SAINT software 
package4 using a narrow-frame algorithm. The integration of the data using a monoclinic unit cell yielded a 
total of 32779 reflections to a maximum θ angle of 27.53° (0.77 Å resolution), of which 6782 were independent 
(average redundancy 4.833, completeness = 99.9%, Rint = 9.55%, Rsig = 8.21%) and 4736 (69.83%) were greater than 

 

4 Bruker (2012). Saint; SADABS; APEX3. Bruker AXS Inc., Madison, Wisconsin, USA. 



232 

 

2σ(F2). The final cell constants of a = 11.5230(11) Å, b = 12.6655(12) Å, c = 20.3788(19) Å, β = 97.831(3)°, volume = 2946.4(5) 
Å3, are based upon the refinement of the XYZ-centroids of 3256 reflections above 20 σ(I) with 4.803° < 2θ < 
43.49°. Data were corrected for absorption effects using the Multi-Scan method (SADABS).1 The ratio of 
minimum to maximum apparent transmission was 0.864. The calculated minimum and maximum 
transmission coefficients (based on crystal size) are 0.6920 and 0.8400.  
 
The structure was solved and refined using the Bruker SHELXTL Software Package5 within APEX3 1 and 
OLEX2,6 using the space group P 2

1
/n, with Z = 4 for the formula unit, C

24
H

37
BN

7
O

5
PSW. Non-hydrogen atoms 

were refined anisotropically. The B-H hydrogen atom, as well as H10 and H11, were located in the 
diffraction map and refined isotropically. All other hydrogen atoms were placed in geometrically 
calculated positions with Uiso = 1.2Uequiv of the parent atom (Uiso = 1.5Uequiv for methyl).  The final 
anisotropic full-matrix least-squares refinement on F2 with 379 variables converged at R1 = 3.74%, for the 
observed data and wR2 = 7.20% for all data. The goodness-of-fit was 1.000. The largest peak in the final 
difference electron density synthesis was 1.101 e-/Å3 and the largest hole was -0.914 e-/Å3 with an RMS 
deviation of 0.181 e-/Å3. On the basis of the final model, the calculated density was 1.716 g/cm3 and F(000), 
1520 e-.  
 

Table 1. Sample and crystal data for Harman_SS5_128_MTDA.  

Identification code Harman_SS5_128_MTDA 

Chemical formula C24H37BN7O5PSW 

Formula weight 761.29 g/mol 

Temperature 100(2) K 

Wavelength 0.71073 Å 

Crystal size 0.044 x 0.063 x 0.097 mm 

Crystal habit yellow plate 

Crystal system monoclinic 

Space group P 21/n 

Unit cell dimensions a = 11.5230(11) Å α = 90° 
 b = 12.6655(12) Å β = 9 . 31(3)° 
 c = 20.3788(19) Å γ = 90° 

Volume 2946.4(5) Å3  

Z 4 

Density (calculated) 1.716 g/cm3 

Absorption coefficient 4.093 mm-1 

F(000) 1520 

 

5 Sheldrick, G. M. (2015). Acta Cryst. A71, 3-8. 

6 Dolomanov, O. V.; Bourhis, L. J.; Gildea, R. J.; Howard, J. A. K.; Puschmann, H. J. Appl. 

Cryst. (2009). 42, 339-341. 
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Diffractometer Bruker Kappa APEXII Duo 

Radiation source 
fine-focus sealed tube (Mo Kα, λ = 0. 10 3 
Å) 

Theta range for data collection 1.90 to 27.53° 

Index ranges -13<=h<=14, -16<=k<=16, -25<=l<=26 

Reflections collected 32779 

Independent reflections 6782 [R(int) = 0.0955] 

Coverage of independent 
reflections 

99.9% 

Absorption correction Multi-Scan 

Max. and min. transmission 0.8400 and 0.6920 

Structure solution technique direct methods 

Structure solution program SHELXT 2014/5 (Sheldrick, 2014) 

Refinement method Full-matrix least-squares on F2 

Refinement program SHELXL-2018/3 (Sheldrick, 2018) 

Function minimized Σ w(Fo
2 - Fc

2)2 

Data / restraints / parameters 6782 / 0 / 379 

Goodness-of-fit on F2 1.000 

Δ/σmax 0.002 

Final R indices 
4736 data; 
I>2σ(I) 

R1 = 0.0374, wR2 = 
0.0622 

 all data 
R1 = 0.0747, wR2 = 
0.0720 

Weighting scheme 
w=1/[σ2(Fo

2)+(0.0217P)2+0.3204P] 
where P=(Fo

2+2Fc
2)/3 

Largest diff. peak and hole 1.101 and -0.914 eÅ-3 

R.M.S. deviation from mean 0.181 eÅ-3 

 

Table 3. Atomic coordinates and equivalent 
isotropic atomic displacement parameters (Å2) 
for Harman_SS5_128_MTDA.  

U(eq) is defined as one third of the trace of the 
orthogonalized Uij tensor.  
 x/a y/b z/c U(eq) 

W1 0.43213(2) 0.28555(2) 0.64649(2 0.01041(6) 

S1 0.76386(12) 0.12337(11) 0.51810(7) 0.0184(3) 

P1 0.33366(12) 0.28811(12) 0.52875(6) 0.0143(3) 

O1 0.6302(3) 0.3985(3) 0.59531(17) 0.0185(9) 

O2 0.6919(3) 0.0979(3) 0.45645(17) 0.0258(10) 

Table 2. Data collection and structure refinement for 
Harman_SS5_128_MTDA.  
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O3 0.8609(3) 0.0545(3) 0.53973(19) 0.0252(10) 

O4 0.6835(3) 0.1159(3) 0.84810(18) 0.0242(9) 

O5 0.5901(3) 0.9649(3) 0.81816(18) 0.0251(10) 

N1 0.2593(4) 0.2185(3) 0.66543(19) 0.0140(9) 

N2 0.1856(4) 0.2761(3) 0.69909(19) 0.0148(9) 

N3 0.3460(4) 0.4407(3) 0.6503(2) 0.0139(10) 

N4 0.2590(4) 0.4622(3) 0.6877(2) 0.0136(10) 

N5 0.4427(4) 0.3202(3) 0.7553(2) 0.0134(10) 

N6 0.3447(4) 0.3512(3) 0.78118(19) 0.0144(10) 

N7 0.5537(4) 0.3501(3) 0.61999(19) 0.0121(9) 

C1 0.1950(4) 0.1351(4) 0.6405(2) 0.0149(11) 

C2 0.0820(5) 0.1392(4) 0.6570(3) 0.0210(13) 

C3 0.0795(5) 0.2291(4) 0.6942(3) 0.0182(12) 

C4 0.3735(5) 0.5340(4) 0.6248(2) 0.0181(12) 

C5 0.3055(5) 0.6146(4) 0.6440(3) 0.0217(13) 

C6 0.2351(5) 0.5661(4) 0.6844(3) 0.0201(13) 

C7 0.5289(5) 0.3166(4) 0.8067(2) 0.0142(12) 

C8 0.4874(5) 0.3457(4) 0.8652(2) 0.0178(12) 

C9 0.3713(5) 0.3666(4) 0.8465(2) 0.0156(12) 

C10 0.5326(5) 0.1459(4) 0.6851(2) 0.0131(11) 

C11 0.4831(5) 0.1217(4) 0.6174(2) 0.0118(11) 

C12 0.5616(5) 0.1145(4) 0.5672(2) 0.0142(12) 

C13 0.6758(4) 0.1356(4) 0.5800(2) 0.0137(11) 

C14 0.7343(5) 0.1722(4) 0.6474(2) 0.0147(12) 

C15 0.6653(4) 0.1462(4) 0.7049(2) 0.0120(11) 

C16 0.8217(5) 0.2515(4) 0.5111(3) 0.0236(14) 

C17 0.7083(5) 0.0415(4) 0.7416(3) 0.0194(13) 

C18 0.6719(5) 0.9427(4) 0.7014(3) 0.0269(14) 

C19 0.8422(5) 0.0426(5) 0.7615(3) 0.0264(15) 

C20 0.6580(5) 0.0463(4) 0.8081(3) 0.0192(13) 

C21 0.5494(6) 0.9678(5) 0.8827(3) 0.0311(16) 

C22 0.4185(5) 0.3530(5) 0.4728(3) 0.0302(15) 

C23 0.2864(5) 0.1691(4) 0.4830(3) 0.0229(13) 

C24 0.1950(5) 0.3592(5) 0.5189(3) 0.0279(14) 

B1 0.2290(6) 0.3774(5) 0.7373(3) 0.0153(13) 

 

Table 4. Bond lengths (Å) for 
Harman_SS5_128_MTDA.  

W1-N7 1.769(4) W1-C10 2.200(5) 
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W1-N3 2.207(4) W1-N1 2.247(4) 

W1-N5 2.248(4) W1-C11 2.258(5) 

W1-P1 2.5109(13) S1-O3 1.440(4) 

S1-O2 1.445(4) S1-C13 1.729(5) 

S1-C16 1.768(5) P1-C22 1.798(6) 

P1-C23 1.816(5) P1-C24 1.821(6) 

O1-N7 1.236(5) O4-C20 1.210(6) 

O5-C20 1.327(6) O5-C21 1.456(6) 

N1-C1 1.348(6) N1-N2 1.372(5) 

N2-C3 1.351(6) N2-B1 1.548(7) 

N3-C4 1.346(6) N3-N4 1.367(6) 

N4-C6 1.344(6) N4-B1 1.545(7) 

N5-C7 1.342(6) N5-N6 1.367(6) 

N6-C9 1.338(6) N6-B1 1.537(7) 

C1-C2 1.390(7) C1-H1 0.95 

C2-C3 1.370(7) C2-H2 0.95 

C3-H3 0.95 C4-C5 1.376(7) 

C4-H4 0.95 C5-C6 1.376(8) 

C5-H5 0.95 C6-H6 0.95 

C7-C8 1.393(7) C7-H7 0.95 

C8-C9 1.366(7) C8-H8 0.95 

C9-H9 0.95 C10-C11 1.452(7) 

C10-C15 1.528(7) C10-H10 0.98(5) 

C11-C12 1.457(7) C11-H11 1.01(5) 

C12-C13 1.333(7) C12-H12 0.95 

C13-C14 1.519(7) C14-C15 1.540(7) 

C14-H14A 0.99 C14-H14B 0.99 

C15-C17 1.569(7) C15-H15 1.0 

C16-H16A 0.98 C16-H16B 0.98 

C16-H16C 0.98 C17-C18 1.524(7) 

C17-C19 1.541(8) C17-C20 1.545(8) 

C18-H18A 0.98 C18-H18B 0.98 

C18-H18C 0.98 C19-H19A 0.98 

C19-H19B 0.98 C19-H19C 0.98 

C21-H21A 0.98 C21-H21B 0.98 

C21-H21C 0.98 C22-H22A 0.98 

C22-H22B 0.98 C22-H22C 0.98 

C23-H23A 0.98 C23-H23B 0.98 

C23-H23C 0.98 C24-H24A 0.98 
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C24-H24B 0.98 C24-H24C 0.98 

B1-H1A 1.10(5)   

 

Table 5. Bond angles (°) for Harman_SS5_128_MTDA.  

N7-W1-C10 94.63(19) N7-W1-N3 88.74(17) 

C10-W1-N3 156.99(17) N7-W1-N1 170.00(16) 

C10-W1-N1 94.02(18) N3-W1-N1 85.25(16) 

N7-W1-N5 105.79(17) C10-W1-N5 81.34(17) 

N3-W1-N5 75.85(14) N1-W1-N5 80.48(15) 

N7-W1-C11 95.70(18) C10-W1-C11 37.99(18) 

N3-W1-C11 164.06(17) N1-W1-C11 88.05(17) 

N5-W1-C11 117.26(16) N7-W1-P1 88.61(13) 

C10-W1-P1 119.94(14) N3-W1-P1 82.84(11) 

N1-W1-P1 82.72(10) N5-W1-P1 153.78(12) 

C11-W1-P1 81.97(13) O3-S1-O2 117.5(2) 

O3-S1-C13 109.9(2) O2-S1-C13 109.2(2) 

O3-S1-C16 107.2(3) O2-S1-C16 108.3(3) 

C13-S1-C16 104.0(3) C22-P1-C23 101.9(3) 

C22-P1-C24 104.4(3) C23-P1-C24 99.0(3) 

C22-P1-W1 113.43(19) C23-P1-W1 122.97(18) 

C24-P1-W1 112.78(18) C20-O5-C21 112.9(4) 

C1-N1-N2 105.0(4) C1-N1-W1 133.3(3) 

N2-N1-W1 120.6(3) C3-N2-N1 110.1(4) 

C3-N2-B1 129.0(5) N1-N2-B1 120.8(4) 

C4-N3-N4 105.6(4) C4-N3-W1 129.6(4) 

N4-N3-W1 124.3(3) C6-N4-N3 109.1(4) 

C6-N4-B1 130.6(5) N3-N4-B1 118.2(4) 

C7-N5-N6 105.8(4) C7-N5-W1 134.3(4) 

N6-N5-W1 120.0(3) C9-N6-N5 109.6(4) 

C9-N6-B1 127.6(5) N5-N6-B1 122.3(4) 

O1-N7-W1 172.9(4) N1-C1-C2 111.3(5) 

N1-C1-H1 124.3 C2-C1-H1 124.3 

C3-C2-C1 104.8(5) C3-C2-H2 127.6 

C1-C2-H2 127.6 N2-C3-C2 108.6(5) 

N2-C3-H3 125.7 C2-C3-H3 125.7 

N3-C4-C5 111.6(5) N3-C4-H4 124.2 

C5-C4-H4 124.2 C4-C5-C6 104.1(5) 

C4-C5-H5 128.0 C6-C5-H5 128.0 

N4-C6-C5 109.5(5) N4-C6-H6 125.2 
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C5-C6-H6 125.2 N5-C7-C8 110.8(5) 

N5-C7-H7 124.6 C8-C7-H7 124.6 

C9-C8-C7 104.5(5) C9-C8-H8 127.8 

C7-C8-H8 127.8 N6-C9-C8 109.4(5) 

N6-C9-H9 125.3 C8-C9-H9 125.3 

C11-C10-C15 120.1(4) C11-C10-W1 73.2(3) 

C15-C10-W1 123.5(4) C11-C10-H10 111.(3) 

C15-C10-H10 113.(3) W1-C10-H10 110.(3) 

C10-C11-C12 118.6(5) C10-C11-W1 68.8(3) 

C12-C11-W1 116.8(3) C10-C11-H11 122.(3) 

C12-C11-H11 113.(3) W1-C11-H11 110.(3) 

C13-C12-C11 122.8(5) C13-C12-H12 118.6 

C11-C12-H12 118.6 C12-C13-C14 122.8(5) 

C12-C13-S1 120.1(4) C14-C13-S1 117.0(4) 

C13-C14-C15 114.3(4) C13-C14-H14A 108.7 

C15-C14-H14A 108.7 C13-C14-H14B 108.7 

C15-C14-H14B 108.7 H14A-C14-H14B 107.6 

C10-C15-C14 113.7(4) C10-C15-C17 111.3(4) 

C14-C15-C17 112.4(4) C10-C15-H15 106.3 

C14-C15-H15 106.3 C17-C15-H15 106.3 

S1-C16-H16A 109.5 S1-C16-H16B 109.5 

H16A-C16-H16B 109.5 S1-C16-H16C 109.5 

H16A-C16-H16C 109.5 H16B-C16-H16C 109.5 

C18-C17-C19 110.0(5) C18-C17-C20 113.3(5) 

C19-C17-C20 104.5(4) C18-C17-C15 113.1(4) 

C19-C17-C15 111.0(4) C20-C17-C15 104.6(4) 

C17-C18-H18A 109.5 C17-C18-H18B 109.5 

H18A-C18-H18B 109.5 C17-C18-H18C 109.5 

H18A-C18-H18C 109.5 H18B-C18-H18C 109.5 

C17-C19-H19A 109.5 C17-C19-H19B 109.5 

H19A-C19-H19B 109.5 C17-C19-H19C 109.5 

H19A-C19-H19C 109.5 H19B-C19-H19C 109.5 

O4-C20-O5 123.8(5) O4-C20-C17 122.3(5) 

O5-C20-C17 113.9(4) O5-C21-H21A 109.5 

O5-C21-H21B 109.5 H21A-C21-H21B 109.5 

O5-C21-H21C 109.5 H21A-C21-H21C 109.5 

H21B-C21-H21C 109.5 P1-C22-H22A 109.5 

P1-C22-H22B 109.5 H22A-C22-H22B 109.5 

P1-C22-H22C 109.5 H22A-C22-H22C 109.5 
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H22B-C22-H22C 109.5 P1-C23-H23A 109.5 

P1-C23-H23B 109.5 H23A-C23-H23B 109.5 

P1-C23-H23C 109.5 H23A-C23-H23C 109.5 

H23B-C23-H23C 109.5 P1-C24-H24A 109.5 

P1-C24-H24B 109.5 H24A-C24-H24B 109.5 

P1-C24-H24C 109.5 H24A-C24-H24C 109.5 

H24B-C24-H24C 109.5 N6-B1-N4 106.1(4) 

N6-B1-N2 108.0(4) N4-B1-N2 109.4(4) 

N6-B1-H1A 112.(3) N4-B1-H1A 112.(3) 

N2-B1-H1A 109.(3)   

 

Table 6. Torsion angles (°) for Harman_SS5_128_MTDA.  

C1-N1-N2-C3 -0.4(5) W1-N1-N2-C3 168.9(3) 

C1-N1-N2-B1 177.8(4) W1-N1-N2-B1 -12.9(6) 

C4-N3-N4-C6 0.2(6) W1-N3-N4-C6 173.4(3) 

C4-N3-N4-B1 -165.1(4) W1-N3-N4-B1 8.0(6) 

C7-N5-N6-C9 0.4(5) W1-N5-N6-C9 179.5(3) 

C7-N5-N6-B1 172.9(4) W1-N5-N6-B1 -8.0(6) 

N2-N1-C1-C2 0.6(6) W1-N1-C1-C2 -166.7(4) 

N1-C1-C2-C3 -0.6(6) N1-N2-C3-C2 0.0(6) 

B1-N2-C3-C2 -178.0(5) C1-C2-C3-N2 0.3(6) 

N4-N3-C4-C5 -0.9(6) W1-N3-C4-C5 -173.6(4) 

N3-C4-C5-C6 1.2(6) N3-N4-C6-C5 0.6(6) 

B1-N4-C6-C5 163.5(5) C4-C5-C6-N4 -1.1(6) 

N6-N5-C7-C8 -0.4(5) W1-N5-C7-C8 -179.4(3) 

N5-C7-C8-C9 0.3(6) N5-N6-C9-C8 -0.2(6) 

B1-N6-C9-C8 -172.2(5) C7-C8-C9-N6 0.0(6) 

C15-C10-C11-C12 -9.6(7) W1-C10-C11-C12 109.8(4) 

C15-C10-C11-W1 -119.4(5) C10-C11-C12-C13 -4.3(8) 

W1-C11-C12-C13 75.0(6) C11-C12-C13-C14 -1.8(8) 

C11-C12-C13-S1 179.0(4) O3-S1-C13-C12 -125.5(4) 

O2-S1-C13-C12 4.7(5) C16-S1-C13-C12 120.1(5) 

O3-S1-C13-C14 55.3(5) O2-S1-C13-C14 -174.5(4) 

C16-S1-C13-C14 -59.1(4) C12-C13-C14-C15 20.5(7) 

S1-C13-C14-C15 -160.3(4) C11-C10-C15-C14 27.5(7) 

W1-C10-C15-C14 -61.5(5) C11-C10-C15-C17 -100.7(5) 

W1-C10-C15-C17 170.3(3) C13-C14-C15-C10 -31.6(6) 

C13-C14-C15-C17 96.0(5) C10-C15-C17-C18 55.9(6) 

C14-C15-C17-C18 -72.9(6) C10-C15-C17-C19 -179.9(4) 
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C14-C15-C17-C19 51.2(6) C10-C15-C17-C20 -67.8(5) 

C14-C15-C17-C20 163.4(4) C21-O5-C20-O4 -0.1(8) 

C21-O5-C20-C17 176.5(4) C18-C17-C20-O4 175.5(5) 

C19-C17-C20-O4 55.7(7) C15-C17-C20-O4 -61.0(7) 

C18-C17-C20-O5 -1.2(7) C19-C17-C20-O5 -120.9(5) 

C15-C17-C20-O5 122.4(5) C9-N6-B1-N4 116.4(5) 

N5-N6-B1-N4 -54.6(6) C9-N6-B1-N2 -126.3(5) 

N5-N6-B1-N2 62.6(6) C6-N4-B1-N6 -107.3(6) 

N3-N4-B1-N6 54.4(6) C6-N4-B1-N2 136.5(5) 

N3-N4-B1-N2 -61.9(6) C3-N2-B1-N6 128.3(5) 

N1-N2-B1-N6 -49.6(6) C3-N2-B1-N4 -116.7(6) 

N1-N2-B1-N4 65.4(6)   

 

Table 7. Anisotropic atomic displacement parameters (Å2) for 
Harman_SS5_128_MTDA.  

The anisotropic atomic displacement factor exponent takes the form: -
2π2[ h2 a*2 U11 + ... + 2 h k a* b* U12 ]  
 U11 U22 U33 U23 U13 U12 

W1 0.01142(10) 0.01137(9) 0.00880(10) 0.00042(11) 0.00269(7) 
-
0.00015(11) 

S1 0.0172(8) 0.0227(8) 0.0168(7) -0.0041(6) 0.0075(6) -0.0051(6) 

P1 0.0166(7) 0.0147(6) 0.0116(6) 0.0016(7) 0.0016(5) -0.0001(7) 

O1 0.018(2) 0.016(2) 0.024(2) 0.0029(17) 0.0119(18) -0.0047(17) 

O2 0.024(2) 0.041(3) 0.014(2) -0.0096(18) 0.0079(18) -0.009(2) 

O3 0.018(2) 0.024(2) 0.035(2) -0.0052(18) 0.0097(19) 0.0028(18) 

O4 0.031(3) 0.024(2) 0.018(2) 0.0042(18) 0.0032(18) -0.0001(19) 

O5 0.025(2) 0.031(2) 0.019(2) 0.0016(18) 0.0017(18) -0.0032(19) 

N1 0.013(2) 0.013(2) 0.017(2) -0.002(2) 0.0033(18) 0.002(2) 

N2 0.011(2) 0.020(2) 0.014(2) 0.003(2) 0.0008(18) 0.001(2) 

N3 0.016(3) 0.017(2) 0.010(2) 0.0002(19) 0.0050(19) -0.0016(19) 

N4 0.015(3) 0.013(2) 0.014(2) 0.0021(19) 0.0056(19) 0.0015(19) 

N5 0.018(3) 0.012(2) 0.011(2) -0.0008(17) 0.0038(19) -0.0008(18) 

N6 0.018(3) 0.018(2) 0.008(2) 0.0001(19) 0.0050(19) 0.001(2) 

N7 0.013(2) 0.011(2) 0.013(2) 0.0024(18) 0.0049(19) 0.0042(19) 

C1 0.014(3) 0.014(3) 0.018(3) 0.000(2) 0.005(2) 0.003(2) 

C2 0.014(3) 0.025(3) 0.023(3) 0.007(3) 0.002(2) -0.003(3) 

C3 0.012(3) 0.020(3) 0.024(3) 0.002(2) 0.008(2) 0.000(2) 

C4 0.025(3) 0.017(3) 0.013(3) 0.005(2) 0.006(2) -0.001(2) 

C5 0.031(4) 0.013(3) 0.022(3) 0.004(2) 0.004(3) 0.003(3) 

C6 0.021(3) 0.018(3) 0.020(3) -0.004(2) -0.001(3) 0.004(2) 
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C7 0.015(3) 0.013(3) 0.014(3) 0.001(2) 0.002(2) -0.001(2) 

C8 0.020(3) 0.022(3) 0.010(3) 0.000(2) 0.000(2) 0.001(2) 

C9 0.020(3) 0.015(3) 0.013(3) 0.000(2) 0.005(2) -0.002(2) 

C10 0.015(3) 0.013(3) 0.012(3) 0.004(2) 0.006(2) 0.004(2) 

C11 0.010(3) 0.012(3) 0.014(3) 0.001(2) 0.005(2) 0.000(2) 

C12 0.020(3) 0.012(3) 0.010(3) -0.003(2) -0.002(2) 0.001(2) 

C13 0.012(3) 0.018(3) 0.012(3) 0.001(2) 0.004(2) 0.003(2) 

C14 0.013(3) 0.017(3) 0.014(3) 0.000(2) 0.002(2) -0.004(2) 

C15 0.010(3) 0.014(3) 0.012(3) 0.000(2) 0.001(2) 0.003(2) 

C16 0.028(4) 0.028(3) 0.016(3) -0.001(2) 0.009(3) -0.008(3) 

C17 0.020(3) 0.018(3) 0.021(3) 0.007(2) 0.004(3) 0.006(3) 

C18 0.036(4) 0.016(3) 0.029(3) 0.002(3) 0.007(3) 0.003(3) 

C19 0.022(4) 0.038(4) 0.018(3) 0.010(3) 0.000(3) 0.013(3) 

C20 0.025(3) 0.015(3) 0.014(3) 0.001(2) -0.009(2) -0.003(2) 

C21 0.034(4) 0.040(4) 0.020(3) 0.001(3) 0.006(3) -0.015(3) 

C22 0.034(4) 0.037(4) 0.019(3) 0.002(3) 0.002(3) -0.015(3) 

C23 0.025(3) 0.020(3) 0.021(3) -0.001(2) -0.007(3) -0.003(3) 

C24 0.028(4) 0.035(4) 0.020(3) -0.004(3) -0.003(3) 0.014(3) 

B1 0.014(3) 0.020(3) 0.014(3) 0.000(3) 0.007(3) -0.001(3) 

 

Table 8. Hydrogen atomic coordinates and 
isotropic atomic displacement parameters (Å2) for 
Harman_SS5_128_MTDA.  
 x/a y/b z/c U(eq) 

H1 0.2234 0.0806 0.6149 0.018 

H2 0.0201 0.0904 0.6451 0.025 

H3 0.0140 0.2542 0.7133 0.022 

H4 0.4326 0.5430 0.5970 0.022 

H5 0.3068 0.6870 0.6321 0.026 

H6 0.1783 0.6007 0.7064 0.024 

H7 0.6075 0.2969 0.8036 0.017 

H8 0.5302 0.3500 0.9083 0.021 

H9 0.3178 0.3886 0.8753 0.019 

H10 0.491(5) 0.108(4) 0.717(3) 0.029(17) 

H11 0.411(4) 0.076(4) 0.607(2) 0.014 

H12 0.5301 0.0938 0.5236 0.017 

H14A 0.7459 0.2496 0.6459 0.018 

H14B 0.8127 0.1391 0.6564 0.018 

H15 0.6825 0.2044 0.7380 0.014 
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H16A 0.8626 0.2548 0.4720 0.035 

H16B 0.8769 0.2675 0.5508 0.035 

H16C 0.7578 0.3031 0.5066 0.035 

H18A 0.5863 -0.0599 0.6915 0.04 

H18B 0.7001 -0.1200 0.7268 0.04 

H18C 0.7058 -0.0556 0.6598 0.04 

H19A 0.8809 0.0333 0.7219 0.04 

H19B 0.8649 -0.0150 0.7927 0.04 

H19C 0.8660 0.1103 0.7825 0.04 

H21A 0.4952 -0.0909 0.8862 0.047 

H21B 0.5092 0.0348 0.8878 0.047 

H21C 0.6166 -0.0386 0.9176 0.047 

H22A 0.4418 0.4232 0.4901 0.045 

H22B 0.3713 0.3600 0.4293 0.045 

H22C 0.4886 0.3111 0.4687 0.045 

H23A 0.3542 0.1234 0.4802 0.034 

H23B 0.2501 0.1881 0.4383 0.034 

H23C 0.2293 0.1315 0.5059 0.034 

H24A 0.1413 0.3255 0.5459 0.042 

H24B 0.1604 0.3580 0.4722 0.042 

H24C 0.2086 0.4326 0.5333 0.042 

H1A 0.161(5) 0.404(4) 0.767(2) 0.025(15) 
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Crystal Structure Report for 9 in Chapter 4 

 
A yellow block-like specimen of C29H39BN7O5PSW, approximate dimensions 0.130 mm x 0.260 mm x 
0.339 mm, was coated with Paratone oil and mounted on a MiTeGen MicroLoop. The X-ray intensity 
data were measured on a Bruker Kappa APEXII Duo system equipped with a fine-focus sealed tube (Mo 
Kα, λ = 0. 1073 Å) and a graphite monochromator. 
 
The total exposure time was 1.54 hours. The frames were integrated with the Bruker SAINT software 
package7 using a narrow-frame algorithm. The integration of the data using a monoclinic unit cell 
yielded a total of 92725 reflections to a maximum θ angle of 31.54° (0.68 Å resolution), of which 10767 
were independent (average redundancy 8.612, completeness = 99.9%, Rint = 3.88%, Rsig = 2.18%) and 
9831 (91.31%) were greater than 2σ(F2). The final cell constants of a = 12.6795(14) Å, b = 21.036(2) Å, c 
= 12.8270(14) Å, β = 109.402(2)°, volume = 3227.0(6) Å3, are based upon the refinement of the XYZ-
centroids of 9795 reflections above 20 σ(I) with 5.132° < 2θ < 62.90°. Data were corrected for 
absorption effects using the Multi-Scan method (SADABS).1  The ratio of minimum to maximum 
apparent transmission was 0.718. The calculated minimum and maximum transmission coefficients 
(based on crystal size) are 0.3630 and 0.6420.  
 

 
7 Bruker (2012). Saint; SADABS; APEX3. Bruker AXS Inc., Madison, Wisconsin, USA. 
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The structure was solved and refined using the Bruker SHELXTL Software Package8 within APEX3 1 and 
OLEX2,9 using the space group P 21/n, with Z = 4 for the formula unit, C29H39BN7O5PSW. Non-hydrogen 
atoms were refined anisotropically. The B-H hydrogen atom was located in the electron density map and 
refined isotropcially. All other hydrogen atoms were placed in geometrically calculated positions with 
Uiso = 1.2Uequiv of the parent atom (Uiso = 1.5Uequiv for methyl). The relative occupancy of the two 
positions of the disordered ester fragment was freely refined and no constraints or restraints were 
needed.  The final anisotropic full-matrix least-squares refinement on F2 with 464 variables converged at 
R1 = 2.47%, for the observed data and wR2 = 4.51% for all data. The goodness-of-fit was 1.216. The 
largest peak in the final difference electron density synthesis was 0.830 e-/Å3 and the largest hole was -
1.204 e-/Å3 with an RMS deviation of 0.095 e-/Å3. On the basis of the final model, the calculated density 
was 1.695 g/cm3 and F(000), 1648 e-.  
 

Table 1. Sample and crystal data for Harman_SS7_34_2.  

Identification code Harman_SS7_34_2 

Chemical formula C29H39BN7O5PSW 

Formula weight 823.36 g/mol 

Temperature 100(2) K 

Wavelength 0.71073 Å 

Crystal size 0.130 x 0.260 x 0.339 mm 

Crystal habit yellow block 

Crystal system monoclinic 

Space group P 21/n 

Unit cell dimensions a = 12.6795(14) Å α = 90° 
 b = 21.036(2) Å β = 109.402(2)° 
 c = 12.8270(14) Å γ = 90° 

Volume 3227.0(6) Å3  

Z 4 

Density (calculated) 1.695 g/cm3 

Absorption coefficient 3.744 mm-1 

F(000) 1648 

 

Table 2. Data collection and structure refinement for Harman_SS7_34_2.  

Diffractometer Bruker Kappa APEXII Duo 

Radiation source 
fine-focus sealed tube (Mo Kα, λ = 
0.71073 Å) 

Theta range for data collection 1.94 to 31.54° 

Index ranges -18<=h<=18, -30<=k<=30, -18<=l<=18 

Reflections collected 92725 

Independent reflections 10767 [R(int) = 0.0388] 

 
8 Sheldrick, G. M. (2015). Acta Cryst. A71, 3-8. 

9 Dolomanov, O. V.; Bourhis, L. J.; Gildea, R. J.; Howard, J. A. K.; Puschmann, H. J. Appl. Cryst. (2009). 42, 339-341. 
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Coverage of independent 
reflections 

99.9% 

Absorption correction Multi-Scan 

Max. and min. transmission 0.6420 and 0.3630 

Structure solution technique direct methods 

Structure solution program SHELXT 2018/2 (Sheldrick, 2018) 

Refinement method Full-matrix least-squares on F2 

Refinement program SHELXL-2018/3 (Sheldrick, 2018) 

Function minimized Σ w(Fo
2 - Fc

2)2 

Data / restraints / parameters 10767 / 0 / 464 

Goodness-of-fit on F2 1.216 

Δ/σmax 0.002 

Final R indices 
9831 data; 
I>2σ(I) 

R1 = 0.0247, wR2 = 
0.0441 

 all data 
R1 = 0.0293, wR2 = 
0.0451 

Weighting scheme 
w=1/[σ2(Fo

2)+4.6293P] 
where P=(Fo

2+2Fc
2)/3 

Largest diff. peak and hole 0.830 and -1.204 eÅ-3 

R.M.S. deviation from mean 0.095 eÅ-3 

 

Table 3. Atomic coordinates and equivalent 
isotropic atomic displacement parameters (Å2) 
for Harman_SS7_34_2.  

U(eq) is defined as one third of the trace of the 
orthogonalized Uij tensor.  
 x/a y/b z/c U(eq) 

W1 0.41518(2) 0.35609(2) 0.68423(2) 0.00986(2) 

S1 0.35038(5) 0.39169(3) 0.07284(4) 0.02054(11) 

P1 0.60522(5) 0.33241(3) 0.81990(4) 0.01456(10) 

O1 0.31295(16) 0.25745(8) 0.79032(15) 0.0263(4) 

O2 0.44194(19) 0.42614(9) 0.14925(14) 0.0363(5) 

O3 0.23960(18) 0.39850(9) 0.08103(15) 0.0330(4) 

N1 0.51709(15) 0.41333(8) 0.60109(14) 0.0129(3) 

N2 0.52126(15) 0.39363(8) 0.50060(14) 0.0132(3) 

N3 0.45112(15) 0.27358(8) 0.59424(14) 0.0128(3) 

N4 0.46924(15) 0.27816(8) 0.49579(14) 0.0132(3) 

N5 0.28855(14) 0.36537(8) 0.51454(13) 0.0118(3) 

N6 0.32125(15) 0.35974(8) 0.42341(13) 0.0133(3) 

N7 0.35074(16) 0.30062(8) 0.74839(15) 0.0150(3) 
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C00F 0.6977(2) 0.29244(12) 0.7580(2) 0.0245(5) 

C00X 0.6030(2) 0.28097(13) 0.9328(2) 0.0284(5) 

C1 0.59106(18) 0.46129(10) 0.63312(18) 0.0158(4) 

C2 0.64346(19) 0.47233(10) 0.55516(19) 0.0186(4) 

C3 0.59604(18) 0.42864(10) 0.47248(18) 0.0175(4) 

C4 0.46102(18) 0.21188(10) 0.62276(18) 0.0163(4) 

C5 0.48768(19) 0.17623(10) 0.54296(19) 0.0190(4) 

C6 0.49116(18) 0.21990(10) 0.46374(18) 0.0170(4) 

C7 0.17959(18) 0.38033(10) 0.47625(17) 0.0152(4) 

C8 0.14152(19) 0.38496(10) 0.36128(17) 0.0172(4) 

C9 0.23400(19) 0.37169(10) 0.33101(17) 0.0157(4) 

C10 0.43397(18) 0.43802(9) 0.80305(16) 0.0136(4) 

C11 0.32761(17) 0.44081(9) 0.71339(16) 0.0130(4) 

C12 0.21904(18) 0.44021(10) 0.74129(17) 0.0143(4) 

C13 0.23013(19) 0.40094(10) 0.84675(18) 0.0166(4) 

C013 0.69702(19) 0.39695(12) 0.89093(19) 0.0228(5) 

C14 0.34102(19) 0.40925(10) 0.93647(17) 0.0161(4) 

C15 0.43457(19) 0.42517(10) 0.91516(17) 0.0158(4) 

C16 0.3872(2) 0.30988(11) 0.09109(18) 0.0183(4) 

C17 0.3061(2) 0.26440(12) 0.0419(2) 0.0272(5) 

C18 0.3365(3) 0.20040(13) 0.0532(3) 0.0407(8) 

C19 0.4449(3) 0.18282(15) 0.1134(3) 0.0470(9) 

C20 0.5235(3) 0.22781(17) 0.1617(3) 0.0431(8) 

C21 0.4958(2) 0.29206(14) 0.1509(2) 0.0296(6) 

C22 0.1740(2) 0.50991(11) 0.74476(19) 0.0195(4) 

C23 0.1338(2) 0.53885(11) 0.62792(19) 0.0215(4) 

B1 0.4422(2) 0.34170(11) 0.43267(19) 0.0138(4) 

O4 0.0837(3) 0.54064(16) 0.8770(2) 0.0276(8) 

O5 0.0023(3) 0.47072(16) 0.7411(3) 0.0220(7) 

C24 0.2713(4) 0.5567(2) 0.8175(4) 0.0192(8) 

C25 0.0858(3) 0.51063(18) 0.7970(3) 0.0174(7) 

C26 0.9148(3) 0.4622(2) 0.7902(4) 0.0309(10) 

O4A 0.9721(5) 0.4641(3) 0.6762(6) 0.0265(14) 

O5A 0.0348(5) 0.5121(3) 0.8425(5) 0.0236(14) 

C24A 0.2331(8) 0.5473(4) 0.8304(8) 0.0229(18) 

C25A 0.0451(8) 0.4915(4) 0.7470(7) 0.0158(14) 

C26A 0.9303(7) 0.4921(4) 0.8561(8) 0.033(2) 

 

Table 4. Bond lengths (Å) for Harman_SS7_34_2.  
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W1-N7 1.7757(18) W1-C11 2.197(2) 

W1-N3 2.2140(17) W1-N5 2.2431(17) 

W1-C10 2.2602(19) W1-N1 2.2743(17) 

W1-P1 2.5094(6) S1-O2 1.441(2) 

S1-O3 1.450(2) S1-C14 1.753(2) 

S1-C16 1.778(2) P1-C00X 1.816(2) 

P1-C013 1.823(2) P1-C00F 1.825(2) 

O1-N7 1.231(2) N1-C1 1.345(3) 

N1-N2 1.372(2) N2-C3 1.341(3) 

N2-B1 1.542(3) N3-C4 1.343(3) 

N3-N4 1.360(2) N4-C6 1.350(3) 

N4-B1 1.541(3) N5-C7 1.341(3) 

N5-N6 1.369(2) N6-C9 1.349(3) 

N6-B1 1.545(3) C00F-H00A 0.98 

C00F-H00B 0.98 C00F-H00C 0.98 

C00X-H00D 0.98 C00X-H00E 0.98 

C00X-H00F 0.98 C1-C2 1.392(3) 

C1-H1 0.95 C2-C3 1.381(3) 

C2-H2 0.95 C3-H3 0.95 

C4-C5 1.398(3) C4-H4 0.95 

C5-C6 1.381(3) C5-H5 0.95 

C6-H6 0.95 C7-C8 1.394(3) 

C7-H7 0.95 C8-C9 1.381(3) 

C8-H8 0.95 C9-H9 0.95 

C10-C11 1.454(3) C10-C15 1.461(3) 

C10-H10 1.0 C11-C12 1.533(3) 

C11-H11 1.0 C12-C13 1.551(3) 

C12-C22 1.580(3) C12-H12 1.0 

C13-C14 1.502(3) C13-H13A 0.99 

C13-H13B 0.99 C013-H01A 0.98 

C013-H01B 0.98 C013-H01C 0.98 

C14-C15 1.345(3) C15-H15 0.95 

C16-C21 1.387(3) C16-C17 1.393(3) 

C17-C18 1.395(4) C17-H17 0.95 

C18-C19 1.385(5) C18-H18 0.95 

C19-C20 1.365(5) C19-H19 0.95 

C20-C21 1.392(4) C20-H20 0.95 

C21-H21 0.95 C22-C24A 1.357(9) 

C22-C25 1.482(4) C22-C23 1.539(3) 
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C22-C24 1.611(5) C22-C25A 1.689(10) 

C23-H23A 0.98 C23-H23B 0.98 

C23-H23C 0.98 B1-H1A 1.06(3) 

O4-C25 1.213(5) O5-C25 1.355(5) 

O5-C26 1.457(5) C24-H24A 0.98 

C24-H24B 0.98 C24-H24C 0.98 

C26-H26A 0.98 C26-H26B 0.98 

C26-H26C 0.98 O4A-C25A 1.207(10) 

O5A-C25A 1.346(9) O5A-C26A 1.455(10) 

C24A-H24D 0.98 C24A-H24E 0.98 

C24A-H24F 0.98 C26A-H26D 0.98 

C26A-H26E 0.98 C26A-H26F 0.98 

 

Table 5. Bond angles (°) for Harman_SS7_34_2.  

N7-W1-C11 96.76(8) N7-W1-N3 86.14(7) 

C11-W1-N3 158.13(7) N7-W1-N5 102.45(7) 

C11-W1-N5 81.68(7) N3-W1-N5 76.54(6) 

N7-W1-C10 98.63(8) C11-W1-C10 38.05(7) 

N3-W1-C10 162.84(7) N5-W1-C10 117.98(7) 

N7-W1-N1 170.33(7) C11-W1-N1 92.78(7) 

N3-W1-N1 85.59(6) N5-W1-N1 80.44(6) 

C10-W1-N1 87.91(7) N7-W1-P1 91.83(6) 

C11-W1-P1 117.79(6) N3-W1-P1 83.65(5) 

N5-W1-P1 154.57(4) C10-W1-P1 79.74(6) 

N1-W1-P1 82.30(5) O2-S1-O3 118.80(13) 

O2-S1-C14 110.18(11) O3-S1-C14 107.78(11) 

O2-S1-C16 106.27(12) O3-S1-C16 107.71(11) 

C14-S1-C16 105.26(10) C00X-P1-C013 102.80(12) 

C00X-P1-C00F 104.78(12) C013-P1-C00F 99.48(12) 

C00X-P1-W1 113.95(9) C013-P1-W1 120.35(8) 

C00F-P1-W1 113.41(8) C1-N1-N2 105.84(17) 

C1-N1-W1 134.49(14) N2-N1-W1 119.08(12) 

C3-N2-N1 109.77(17) C3-N2-B1 128.48(18) 

N1-N2-B1 121.62(16) C4-N3-N4 106.97(17) 

C4-N3-W1 129.23(14) N4-N3-W1 123.79(13) 

C6-N4-N3 109.50(17) C6-N4-B1 131.26(18) 

N3-N4-B1 118.19(16) C7-N5-N6 105.96(16) 

C7-N5-W1 133.95(14) N6-N5-W1 119.92(12) 

C9-N6-N5 109.96(17) C9-N6-B1 128.05(17) 
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N5-N6-B1 121.99(16) O1-N7-W1 173.33(16) 

P1-C00F-H00A 109.5 P1-C00F-H00B 109.5 

H00A-C00F-H00B 109.5 P1-C00F-H00C 109.5 

H00A-C00F-H00C 109.5 H00B-C00F-H00C 109.5 

P1-C00X-H00D 109.5 P1-C00X-H00E 109.5 

H00D-C00X-H00E 109.5 P1-C00X-H00F 109.5 

H00D-C00X-H00F 109.5 H00E-C00X-H00F 109.5 

N1-C1-C2 110.88(19) N1-C1-H1 124.6 

C2-C1-H1 124.6 C3-C2-C1 104.52(19) 

C3-C2-H2 127.7 C1-C2-H2 127.7 

N2-C3-C2 108.98(19) N2-C3-H3 125.5 

C2-C3-H3 125.5 N3-C4-C5 110.03(19) 

N3-C4-H4 125.0 C5-C4-H4 125.0 

C6-C5-C4 104.86(18) C6-C5-H5 127.6 

C4-C5-H5 127.6 N4-C6-C5 108.62(19) 

N4-C6-H6 125.7 C5-C6-H6 125.7 

N5-C7-C8 110.87(19) N5-C7-H7 124.6 

C8-C7-H7 124.6 C9-C8-C7 104.79(19) 

C9-C8-H8 127.6 C7-C8-H8 127.6 

N6-C9-C8 108.41(18) N6-C9-H9 125.8 

C8-C9-H9 125.8 C11-C10-C15 119.10(19) 

C11-C10-W1 68.60(11) C15-C10-W1 119.19(14) 

C11-C10-H10 114.2 C15-C10-H10 114.2 

W1-C10-H10 114.2 C10-C11-C12 118.93(17) 

C10-C11-W1 73.34(11) C12-C11-W1 125.23(14) 

C10-C11-H11 111.4 C12-C11-H11 111.4 

W1-C11-H11 111.4 C11-C12-C13 112.31(17) 

C11-C12-C22 111.11(17) C13-C12-C22 113.50(17) 

C11-C12-H12 106.5 C13-C12-H12 106.5 

C22-C12-H12 106.5 C14-C13-C12 113.38(18) 

C14-C13-H13A 108.9 C12-C13-H13A 108.9 

C14-C13-H13B 108.9 C12-C13-H13B 108.9 

H13A-C13-H13B 107.7 P1-C013-H01A 109.5 

P1-C013-H01B 109.5 H01A-C013-H01B 109.5 

P1-C013-H01C 109.5 H01A-C013-H01C 109.5 

H01B-C013-H01C 109.5 C15-C14-C13 122.50(19) 

C15-C14-S1 118.90(17) C13-C14-S1 118.42(16) 

C14-C15-C10 122.0(2) C14-C15-H15 119.0 

C10-C15-H15 119.0 C21-C16-C17 120.9(2) 
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C21-C16-S1 120.2(2) C17-C16-S1 118.90(19) 

C16-C17-C18 118.6(3) C16-C17-H17 120.7 

C18-C17-H17 120.7 C19-C18-C17 120.3(3) 

C19-C18-H18 119.8 C17-C18-H18 119.8 

C20-C19-C18 120.5(3) C20-C19-H19 119.7 

C18-C19-H19 119.7 C19-C20-C21 120.4(3) 

C19-C20-H20 119.8 C21-C20-H20 119.8 

C16-C21-C20 119.3(3) C16-C21-H21 120.4 

C20-C21-H21 120.4 C24A-C22-C23 118.3(5) 

C25-C22-C23 112.4(2) C24A-C22-C12 116.9(5) 

C25-C22-C12 110.9(2) C23-C22-C12 110.21(18) 

C25-C22-C24 106.2(3) C23-C22-C24 105.4(2) 

C12-C22-C24 111.6(2) C24A-C22-C25A 113.4(5) 

C23-C22-C25A 95.6(3) C12-C22-C25A 98.6(3) 

C22-C23-H23A 109.5 C22-C23-H23B 109.5 

H23A-C23-H23B 109.5 C22-C23-H23C 109.5 

H23A-C23-H23C 109.5 H23B-C23-H23C 109.5 

N4-B1-N2 109.16(17) N4-B1-N6 107.18(17) 

N2-B1-N6 108.17(16) N4-B1-H1A 110.8(14) 

N2-B1-H1A 110.9(14) N6-B1-H1A 110.5(14) 

C25-O5-C26 115.0(4) C22-C24-H24A 109.5 

C22-C24-H24B 109.5 H24A-C24-H24B 109.5 

C22-C24-H24C 109.5 H24A-C24-H24C 109.5 

H24B-C24-H24C 109.5 O4-C25-O5 122.4(3) 

O4-C25-C22 128.3(4) O5-C25-C22 109.3(3) 

O5-C26-H26A 109.5 O5-C26-H26B 109.5 

H26A-C26-H26B 109.5 O5-C26-H26C 109.5 

H26A-C26-H26C 109.5 H26B-C26-H26C 109.5 

C25A-O5A-C26A 112.6(8) C22-C24A-H24D 109.5 

C22-C24A-H24E 109.5 H24D-C24A-H24E 109.5 

C22-C24A-H24F 109.5 H24D-C24A-H24F 109.5 

H24E-C24A-H24F 109.5 O4A-C25A-O5A 123.8(8) 

O4A-C25A-C22 127.0(6) O5A-C25A-C22 109.2(7) 

O5A-C26A-H26D 109.5 O5A-C26A-H26E 109.5 

H26D-C26A-H26E 109.5 O5A-C26A-H26F 109.5 

H26D-C26A-H26F 109.5 H26E-C26A-H26F 109.5 

 

Table 6. Torsion angles (°) for Harman_SS7_34_2.  



250 

 

C1-N1-N2-C3 0.1(2) W1-N1-N2-C3 
-
172.29(14) 

C1-N1-N2-B1 
-
175.97(18) 

W1-N1-N2-B1 11.6(2) 

C4-N3-N4-C6 -0.5(2) W1-N3-N4-C6 178.68(14) 

C4-N3-N4-B1 169.06(18) W1-N3-N4-B1 -11.7(2) 

C7-N5-N6-C9 0.6(2) W1-N5-N6-C9 
-
175.34(13) 

C7-N5-N6-B1 
-
179.05(18) 

W1-N5-N6-B1 5.0(2) 

N2-N1-C1-C2 -0.5(2) W1-N1-C1-C2 170.18(15) 

N1-C1-C2-C3 0.7(3) N1-N2-C3-C2 0.3(2) 

B1-N2-C3-C2 176.1(2) C1-C2-C3-N2 -0.6(2) 

N4-N3-C4-C5 1.0(2) W1-N3-C4-C5 
-
178.12(15) 

N3-C4-C5-C6 -1.1(3) N3-N4-C6-C5 -0.2(2) 

B1-N4-C6-C5 -167.9(2) C4-C5-C6-N4 0.8(2) 

N6-N5-C7-C8 -0.5(2) W1-N5-C7-C8 174.64(14) 

N5-C7-C8-C9 0.2(2) N5-N6-C9-C8 -0.5(2) 

B1-N6-C9-C8 179.12(19) C7-C8-C9-N6 0.2(2) 

C15-C10-C11-C12 9.1(3) W1-C10-C11-C12 121.51(17) 

C15-C10-C11-W1 
-
112.42(17) 

C10-C11-C12-C13 -32.0(2) 

W1-C11-C12-C13 57.4(2) C10-C11-C12-C22 96.3(2) 

W1-C11-C12-C22 
-
174.26(14) 

C11-C12-C13-C14 39.3(2) 

C22-C12-C13-C14 -87.8(2) C12-C13-C14-C15 -26.5(3) 

C12-C13-C14-S1 158.33(15) O2-S1-C14-C15 28.9(2) 

O3-S1-C14-C15 160.01(18) C16-S1-C14-C15 -85.25(19) 

O2-S1-C14-C13 
-
155.75(17) 

O3-S1-C14-C13 -24.7(2) 

C16-S1-C14-C13 90.06(18) C13-C14-C15-C10 2.5(3) 

S1-C14-C15-C10 177.59(15) C11-C10-C15-C14 7.1(3) 

W1-C10-C15-C14 -73.2(2) O2-S1-C16-C21 -12.9(2) 

O3-S1-C16-C21 
-
141.19(19) 

C14-S1-C16-C21 104.0(2) 

O2-S1-C16-C17 168.91(19) O3-S1-C16-C17 40.6(2) 

C14-S1-C16-C17 -74.2(2) C21-C16-C17-C18 -0.4(4) 

S1-C16-C17-C18 177.8(2) C16-C17-C18-C19 0.7(4) 

C17-C18-C19-C20 -0.5(4) C18-C19-C20-C21 -0.1(4) 

C17-C16-C21-C20 -0.2(4) S1-C16-C21-C20 -178.3(2) 
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C19-C20-C21-C16 0.5(4) 
C11-C12-C22-
C24A 

-70.6(5) 

C13-C12-C22-
C24A 

57.1(6) C11-C12-C22-C25 -166.6(2) 

C13-C12-C22-C25 -38.8(3) C11-C12-C22-C23 68.4(2) 

C13-C12-C22-C23 
-
163.92(19) 

C11-C12-C22-C24 -48.3(3) 

C13-C12-C22-C24 79.4(3) 
C11-C12-C22-
C25A 

167.7(3) 

C13-C12-C22-
C25A 

-64.6(3) C6-N4-B1-N2 -128.0(2) 

N3-N4-B1-N2 65.1(2) C6-N4-B1-N6 115.0(2) 

N3-N4-B1-N6 -51.9(2) C3-N2-B1-N4 119.1(2) 

N1-N2-B1-N4 -65.6(2) C3-N2-B1-N6 -124.6(2) 

N1-N2-B1-N6 50.7(2) C9-N6-B1-N4 -123.5(2) 

N5-N6-B1-N4 56.1(2) C9-N6-B1-N2 118.9(2) 

N5-N6-B1-N2 -61.5(2) C26-O5-C25-O4 -5.3(5) 

C26-O5-C25-C22 174.4(3) C23-C22-C25-O4 -113.5(4) 

C12-C22-C25-O4 122.7(4) C24-C22-C25-O4 1.2(5) 

C23-C22-C25-O5 66.9(3) C12-C22-C25-O5 -57.0(3) 

C24-C22-C25-O5 -178.4(3) 
C26A-O5A-C25A-
O4A 

5.7(10) 

C26A-O5A-C25A-
C22 

-173.8(5) 
C24A-C22-C25A-
O4A 

172.9(8) 

C23-C22-C25A-
O4A 

48.7(7) 
C12-C22-C25A-
O4A 

-62.8(7) 

C24A-C22-C25A-
O5A 

-7.6(7) 
C23-C22-C25A-
O5A 

-131.8(5) 

C12-C22-C25A-
O5A 

116.7(5)   

 

Table 7. Anisotropic atomic displacement parameters (Å2) for 
Harman_SS7_34_2.  

The anisotropic atomic displacement factor exponent takes the form: 
-2π2[ h2 a*2 U11 + ... + 2 h k a* b* U12 ]  
 U11 U22 U33 U23 U13 U12 

W1 0.01053(3) 0.01043(3) 0.00854(3) 0.00106(3) 0.00305(2) 0.00058(3) 

S1 0.0330(3) 0.0190(2) 0.0130(2) 
-
0.00002(19) 

0.0122(2) -0.0007(2) 

P1 0.0125(3) 0.0183(2) 0.0118(2) 0.00125(19) 0.0025(2) 0.00303(19) 

O1 0.0351(10) 0.0194(8) 0.0318(9) 0.0089(7) 0.0210(8) -0.0012(7) 
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O2 0.0629(14) 0.0294(9) 0.0157(8) -0.0056(7) 0.0116(9) -0.0194(9) 

O3 0.0430(12) 0.0396(11) 0.0269(9) 0.0087(8) 0.0255(9) 0.0161(9) 

N1 0.0134(8) 0.0127(7) 0.0127(7) 0.0012(6) 0.0046(6) 0.0002(6) 

N2 0.0142(8) 0.0143(8) 0.0132(8) 0.0014(6) 0.0075(6) -0.0003(6) 

N3 0.0144(8) 0.0133(7) 0.0109(7) 0.0007(6) 0.0044(6) 0.0017(6) 

N4 0.0131(8) 0.0153(8) 0.0113(7) -0.0016(6) 0.0042(6) 0.0009(6) 

N5 0.0122(8) 0.0135(8) 0.0105(7) -0.0004(6) 0.0048(6) 0.0003(6) 

N6 0.0151(8) 0.0149(7) 0.0098(7) 0.0005(6) 0.0040(6) 0.0007(7) 

N7 0.0177(9) 0.0131(8) 0.0151(8) 0.0016(6) 0.0066(7) 0.0009(6) 

C00F 0.0149(11) 0.0310(12) 0.0250(11) -0.0050(9) 0.0031(9) 0.0058(9) 

C00X 0.0318(14) 0.0313(13) 0.0196(11) 0.0123(10) 0.0051(10) 0.0076(11) 

C1 0.0144(10) 0.0139(9) 0.0180(10) 0.0010(7) 0.0038(8) -0.0007(7) 

C2 0.0167(10) 0.0165(9) 0.0243(11) 0.0028(8) 0.0090(9) -0.0028(8) 

C3 0.0172(10) 0.0176(9) 0.0214(10) 0.0041(8) 0.0115(8) 0.0003(8) 

C4 0.0162(10) 0.0133(9) 0.0180(10) 0.0022(7) 0.0039(8) 0.0004(7) 

C5 0.0173(11) 0.0128(9) 0.0250(11) -0.0021(8) 0.0046(9) 0.0012(8) 

C6 0.0140(10) 0.0171(9) 0.0191(10) -0.0064(8) 0.0045(8) 0.0008(8) 

C7 0.0130(10) 0.0177(9) 0.0142(9) -0.0001(7) 0.0036(7) 0.0013(7) 

C8 0.0159(10) 0.0188(10) 0.0136(9) 0.0015(7) 0.0005(8) 0.0023(8) 

C9 0.0181(10) 0.0159(9) 0.0116(8) 0.0006(7) 0.0028(8) 0.0008(7) 

C10 0.0176(10) 0.0128(8) 0.0114(8) -0.0015(7) 0.0062(7) -0.0005(7) 

C11 0.0156(10) 0.0119(8) 0.0125(8) 0.0001(7) 0.0060(7) 0.0011(7) 

C12 0.0150(10) 0.0156(9) 0.0138(9) 0.0008(7) 0.0067(7) 0.0022(7) 

C13 0.0196(11) 0.0161(9) 0.0186(10) 0.0026(8) 0.0123(8) 0.0021(8) 

C013 0.0145(10) 0.0295(12) 0.0188(10) -0.0038(9) -0.0021(8) 0.0011(9) 

C14 0.0236(11) 0.0151(9) 0.0117(9) 0.0007(7) 0.0088(8) 0.0028(8) 

C15 0.0196(10) 0.0138(9) 0.0129(9) -0.0009(7) 0.0039(8) 0.0013(8) 

C16 0.0215(11) 0.0217(10) 0.0145(9) 0.0033(8) 0.0098(8) -0.0002(8) 

C17 0.0295(14) 0.0286(12) 0.0261(12) 0.0026(10) 0.0129(10) -0.0067(10) 

C18 0.066(2) 0.0242(13) 0.0442(17) -0.0018(12) 0.0347(17) -0.0130(14) 

C19 0.077(3) 0.0316(15) 0.053(2) 0.0209(14) 0.050(2) 0.0205(16) 

C20 0.0433(18) 0.057(2) 0.0384(16) 0.0269(15) 0.0261(14) 0.0272(16) 

C21 0.0261(13) 0.0447(15) 0.0197(11) 0.0109(11) 0.0100(10) 0.0044(11) 

C22 0.0244(12) 0.0189(10) 0.0187(10) 0.0042(8) 0.0119(9) 0.0087(9) 

C23 0.0222(12) 0.0221(11) 0.0196(10) 0.0040(8) 0.0063(9) 0.0052(9) 

B1 0.0151(11) 0.0151(10) 0.0121(9) 0.0001(7) 0.0058(8) 0.0009(8) 

O4 0.0272(17) 0.0344(17) 0.0266(15) -0.0079(12) 0.0162(13) 0.0024(13) 

O5 0.0135(15) 0.0238(15) 0.0304(19) -0.0008(13) 0.0095(14) -0.0026(12) 

C24 0.018(2) 0.0136(18) 0.024(2) -0.0050(14) 0.0043(16) 0.0003(16) 
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C25 0.0146(16) 0.0173(15) 0.0207(18) 0.0034(14) 0.0064(15) 0.0057(14) 

C26 0.0192(19) 0.034(2) 0.044(3) 0.0105(19) 0.0173(18) 0.0009(16) 

O4A 0.022(3) 0.026(3) 0.028(3) -0.006(2) 0.004(3) 0.000(2) 

O5A 0.025(3) 0.029(3) 0.023(3) 0.000(2) 0.017(2) 0.006(2) 

C24A 0.022(5) 0.018(4) 0.027(4) -0.004(3) 0.005(4) -0.003(3) 

C25A 0.016(4) 0.010(3) 0.023(4) -0.001(3) 0.008(4) 0.001(3) 

C26A 0.035(5) 0.033(4) 0.046(5) 0.009(4) 0.034(4) 0.006(3) 

 

Table 8. Hydrogen atomic coordinates and 
isotropic atomic displacement parameters (Å2) for 
Harman_SS7_34_2.  
 x/a y/b z/c U(eq) 

H00A 0.6642 0.2520 0.7256 0.037 

H00B 0.7701 0.2844 0.8149 0.037 

H00C 0.7084 0.3195 0.7001 0.037 

H00D 0.5666 0.3031 0.9789 0.043 

H00E 0.6798 0.2700 0.9777 0.043 

H00F 0.5615 0.2421 0.9028 0.043 

H1 0.6056 0.4845 0.7000 0.019 

H2 0.6993 0.5030 0.5581 0.022 

H3 0.6136 0.4241 0.4064 0.021 

H4 0.4513 0.1949 0.6876 0.02 

H5 0.5006 0.1317 0.5432 0.023 

H6 0.5064 0.2105 0.3977 0.02 

H7 0.1344 0.3869 0.5214 0.018 

H8 0.0681 0.3950 0.3142 0.021 

H9 0.2359 0.3711 0.2576 0.019 

H10 0.4891 0.4710 0.7986 0.016 

H11 0.3271 0.4755 0.6600 0.016 

H12 0.1619 0.4180 0.6787 0.017 

H13A 0.1699 0.4137 0.8756 0.02 

H13B 0.2195 0.3554 0.8267 0.02 

H01A 0.7215 0.4210 0.8376 0.034 

H01B 0.7624 0.3793 0.9483 0.034 

H01C 0.6565 0.4253 0.9251 0.034 

H15 0.5031 0.4282 0.9748 0.019 

H17 0.2316 0.2767 1.0014 0.033 

H18 0.2825 0.1687 1.0195 0.049 

H19 0.4647 0.1391 1.1212 0.056 
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H20 0.5976 0.2152 1.2030 0.052 

H21 0.5507 0.3234 1.1840 0.036 

H23A 0.1972 0.5428 0.6008 0.032 

H23B 0.1018 0.5810 0.6304 0.032 

H23C 0.0768 0.5112 0.5782 0.032 

H1A 0.450(2) 0.3374(12) 0.353(2) 0.017(7) 

H24A 0.3021 0.5401 0.8930 0.029 

H24B 0.2402 0.5991 0.8192 0.029 

H24C 0.3307 0.5591 0.7846 0.029 

H26A -0.0518 0.4479 0.8668 0.046 

H26B -0.1388 0.4303 0.7480 0.046 

H26C -0.1240 0.5027 0.7886 0.046 

H24D 0.2362 0.5272 0.9003 0.034 

H24E 0.1966 0.5889 0.8243 0.034 

H24F 0.3092 0.5529 0.8285 0.034 

H26D -0.1327 0.5102 0.7967 0.05 

H26E -0.0721 0.5069 0.9277 0.05 

H26F -0.0747 0.4456 0.8532 0.05 
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Crystal Structure Report for 11 in Chapter 4 
 
A yellow block-like specimen of C24H35BN7O7PSW, approximate dimensions 0.062 mm x 0.110 mm x 
0.170 mm, was coated with Paratone oil and mounted on a MiTeGen MicroLoop. The X-ray intensity 
data were measured on a Bruker Kappa APEXII Duo system equipped with a fine-focus sealed tube (Mo 
Kα, λ = 0. 10 3 Å) and a graphite monochromator. 
 
The total exposure time was 1.95 hours. The frames were integrated with the Bruker SAINT software 
package10 using a narrow-frame algorithm. The integration of the data using a monoclinic unit cell 
yielded a total of 47255 reflections to a maximum θ angle of 29.61° (0.72 Å resolution), of which 8246 
were independent (average redundancy 5.731, completeness = 99.8%, Rint = 4.72%, Rsig = 3.47%) and 
6872 (83.34%) were greater than 2σ(F2). The final cell constants of a = 12.6337(8) Å, b = 14.1105(9) Å, c 
= 17.1373(13) Å, β = 106.327(2)°, volume = 2931.8(3) Å3, are based upon the refinement of the XYZ-
centroids of 9902 reflections above 20 σ(I) with 4.429° < 2θ < 58.93°. Data were corrected for 
absorption effects using the Multi-Scan method (SADABS).1  The ratio of minimum to maximum 
apparent transmission was 0.833. The calculated minimum and maximum transmission coefficients 
(based on crystal size) are 0.5410 and 0.7840.  

 
10 Bruker (2012). Saint; SADABS; APEX3. Bruker AXS Inc., Madison, Wisconsin, USA. 
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The structure was solved and refined using the Bruker SHELXTL Software Package11 within APEX3 1 and 
OLEX2,12 using the space group P 21/c, with Z = 4 for the formula unit, C24H35BN7O7PSW. Non-hydrogen 
atoms were refined anisotropically. The B-H hydrogen atom, as well as H10 and H11 were located in the 
electron density map and refined isotropically. All other hydrogen atoms were placed in geometrically 
calculated positions with Uiso = 1.2Uequiv of the parent atom (Uiso = 1.5Uequiv for methyl). The final 
anisotropic full-matrix least-squares refinement on F2 with 396 variables converged at R1 = 2.25%, for 
the observed data and wR2 = 4.49% for all data. The goodness-of-fit was 1.008. The largest peak in the 
final difference electron density synthesis was 0.620 e-/Å3 and the largest hole was -0.709 e-/Å3 with an 
RMS deviation of 0.114 e-/Å3. On the basis of the final model, the calculated density was 1.793 g/cm3 
and F(000), 1576 e-.  
 

Table 1. Sample and crystal data for Harman_SS7_200_5_X1.  

Identification code Harman_SS7_200_5_X1 

Chemical formula C24H35BN7O7PSW 

Formula weight 791.28 g/mol 

Temperature 100(2) K 

Wavelength 0.71073 Å 

Crystal size 0.062 x 0.110 x 0.170 mm 

Crystal habit yellow block 

Crystal system monoclinic 

Space group P 21/c 

Unit cell dimensions a = 12.6337(8) Å α = 90° 
 b = 14.1105(9) Å β = 106.32 (2)° 
 c = 17.1373(13) Å γ = 90° 

Volume 2931.8(3) Å3  

Z 4 

Density (calculated) 1.793 g/cm3 

Absorption coefficient 4.122 mm-1 

F(000) 1576 

 

Table 2. Data collection and structure refinement for 
Harman_SS7_200_5_X1.  

Diffractometer Bruker Kappa APEXII Duo 

Radiation source 
fine-focus sealed tube (Mo Kα, λ = 0.71073 
Å) 

Theta range for data collection 1.68 to 29.61° 

Index ranges -17<=h<=17, -19<=k<=19, -23<=l<=23 

Reflections collected 47255 

 
11 Sheldrick, G. M. (2015). Acta Cryst. A71, 3-8. 

12 Dolomanov, O. V.; Bourhis, L. J.; Gildea, R. J.; Howard, J. A. K.; Puschmann, H. J. Appl. Cryst. (2009). 42, 339-341. 
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Independent reflections 8246 [R(int) = 0.0472] 

Coverage of independent 
reflections 

99.8% 

Absorption correction Multi-Scan 

Max. and min. transmission 0.7840 and 0.5410 

Structure solution technique direct methods 

Structure solution program SHELXT 2018/2 (Sheldrick, 2018) 

Refinement method Full-matrix least-squares on F2 

Refinement program SHELXL-2018/3 (Sheldrick, 2018) 

Function minimized Σ w(Fo
2 - Fc

2)2 

Data / restraints / parameters 8246 / 0 / 396 

Goodness-of-fit on F2 1.008 

Δ/σmax 0.002 

Final R indices 
6872 data; 
I>2σ(I) 

R1 = 0.0225, wR2 = 
0.0418 

 all data 
R1 = 0.0342, wR2 = 
0.0449 

Weighting scheme 
w=1/[σ2(Fo

2)+(0.0141P)2+2.6132P] 
where P=(Fo

2+2Fc
2)/3 

Largest diff. peak and hole 0.620 and -0.709 eÅ-3 

R.M.S. deviation from mean 0.114 eÅ-3 

 

Table 3. Atomic coordinates and equivalent 
isotropic atomic displacement parameters (Å2) 
for Harman_SS7_200_5_X1.  

U(eq) is defined as one third of the trace of the 
orthogonalized Uij tensor.  
 x/a y/b z/c U(eq) 

W1 0.31924(2) 0.68772(2) 0.38272(2) 0.00821(3) 

S1 0.17246(5) 0.37840(5) 0.49429(4) 0.01473(13) 

P1 0.22565(5) 0.78789(5) 0.46456(4) 0.01243(13) 

O1 0.42297(15) 0.57428(13) 0.53270(11) 0.0193(4) 

O2 0.10420(15) 0.42109(15) 0.53972(12) 0.0255(5) 

O3 0.13567(18) 0.28997(14) 0.45286(13) 0.0303(5) 

O4 0.99706(14) 0.52321(12) 0.15764(11) 0.0156(4) 

O5 0.14204(15) 0.49753(14) 0.10838(11) 0.0193(4) 

O6 0.11467(14) 0.26012(12) 0.24205(11) 0.0140(4) 

O7 0.24808(15) 0.31147(13) 0.18879(12) 0.0208(4) 

N1 0.24878(16) 0.79531(14) 0.28441(12) 0.0116(4) 

N2 0.31807(17) 0.85604(15) 0.25974(13) 0.0132(4) 
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N3 0.45180(16) 0.79264(14) 0.42859(12) 0.0108(4) 

N4 0.48960(16) 0.85216(14) 0.37924(13) 0.0124(4) 

N5 0.43268(16) 0.66223(14) 0.30621(12) 0.0114(4) 

N6 0.46809(16) 0.73619(15) 0.26848(12) 0.0116(4) 

N7 0.38039(16) 0.61539(14) 0.46864(12) 0.0117(4) 

C1 0.1457(2) 0.82142(18) 0.24330(15) 0.0151(5) 

C2 0.1475(2) 0.89839(19) 0.19331(16) 0.0182(5) 

C3 0.2576(2) 0.91800(18) 0.20519(16) 0.0171(5) 

C4 0.5179(2) 0.80506(18) 0.50397(16) 0.0156(5) 

C5 0.5983(2) 0.87203(19) 0.50423(17) 0.0195(6) 

C6 0.5788(2) 0.89934(18) 0.42409(17) 0.0175(5) 

C7 0.47501(19) 0.58386(18) 0.28285(15) 0.0135(5) 

C8 0.5363(2) 0.60585(19) 0.22938(16) 0.0159(5) 

C9 0.53059(19) 0.70374(18) 0.22280(15) 0.0142(5) 

C10 0.15512(19) 0.61295(17) 0.35301(15) 0.0105(5) 

C11 0.21961(19) 0.58354(17) 0.29875(14) 0.0099(5) 

C12 0.24225(19) 0.47832(17) 0.29254(14) 0.0107(5) 

C13 0.27421(19) 0.43068(17) 0.37647(14) 0.0110(5) 

C14 0.19510(19) 0.46014(17) 0.42391(14) 0.0113(5) 

C15 0.14198(19) 0.54367(17) 0.41340(14) 0.0118(5) 

C16 0.3050(2) 0.35978(19) 0.56106(16) 0.0172(5) 

C17 0.13889(19) 0.42653(17) 0.23677(14) 0.0106(5) 

C18 0.0954(2) 0.48432(17) 0.15956(15) 0.0125(5) 

C19 0.9555(2) 0.5926(2) 0.09407(17) 0.0210(6) 

C20 0.17431(19) 0.32786(17) 0.21815(15) 0.0126(5) 

C21 0.1471(2) 0.16306(18) 0.23108(18) 0.0189(6) 

C22 0.0760(2) 0.78974(19) 0.44112(17) 0.0189(6) 

C23 0.2667(2) 0.7651(3) 0.57273(17) 0.0296(7) 

C24 0.2544(2) 0.91370(19) 0.45756(19) 0.0240(6) 

B1 0.4443(2) 0.8402(2) 0.28664(18) 0.0138(6) 

 

Table 4. Bond lengths (Å) for 
Harman_SS7_200_5_X1.  

W1-N7 1.780(2) W1-C11 2.190(2) 

W1-N3 2.208(2) W1-N5 2.227(2) 

W1-C10 2.253(2) W1-N1 2.257(2) 

W1-P1 2.5090(7) S1-O2 1.446(2) 

S1-O3 1.446(2) S1-C14 1.750(2) 

S1-C16 1.762(3) P1-C23 1.808(3) 
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P1-C22 1.819(3) P1-C24 1.823(3) 

O1-N7 1.224(3) O4-C18 1.350(3) 

O4-C19 1.449(3) O5-C18 1.201(3) 

O6-C20 1.350(3) O6-C21 1.457(3) 

O7-C20 1.199(3) N1-C1 1.346(3) 

N1-N2 1.374(3) N2-C3 1.349(3) 

N2-B1 1.547(3) N3-C4 1.338(3) 

N3-N4 1.370(3) N4-C6 1.348(3) 

N4-B1 1.537(4) N5-C7 1.338(3) 

N5-N6 1.368(3) N6-C9 1.339(3) 

N6-B1 1.546(4) C1-C2 1.387(4) 

C1-H1 0.95 C2-C3 1.377(4) 

C2-H2 0.95 C3-H3 0.95 

C4-C5 1.387(4) C4-H4 0.95 

C5-C6 1.380(4) C5-H5 0.95 

C6-H6 0.95 C7-C8 1.391(4) 

C7-H7 0.95 C8-C9 1.386(4) 

C8-H8 0.95 C9-H9 0.95 

C10-C11 1.458(3) C10-C15 1.467(3) 

C10-H10 0.95(3) C11-C12 1.521(3) 

C11-H11 0.95(3) C12-C13 1.535(3) 

C12-C17 1.566(3) C12-H12 1.0 

C13-C14 1.513(3) C13-H13A 0.99 

C13-H13B 0.99 C14-C15 1.343(3) 

C15-H15 0.95 C16-H16A 0.98 

C16-H16B 0.98 C16-H16C 0.98 

C17-C18 1.520(3) C17-C20 1.523(3) 

C17-H17 1.0 C19-H19A 0.98 

C19-H19B 0.98 C19-H19C 0.98 

C21-H21A 0.98 C21-H21B 0.98 

C21-H21C 0.98 C22-H22A 0.98 

C22-H22B 0.98 C22-H22C 0.98 

C23-H23A 0.98 C23-H23B 0.98 

C23-H23C 0.98 C24-H24A 0.98 

C24-H24B 0.98 C24-H24C 0.98 

B1-H1A 1.11(3)   

 

Table 5. Bond angles (°) for Harman_SS7_200_5_X1.  

N7-W1-C11 101.20(9) N7-W1-N3 88.89(8) 
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C11-W1-N3 157.26(8) N7-W1-N5 101.13(8) 

C11-W1-N5 81.42(8) N3-W1-N5 76.62(7) 

N7-W1-C10 94.38(9) C11-W1-C10 38.28(8) 

N3-W1-C10 162.19(8) N5-W1-C10 119.67(8) 

N7-W1-N1 172.71(8) C11-W1-N1 85.86(8) 

N3-W1-N1 85.14(7) N5-W1-N1 81.56(7) 

C10-W1-N1 90.09(8) N7-W1-P1 91.36(7) 

C11-W1-P1 118.12(6) N3-W1-P1 81.53(5) 

N5-W1-P1 154.49(5) C10-W1-P1 80.90(6) 

N1-W1-P1 83.65(5) O2-S1-O3 117.77(13) 

O2-S1-C14 109.54(12) O3-S1-C14 108.82(12) 

O2-S1-C16 108.31(12) O3-S1-C16 107.80(13) 

C14-S1-C16 103.67(12) C23-P1-C22 102.11(13) 

C23-P1-C24 103.61(15) C22-P1-C24 100.67(13) 

C23-P1-W1 115.39(10) C22-P1-W1 120.56(9) 

C24-P1-W1 112.21(9) C18-O4-C19 115.4(2) 

C20-O6-C21 115.16(19) C1-N1-N2 105.9(2) 

C1-N1-W1 134.06(17) N2-N1-W1 119.84(15) 

C3-N2-N1 109.4(2) C3-N2-B1 129.5(2) 

N1-N2-B1 120.7(2) C4-N3-N4 106.54(19) 

C4-N3-W1 129.53(17) N4-N3-W1 123.54(15) 

C6-N4-N3 109.4(2) C6-N4-B1 130.7(2) 

N3-N4-B1 118.47(19) C7-N5-N6 106.1(2) 

C7-N5-W1 133.42(17) N6-N5-W1 120.35(15) 

C9-N6-N5 109.9(2) C9-N6-B1 128.4(2) 

N5-N6-B1 121.4(2) O1-N7-W1 173.08(18) 

N1-C1-C2 110.9(2) N1-C1-H1 124.6 

C2-C1-H1 124.6 C3-C2-C1 104.9(2) 

C3-C2-H2 127.6 C1-C2-H2 127.6 

N2-C3-C2 108.9(2) N2-C3-H3 125.6 

C2-C3-H3 125.6 N3-C4-C5 110.5(2) 

N3-C4-H4 124.8 C5-C4-H4 124.8 

C6-C5-C4 105.1(2) C6-C5-H5 127.4 

C4-C5-H5 127.4 N4-C6-C5 108.5(2) 

N4-C6-H6 125.8 C5-C6-H6 125.8 

N5-C7-C8 110.9(2) N5-C7-H7 124.6 

C8-C7-H7 124.6 C9-C8-C7 104.5(2) 

C9-C8-H8 127.8 C7-C8-H8 127.8 

N6-C9-C8 108.6(2) N6-C9-H9 125.7 
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C8-C9-H9 125.7 C11-C10-C15 117.0(2) 

C11-C10-W1 68.51(13) C15-C10-W1 115.60(16) 

C11-C10-H10 119.3(18) C15-C10-H10 115.4(17) 

W1-C10-H10 112.4(17) C10-C11-C12 118.2(2) 

C10-C11-W1 73.20(13) C12-C11-W1 128.05(16) 

C10-C11-H11 114.0(16) C12-C11-H11 112.7(16) 

W1-C11-H11 105.1(16) C11-C12-C13 111.52(19) 

C11-C12-C17 110.94(19) C13-C12-C17 108.78(19) 

C11-C12-H12 108.5 C13-C12-H12 108.5 

C17-C12-H12 108.5 C14-C13-C12 110.10(19) 

C14-C13-H13A 109.6 C12-C13-H13A 109.6 

C14-C13-H13B 109.6 C12-C13-H13B 109.6 

H13A-C13-H13B 108.2 C15-C14-C13 123.3(2) 

C15-C14-S1 119.90(19) C13-C14-S1 116.74(17) 

C14-C15-C10 121.9(2) C14-C15-H15 119.1 

C10-C15-H15 119.1 S1-C16-H16A 109.5 

S1-C16-H16B 109.5 H16A-C16-H16B 109.5 

S1-C16-H16C 109.5 H16A-C16-H16C 109.5 

H16B-C16-H16C 109.5 C18-C17-C20 111.33(19) 

C18-C17-C12 108.45(19) C20-C17-C12 108.11(18) 

C18-C17-H17 109.6 C20-C17-H17 109.6 

C12-C17-H17 109.6 O5-C18-O4 123.8(2) 

O5-C18-C17 126.0(2) O4-C18-C17 110.2(2) 

O4-C19-H19A 109.5 O4-C19-H19B 109.5 

H19A-C19-H19B 109.5 O4-C19-H19C 109.5 

H19A-C19-H19C 109.5 H19B-C19-H19C 109.5 

O7-C20-O6 123.8(2) O7-C20-C17 124.9(2) 

O6-C20-C17 111.2(2) O6-C21-H21A 109.5 

O6-C21-H21B 109.5 H21A-C21-H21B 109.5 

O6-C21-H21C 109.5 H21A-C21-H21C 109.5 

H21B-C21-H21C 109.5 P1-C22-H22A 109.5 

P1-C22-H22B 109.5 H22A-C22-H22B 109.5 

P1-C22-H22C 109.5 H22A-C22-H22C 109.5 

H22B-C22-H22C 109.5 P1-C23-H23A 109.5 

P1-C23-H23B 109.5 H23A-C23-H23B 109.5 

P1-C23-H23C 109.5 H23A-C23-H23C 109.5 

H23B-C23-H23C 109.5 P1-C24-H24A 109.5 

P1-C24-H24B 109.5 H24A-C24-H24B 109.5 

P1-C24-H24C 109.5 H24A-C24-H24C 109.5 
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H24B-C24-H24C 109.5 N4-B1-N6 106.0(2) 

N4-B1-N2 110.2(2) N6-B1-N2 108.6(2) 

N4-B1-H1A 112.1(14) N6-B1-H1A 107.7(14) 

N2-B1-H1A 112.0(14)   

 

Table 6. Torsion angles (°) for Harman_SS7_200_5_X1.  

C1-N1-N2-C3 0.4(3) W1-N1-N2-C3 -175.57(16) 

C1-N1-N2-B1 -172.7(2) W1-N1-N2-B1 11.3(3) 

C4-N3-N4-C6 0.8(3) W1-N3-N4-C6 -172.72(16) 

C4-N3-N4-B1 168.4(2) W1-N3-N4-B1 -5.2(3) 

C7-N5-N6-C9 0.2(3) W1-N5-N6-C9 -176.86(15) 

C7-N5-N6-B1 -174.5(2) W1-N5-N6-B1 8.5(3) 

N2-N1-C1-C2 -0.6(3) W1-N1-C1-C2 174.57(18) 

N1-C1-C2-C3 0.5(3) N1-N2-C3-C2 -0.1(3) 

B1-N2-C3-C2 172.2(2) C1-C2-C3-N2 -0.3(3) 

N4-N3-C4-C5 0.0(3) W1-N3-C4-C5 173.01(17) 

N3-C4-C5-C6 -0.8(3) N3-N4-C6-C5 -1.3(3) 

B1-N4-C6-C5 -166.9(2) C4-C5-C6-N4 1.3(3) 

N6-N5-C7-C8 -0.8(3) W1-N5-C7-C8 175.61(17) 

N5-C7-C8-C9 1.2(3) N5-N6-C9-C8 0.6(3) 

B1-N6-C9-C8 174.8(2) C7-C8-C9-N6 -1.1(3) 

C15-C10-C11-C12 16.0(3) W1-C10-C11-C12 124.7(2) 

C15-C10-C11-W1 -108.7(2) C10-C11-C12-C13 -43.1(3) 

W1-C11-C12-C13 47.1(3) C10-C11-C12-C17 78.3(3) 

W1-C11-C12-C17 168.51(16) C11-C12-C13-C14 46.9(3) 

C17-C12-C13-C14 -75.8(2) C12-C13-C14-C15 -28.6(3) 

C12-C13-C14-S1 150.37(17) O2-S1-C14-C15 -6.7(2) 

O3-S1-C14-C15 123.3(2) C16-S1-C14-C15 -122.1(2) 

O2-S1-C14-C13 174.27(17) O3-S1-C14-C13 -55.7(2) 

C16-S1-C14-C13 58.8(2) C13-C14-C15-C10 1.3(4) 

S1-C14-C15-C10 -177.69(18) C11-C10-C15-C14 6.1(3) 

W1-C10-C15-C14 -71.7(3) C11-C12-C17-C18 46.9(3) 

C13-C12-C17-C18 169.96(19) C11-C12-C17-C20 167.76(19) 

C13-C12-C17-C20 -69.2(2) C19-O4-C18-O5 -7.2(3) 

C19-O4-C18-C17 170.1(2) C20-C17-C18-O5 -52.6(3) 

C12-C17-C18-O5 66.3(3) C20-C17-C18-O4 130.1(2) 

C12-C17-C18-O4 -111.1(2) C21-O6-C20-O7 1.0(3) 

C21-O6-C20-C17 -176.5(2) C18-C17-C20-O7 63.9(3) 

C12-C17-C20-O7 -55.2(3) C18-C17-C20-O6 -118.7(2) 
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C12-C17-C20-O6 122.3(2) C6-N4-B1-N6 108.0(3) 

N3-N4-B1-N6 -56.4(3) C6-N4-B1-N2 -134.6(3) 

N3-N4-B1-N2 60.9(3) C9-N6-B1-N4 -118.6(3) 

N5-N6-B1-N4 55.0(3) C9-N6-B1-N2 123.0(3) 

N5-N6-B1-N2 -63.4(3) C3-N2-B1-N4 123.4(3) 

N1-N2-B1-N4 -65.0(3) C3-N2-B1-N6 -121.0(3) 

N1-N2-B1-N6 50.6(3)   

 

Table 7. Anisotropic atomic displacement parameters (Å2) for 
Harman_SS7_200_5_X1.  

The anisotropic atomic displacement factor exponent takes the 
form: -2π2[ h2 a*2 U11 + ... + 2 h k a* b* U12 ]  
 U11 U22 U33 U23 U13 U12 

W1 0.00832(4) 0.00777(5) 0.00845(4) 
-
0.00084(4) 

0.00223(3) 
-
0.00053(4) 

S1 0.0146(3) 0.0160(3) 0.0130(3) 0.0039(2) 0.0028(2) -0.0025(2) 

P1 0.0118(3) 0.0150(3) 0.0106(3) -0.0014(2) 0.0033(2) 0.0010(2) 

O1 0.0211(9) 0.0205(10) 0.0132(9) 0.0044(8) -0.0003(7) 0.0035(8) 

O2 0.0208(10) 0.0349(12) 0.0256(11) 0.0150(9) 0.0142(8) 0.0098(9) 

O3 0.0448(13) 0.0186(11) 0.0226(11) 0.0013(9) 0.0014(9) -0.0174(9) 

O4 0.0157(9) 0.0162(9) 0.0148(9) 0.0041(7) 0.0041(7) 0.0020(7) 

O5 0.0220(9) 0.0251(10) 0.0122(9) 0.0011(8) 0.0070(7) -0.0033(8) 

O6 0.0157(8) 0.0107(9) 0.0158(9) -0.0019(7) 0.0049(7) -0.0010(7) 

O7 0.0198(9) 0.0187(10) 0.0279(10) -0.0047(9) 0.0132(8) -0.0014(8) 

N1 0.0130(10) 0.0099(10) 0.0124(10) 0.0007(8) 0.0044(8) -0.0003(8) 

N2 0.0155(10) 0.0101(10) 0.0140(10) 0.0013(9) 0.0041(8) -0.0020(8) 

N3 0.0121(9) 0.0102(10) 0.0105(10) -0.0014(8) 0.0038(8) -0.0020(8) 

N4 0.0140(10) 0.0083(10) 0.0145(10) 0.0000(8) 0.0033(8) -0.0029(8) 

N5 0.0112(9) 0.0120(10) 0.0112(10) -0.0012(8) 0.0036(8) -0.0014(8) 

N6 0.0096(9) 0.0131(11) 0.0117(10) 0.0002(8) 0.0026(8) -0.0023(8) 

N7 0.0109(9) 0.0113(10) 0.0123(10) -0.0014(8) 0.0019(8) -0.0016(8) 

C1 0.0117(11) 0.0163(13) 0.0161(12) 0.0004(11) 0.0022(9) 0.0030(10) 

C2 0.0177(13) 0.0167(13) 0.0182(13) 0.0057(11) 0.0017(10) 0.0051(11) 

C3 0.0209(13) 0.0128(13) 0.0173(13) 0.0051(10) 0.0046(10) 0.0004(10) 

C4 0.0163(12) 0.0158(13) 0.0145(12) 
-
0.0013(11) 

0.0039(9) 
-
0.0010(11) 

C5 0.0192(13) 0.0184(14) 0.0190(14) 
-
0.0043(11) 

0.0020(10) 
-
0.0058(11) 

C6 0.0162(12) 0.0134(13) 0.0207(14) 
-
0.0036(11) 

0.0017(10) 
-
0.0073(10) 
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C7 0.0120(11) 0.0114(12) 0.0163(12) 
-
0.0048(10) 

0.0025(9) 0.0006(10) 

C8 0.0136(12) 0.0177(13) 0.0169(13) 
-
0.0056(11) 

0.0052(10) 
-
0.0015(10) 

C9 0.0116(11) 0.0213(14) 0.0102(11) 
-
0.0022(10) 

0.0038(9) 
-
0.0038(10) 

C10 0.0076(10) 0.0105(12) 0.0125(11) -0.0003(9) 0.0014(9) -0.0007(9) 

C11 0.0114(11) 0.0094(12) 0.0081(11) 0.0003(9) 0.0017(9) -0.0015(9) 

C12 0.0110(11) 0.0103(12) 0.0104(11) -0.0013(9) 0.0024(9) -0.0009(9) 

C13 0.0108(11) 0.0092(11) 0.0122(11) 0.0008(9) 0.0020(9) 0.0002(9) 

C14 0.0087(11) 0.0135(12) 0.0107(11) 0.0001(9) 0.0013(9) -0.0022(9) 

C15 0.0087(11) 0.0148(12) 0.0107(11) 
-
0.0028(10) 

0.0009(9) -0.0036(9) 

C16 0.0192(13) 0.0182(14) 0.0135(12) 0.0038(11) 0.0035(10) 0.0045(11) 

C17 0.0109(11) 0.0126(12) 0.0093(11) -0.0016(9) 0.0046(9) -0.0011(9) 

C18 0.0134(11) 0.0124(12) 0.0103(11) 
-
0.0033(10) 

0.0010(9) 
-
0.0042(10) 

C19 0.0232(14) 0.0210(14) 0.0170(13) 0.0085(11) 0.0026(11) 0.0035(12) 

C20 0.0136(11) 0.0114(12) 0.0108(11) -0.0019(9) 0.0002(9) -0.0026(9) 

C21 0.0210(13) 0.0106(13) 0.0260(15) 
-
0.0028(11) 

0.0081(11) 0.0006(10) 

C22 0.0147(12) 0.0220(15) 0.0202(13) 
-
0.0062(11) 

0.0052(10) 0.0029(10) 

C23 0.0257(15) 0.051(2) 0.0131(13) 0.0028(14) 0.0065(11) 0.0112(15) 

C24 0.0235(14) 0.0180(14) 0.0335(17) 
-
0.0095(13) 

0.0129(12) 
-
0.0018(12) 

B1 0.0151(13) 0.0119(14) 0.0143(13) 
-
0.0005(11) 

0.0040(11) 
-
0.0032(11) 



265 

 

 

 x/a y/b z/c U(eq) 

H1 0.0805 0.7912 0.2479 0.018 

H2 0.0861 0.9305 0.1585 0.022 

H3 0.2864 0.9672 0.1792 0.021 

H4 0.5107 0.7726 0.5508 0.019 

H5 0.6547 0.8943 0.5497 0.023 

H6 0.6210 0.9439 0.4040 0.021 

H7 0.4646 0.5216 0.3004 0.016 

H8 0.5738 0.5633 0.2033 0.019 

H9 0.5652 0.7415 0.1912 0.017 

H10 0.095(2) 0.655(2) 0.3334(18) 0.019(8) 

H11 0.199(2) 0.6140(19) 0.2476(17) 0.012 

H12 0.3049 0.4710 0.2680 0.013 

H13A 0.2723 0.3610 0.3698 0.013 

H13B 0.3502 0.4492 0.4067 0.013 

H15 0.0945 0.5583 0.4460 0.014 

H16A 0.3352 0.4202 0.5857 0.026 

H16B 0.3534 0.3334 0.5308 0.026 

H16C 0.3001 0.3154 0.6039 0.026 

H17 0.0806 0.4212 0.2658 0.013 

H19A -0.0553 0.5625 0.0409 0.032 

H19B 0.0087 0.6445 0.1001 0.032 

H19C -0.1150 0.6177 0.0983 0.032 

H21A 0.1323 0.1496 0.1729 0.028 

H21B 0.1049 0.1192 0.2551 0.028 

H21C 0.2260 0.1551 0.2579 0.028 

H22A 0.0440 0.8009 0.3828 0.028 

H22B 0.0535 0.8406 0.4720 0.028 

H22C 0.0500 0.7287 0.4560 0.028 

H23A 0.2465 0.7002 0.5828 0.044 

H23B 0.2292 0.8098 0.5998 0.044 

H23C 0.3467 0.7731 0.5942 0.044 

H24A 0.3343 0.9241 0.4751 0.036 

H24B 0.2197 0.9497 0.4927 0.036 

H24C 0.2246 0.9349 0.4012 0.036 

H1A 0.488(2) 0.8868(19) 0.2529(17) 0.013(7) 

Table 8. Hydrogen atomic coordinates and 
isotropic atomic displacement parameters (Å2) for 
Harman_SS7_200_5_X1.  
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Crystal Structure Report for 12  
 
A yellow blocks-like specimen of C29H37BN7O7PSW, approximate dimensions 0.075 mm x 0.081 mm x 
0.244 mm, was coated with Paratone oil and mounted on a MiTeGen MicroLoop. The X-ray intensity 
data were measured on a Bruker Kappa APEXII Duo system equipped with a fine-focus sealed tube (Mo 
Kα, λ = 0. 10 3 Å) and a graphite monochromator. 
 
The total exposure time was 3.08 hours. The frames were integrated with the Bruker SAINT software 
package13 using a narrow-frame algorithm. The integration of the data using a monoclinic unit cell 
yielded a total of 53711 reflections to a maximum θ angle of 28.34° (0.75 Å resolution), of which 8375 
were independent (average redundancy 6.413, completeness = 99.8%, Rint = 7.89%, Rsig = 5.82%) and 
6486 (77.44%) were greater than 2σ(F2). The final cell constants of a = 12.5334(8) Å, b = 22.9625(17) Å, c 
= 12.6358(9) Å, β = 112.263(2)°, volume = 3365.5(4) Å3, are based upon the refinement of the XYZ-
centroids of 8009 reflections above 20 σ(I) with 4.972° < 2θ < 49.28°. Data were corrected for 
absorption effects using the Multi-Scan method (SADABS).1

  The ratio of minimum to maximum apparent 
transmission was 0.805. The calculated minimum and maximum transmission coefficients (based on 

 
13 Bruker (2012). Saint; SADABS; APEX3. Bruker AXS Inc., Madison, Wisconsin, USA. 
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crystal size) are 0.4740 and 0.7740.  
 
The structure was solved and refined using the Bruker SHELXTL Software Package14 within APEX3 1 and 
OLEX2,15 using the space group P 21/n, with Z = 4 for the formula unit, C29H37BN7O7PSW. Non-hydrogen 
atoms were refined anisotropically. The B-H hydrogen atom, as well as H10 and H11 were located in the 
electron density map and refined isotropically. All other hydrogen atoms were placed in geometrically 
calculated positions with Uiso = 1.2Uequiv of the parent atom (Uiso = 1.5Uequiv for methyl). The final 
anisotropic full-matrix least-squares refinement on F2 with 440 variables converged at R1 = 4.31%, for 
the observed data and wR2 = 7.60% for all data. The goodness-of-fit was 1.072. The largest peak in the 
final difference electron density synthesis was 1.008 e-/Å3 and the largest hole was -1.311 e-/Å3 with an 
RMS deviation of 0.153 e-/Å3. On the basis of the final model, the calculated density was 1.684 g/cm3 
and F(000), 1704 e-.  
 

Table 1. Sample and crystal data for Harman_SS7_200_8_X1.  

Identification code Harman_SS7_200_8_X1 

Chemical formula C29H37BN7O7PSW 

Formula weight 853.34 g/mol 

Temperature 100(2) K 

Wavelength 0.71073 Å 

Crystal size 0.075 x 0.081 x 0.244 mm 

Crystal habit yellow blocks 

Crystal system monoclinic 

Space group P 21/n 

Unit cell dimensions a = 12.5334(8) Å α = 90° 
 b = 22.9625(17) Å β = 112.263(2)° 
 c = 12.6358(9) Å γ = 90° 

Volume 3365.5(4) Å3  

Z 4 

Density (calculated) 1.684 g/cm3 

Absorption coefficient 3.598 mm-1 

F(000) 1704 

 

Table 2. Data collection and structure refinement for 
Harman_SS7_200_8_X1.  

Diffractometer Bruker Kappa APEXII Duo 

Radiation source 
fine-focus sealed tube (Mo Kα, λ = 0. 10 3 
Å) 

Theta range for data collection 1.77 to 28.34° 

Index ranges -16<=h<=16, -30<=k<=30, -16<=l<=16 

Reflections collected 53711 

 
14 Sheldrick, G. M. (2015). Acta Cryst. A71, 3-8. 

15 Dolomanov, O. V.; Bourhis, L. J.; Gildea, R. J.; Howard, J. A. K.; Puschmann, H. J. Appl. Cryst. (2009). 42, 339-341. 
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Independent reflections 8375 [R(int) = 0.0789] 

Coverage of independent 
reflections 

99.8% 

Absorption correction Multi-Scan 

Max. and min. transmission 0.7740 and 0.4740 

Structure solution technique direct methods 

Structure solution program SHELXT 2018/2 (Sheldrick, 2018) 

Refinement method Full-matrix least-squares on F2 

Refinement program SHELXL-2018/3 (Sheldrick, 2018) 

Function minimized Σ w(Fo
2 - Fc

2)2 

Data / restraints / parameters 8375 / 0 / 440 

Goodness-of-fit on F2 1.072 

Δ/σmax 0.002 

Final R indices 64 6 data; I>2σ(I) 
R1 = 0.0431, wR2 = 
0.0702 

 all data 
R1 = 0.0681, wR2 = 
0.0760 

Weighting scheme 
w=1/[σ2(Fo

2)+(0.0100P)2+15.7645P] 
where P=(Fo

2+2Fc
2)/3 

Largest diff. peak and hole 1.008 and -1.311 eÅ-3 

R.M.S. deviation from mean 0.153 eÅ-3 

 

Table 3. Atomic coordinates and equivalent 
isotropic atomic displacement parameters (Å2) 
for Harman_SS7_200_8_X1.  

U(eq) is defined as one third of the trace of the 
orthogonalized Uij tensor.  
 x/a y/b z/c U(eq) 

W1 0.44433(2) 0.63752(2) 0.22078(2) 0.01447(5) 

S1 0.37858(12) 0.61056(6) 0.61261(10) 0.0216(3) 

P1 0.64745(12) 0.65170(6) 0.36032(10) 0.0200(3) 

O1 0.3778(3) 0.73421(15) 0.3419(3) 0.0265(9) 

O2 0.4652(4) 0.57333(17) 0.6898(3) 0.0374(10) 

O3 0.2635(3) 0.60975(17) 0.6146(3) 0.0323(10) 

O4 0.0004(3) 0.55914(19) 0.2532(4) 0.0416(11) 

O5 0.0391(3) 0.47737(17) 0.3541(3) 0.0299(9) 

O6 0.2555(4) 0.4231(2) 0.2560(4) 0.0537(13) 

O7 0.1153(4) 0.4727(2) 0.1187(4) 0.0501(12) 

N1 0.3024(3) 0.63719(19) 0.0474(3) 0.0169(8) 

N2 0.3293(3) 0.63925(18) 0.9517(3) 0.0165(8) 
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N3 0.4904(3) 0.71006(18) 0.1313(3) 0.0157(9) 

N4 0.4966(3) 0.70436(18) 0.0259(3) 0.0184(9) 

N5 0.5282(3) 0.57984(18) 0.1287(3) 0.0168(9) 

N6 0.5273(3) 0.59689(18) 0.0248(3) 0.0186(9) 

N7 0.3989(4) 0.69204(18) 0.2928(3) 0.0186(9) 

C1 0.1886(4) 0.6311(2) 0.0097(4) 0.0227(11) 

C2 0.1409(4) 0.6291(2) 0.8908(4) 0.0252(12) 

C3 0.2321(4) 0.6343(2) 0.8575(4) 0.0208(10) 

C4 0.5129(4) 0.7655(2) 0.1609(4) 0.0221(11) 

C5 0.5349(4) 0.7965(2) 0.0771(4) 0.0263(12) 

C6 0.5234(4) 0.7561(2) 0.9930(4) 0.0226(11) 

C7 0.5980(4) 0.5330(2) 0.1596(4) 0.0213(11) 

C8 0.6431(4) 0.5205(2) 0.0771(4) 0.0241(12) 

C9 0.5953(4) 0.5614(2) 0.9933(4) 0.0243(12) 

C10 0.4525(4) 0.5629(2) 0.3397(4) 0.0150(10) 

C11 0.3421(4) 0.5655(2) 0.2466(4) 0.0176(10) 

C12 0.2342(4) 0.5726(2) 0.2743(4) 0.0207(11) 

C13 0.2553(4) 0.6128(2) 0.3779(4) 0.0209(11) 

C14 0.3662(4) 0.5969(2) 0.4732(4) 0.0179(10) 

C15 0.4558(4) 0.5748(2) 0.4536(4) 0.0171(10) 

C16 0.4312(4) 0.6827(2) 0.6412(4) 0.0170(10) 

C17 0.3524(5) 0.7281(2) 0.6053(5) 0.0299(13) 

C18 0.3928(7) 0.7856(3) 0.6244(6) 0.0442(17) 

C19 0.5083(7) 0.7954(3) 0.6796(6) 0.0457(18) 

C20 0.5870(6) 0.7502(3) 0.7144(5) 0.0422(17) 

C21 0.5477(5) 0.6931(3) 0.6940(5) 0.0314(13) 

C22 0.1893(4) 0.5140(2) 0.3023(4) 0.0221(11) 

C23 0.0670(5) 0.5207(2) 0.2983(4) 0.0249(12) 

C24 0.9228(5) 0.4807(3) 0.3543(5) 0.0344(14) 

C25 0.1919(5) 0.4643(3) 0.2251(5) 0.0314(13) 

C26 0.1089(6) 0.4261(3) 0.0387(6) 0.059(2) 

C27 0.6661(5) 0.7102(3) 0.4611(5) 0.0346(14) 

C28 0.7462(5) 0.6703(3) 0.2899(5) 0.0371(15) 

C29 0.7271(5) 0.5927(3) 0.4525(5) 0.0331(14) 

B1 0.4535(5) 0.6478(2) 0.9593(4) 0.0190(12) 

 

Table 4. Bond lengths (Å) for 
Harman_SS7_200_8_X1.  

W1-N7 1.764(4) W1-C11 2.191(5) 
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W1-N3 2.210(4) W1-N1 2.238(4) 

W1-C10 2.256(4) W1-N5 2.267(4) 

W1-P1 2.5089(13) S1-O2 1.435(4) 

S1-O3 1.452(4) S1-C14 1.737(5) 

S1-C16 1.768(5) P1-C27 1.804(6) 

P1-C29 1.818(5) P1-C28 1.828(5) 

O1-N7 1.232(5) O4-C23 1.200(6) 

O5-C23 1.339(6) O5-C24 1.461(6) 

O6-C25 1.203(7) O7-C25 1.337(7) 

O7-C26 1.453(7) N1-C1 1.329(6) 

N1-N2 1.374(5) N2-C3 1.346(6) 

N2-B1 1.536(7) N3-C4 1.328(6) 

N3-N4 1.369(5) N4-C6 1.343(6) 

N4-B1 1.531(7) N5-C7 1.348(6) 

N5-N6 1.366(5) N6-C9 1.345(6) 

N6-B1 1.525(7) C1-C2 1.392(6) 

C1-H1 0.95 C2-C3 1.365(7) 

C2-H2 0.95 C3-H3 0.95 

C4-C5 1.388(7) C4-H4 0.95 

C5-C6 1.377(7) C5-H5 0.95 

C6-H6 0.95 C7-C8 1.390(7) 

C7-H7 0.95 C8-C9 1.372(7) 

C8-H8 0.95 C9-H9 0.95 

C10-C11 1.438(7) C10-C15 1.451(6) 

C10-H10 0.88(5) C11-C12 1.528(7) 

C11-H11 0.81(5) C12-C13 1.541(7) 

C12-C22 1.551(7) C12-H12 1.0 

C13-C14 1.500(7) C13-H13A 0.99 

C13-H13B 0.99 C14-C15 1.338(7) 

C15-H15 0.95 C16-C21 1.377(7) 

C16-C17 1.389(7) C17-C18 1.402(8) 

C17-H17 0.95 C18-C19 1.367(10) 

C18-H18 0.95 C19-C20 1.384(10) 

C19-H19 0.95 C20-C21 1.392(8) 

C20-H20 0.95 C21-H21 0.95 

C22-C25 1.509(8) C22-C23 1.523(7) 

C22-H22 1.0 C24-H24A 0.98 

C24-H24B 0.98 C24-H24C 0.98 

C26-H26A 0.98 C26-H26B 0.98 
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C26-H26C 0.98 C27-H27A 0.98 

C27-H27B 0.98 C27-H27C 0.98 

C28-H28A 0.98 C28-H28B 0.98 

C28-H28C 0.98 C29-H29A 0.98 

C29-H29B 0.98 C29-H29C 0.98 

B1-H1A 1.11(5)   

 

Table 5. Bond angles (°) for Harman_SS7_200_8_X1.  

N7-W1-C11 97.90(18) N7-W1-N3 85.82(16) 

C11-W1-N3 157.87(16) N7-W1-N1 102.42(17) 

C11-W1-N1 81.40(16) N3-W1-N1 76.50(14) 

N7-W1-C10 97.92(17) C11-W1-C10 37.70(17) 

N3-W1-C10 163.53(16) N1-W1-C10 117.90(17) 

N7-W1-N5 169.20(17) C11-W1-N5 92.68(17) 

N3-W1-N5 85.17(15) N1-W1-N5 81.21(14) 

C10-W1-N5 89.14(16) N7-W1-P1 89.15(13) 

C11-W1-P1 119.23(13) N3-W1-P1 82.50(11) 

N1-W1-P1 155.06(10) C10-W1-P1 81.53(13) 

N5-W1-P1 83.80(10) O2-S1-O3 118.8(2) 

O2-S1-C14 109.6(2) O3-S1-C14 107.9(2) 

O2-S1-C16 106.9(2) O3-S1-C16 107.7(2) 

C14-S1-C16 105.0(2) C27-P1-C29 102.1(3) 

C27-P1-C28 103.8(3) C29-P1-C28 100.2(3) 

C27-P1-W1 114.7(2) C29-P1-W1 121.2(2) 

C28-P1-W1 112.47(18) C23-O5-C24 114.9(4) 

C25-O7-C26 115.1(5) C1-N1-N2 106.0(3) 

C1-N1-W1 134.3(3) N2-N1-W1 119.5(3) 

C3-N2-N1 109.5(4) C3-N2-B1 128.4(4) 

N1-N2-B1 122.0(4) C4-N3-N4 106.4(4) 

C4-N3-W1 130.4(3) N4-N3-W1 123.2(3) 

C6-N4-N3 109.3(4) C6-N4-B1 131.2(4) 

N3-N4-B1 118.5(4) C7-N5-N6 106.0(4) 

C7-N5-W1 134.0(3) N6-N5-W1 119.3(3) 

C9-N6-N5 109.6(4) C9-N6-B1 128.7(4) 

N5-N6-B1 121.6(4) O1-N7-W1 172.2(4) 

N1-C1-C2 110.8(4) N1-C1-H1 124.6 

C2-C1-H1 124.6 C3-C2-C1 105.2(4) 

C3-C2-H2 127.4 C1-C2-H2 127.4 

N2-C3-C2 108.5(4) N2-C3-H3 125.7 
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C2-C3-H3 125.7 N3-C4-C5 111.0(5) 

N3-C4-H4 124.5 C5-C4-H4 124.5 

C6-C5-C4 104.6(5) C6-C5-H5 127.7 

C4-C5-H5 127.7 N4-C6-C5 108.8(4) 

N4-C6-H6 125.6 C5-C6-H6 125.6 

N5-C7-C8 110.6(4) N5-C7-H7 124.7 

C8-C7-H7 124.7 C9-C8-C7 104.8(5) 

C9-C8-H8 127.6 C7-C8-H8 127.6 

N6-C9-C8 109.1(4) N6-C9-H9 125.5 

C8-C9-H9 125.5 C11-C10-C15 117.4(4) 

C11-C10-W1 68.7(3) C15-C10-W1 119.7(3) 

C11-C10-H10 119.(3) C15-C10-H10 115.(3) 

W1-C10-H10 110.(3) C10-C11-C12 118.6(4) 

C10-C11-W1 73.6(3) C12-C11-W1 124.9(3) 

C10-C11-H11 112.(4) C12-C11-H11 115.(4) 

W1-C11-H11 105.(4) C11-C12-C13 112.1(4) 

C11-C12-C22 112.9(4) C13-C12-C22 106.6(4) 

C11-C12-H12 108.4 C13-C12-H12 108.4 

C22-C12-H12 108.4 C14-C13-C12 110.2(4) 

C14-C13-H13A 109.6 C12-C13-H13A 109.6 

C14-C13-H13B 109.6 C12-C13-H13B 109.6 

H13A-C13-H13B 108.1 C15-C14-C13 122.1(4) 

C15-C14-S1 119.8(4) C13-C14-S1 118.0(4) 

C14-C15-C10 123.0(4) C14-C15-H15 118.5 

C10-C15-H15 118.5 C21-C16-C17 121.4(5) 

C21-C16-S1 120.4(4) C17-C16-S1 118.2(4) 

C16-C17-C18 119.0(6) C16-C17-H17 120.5 

C18-C17-H17 120.5 C19-C18-C17 119.2(6) 

C19-C18-H18 120.4 C17-C18-H18 120.4 

C18-C19-C20 121.9(6) C18-C19-H19 119.1 

C20-C19-H19 119.1 C19-C20-C21 119.3(6) 

C19-C20-H20 120.4 C21-C20-H20 120.4 

C16-C21-C20 119.3(6) C16-C21-H21 120.3 

C20-C21-H21 120.3 C25-C22-C23 108.8(4) 

C25-C22-C12 114.2(4) C23-C22-C12 110.7(4) 

C25-C22-H22 107.6 C23-C22-H22 107.6 

C12-C22-H22 107.6 O4-C23-O5 121.6(5) 

O4-C23-C22 126.9(5) O5-C23-C22 111.5(4) 

O5-C24-H24A 109.5 O5-C24-H24B 109.5 
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H24A-C24-H24B 109.5 O5-C24-H24C 109.5 

H24A-C24-H24C 109.5 H24B-C24-H24C 109.5 

O6-C25-O7 125.1(6) O6-C25-C22 123.9(6) 

O7-C25-C22 111.0(5) O7-C26-H26A 109.5 

O7-C26-H26B 109.5 H26A-C26-H26B 109.5 

O7-C26-H26C 109.5 H26A-C26-H26C 109.5 

H26B-C26-H26C 109.5 P1-C27-H27A 109.5 

P1-C27-H27B 109.5 H27A-C27-H27B 109.5 

P1-C27-H27C 109.5 H27A-C27-H27C 109.5 

H27B-C27-H27C 109.5 P1-C28-H28A 109.5 

P1-C28-H28B 109.5 H28A-C28-H28B 109.5 

P1-C28-H28C 109.5 H28A-C28-H28C 109.5 

H28B-C28-H28C 109.5 P1-C29-H29A 109.5 

P1-C29-H29B 109.5 H29A-C29-H29B 109.5 

P1-C29-H29C 109.5 H29A-C29-H29C 109.5 

H29B-C29-H29C 109.5 N6-B1-N4 109.7(4) 

N6-B1-N2 109.2(4) N4-B1-N2 106.3(4) 

N6-B1-H1A 108.(3) N4-B1-H1A 110.(3) 

N2-B1-H1A 114.(3)   

 

Table 6. Torsion angles (°) for Harman_SS7_200_8_X1.  

C1-N1-N2-C3 -0.1(6) W1-N1-N2-C3 175.5(3) 

C1-N1-N2-B1 178.3(4) W1-N1-N2-B1 -6.1(6) 

C4-N3-N4-C6 0.4(5) W1-N3-N4-C6 178.4(3) 

C4-N3-N4-B1 -169.2(4) W1-N3-N4-B1 8.8(6) 

C7-N5-N6-C9 -0.3(5) W1-N5-N6-C9 171.0(3) 

C7-N5-N6-B1 177.7(4) W1-N5-N6-B1 -11.1(6) 

N2-N1-C1-C2 0.1(6) W1-N1-C1-C2 -174.6(4) 

N1-C1-C2-C3 0.0(6) N1-N2-C3-C2 0.1(6) 

B1-N2-C3-C2 -178.2(5) C1-C2-C3-N2 -0.1(6) 

N4-N3-C4-C5 -0.5(6) W1-N3-C4-C5 -178.3(3) 

N3-C4-C5-C6 0.4(6) N3-N4-C6-C5 -0.2(6) 

B1-N4-C6-C5 167.6(5) C4-C5-C6-N4 -0.1(6) 

N6-N5-C7-C8 0.9(6) W1-N5-C7-C8 -168.5(4) 

N5-C7-C8-C9 -1.2(6) N5-N6-C9-C8 -0.5(6) 

B1-N6-C9-C8 -178.2(5) C7-C8-C9-N6 1.0(6) 

C15-C10-C11-C12 -7.9(7) W1-C10-C11-C12 -121.2(4) 

C15-C10-C11-W1 113.3(4) C10-C11-C12-C13 36.7(6) 

W1-C11-C12-C13 -52.6(5) C10-C11-C12-C22 -83.6(5) 
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W1-C11-C12-C22 -173.0(3) C11-C12-C13-C14 -46.0(5) 

C22-C12-C13-C14 78.0(5) C12-C13-C14-C15 30.9(6) 

C12-C13-C14-S1 -151.6(3) O2-S1-C14-C15 -25.3(5) 

O3-S1-C14-C15 -156.0(4) C16-S1-C14-C15 89.3(4) 

O2-S1-C14-C13 157.1(4) O3-S1-C14-C13 26.4(4) 

C16-S1-C14-C13 -88.3(4) C13-C14-C15-C10 -1.7(7) 

S1-C14-C15-C10 -179.3(4) C11-C10-C15-C14 -11.1(7) 

W1-C10-C15-C14 68.8(6) O2-S1-C16-C21 22.1(5) 

O3-S1-C16-C21 150.9(4) C14-S1-C16-C21 -94.3(4) 

O2-S1-C16-C17 -160.2(4) O3-S1-C16-C17 -31.4(4) 

C14-S1-C16-C17 83.4(4) C21-C16-C17-C18 -0.6(8) 

S1-C16-C17-C18 -178.2(4) C16-C17-C18-C19 -1.2(8) 

C17-C18-C19-C20 1.9(9) C18-C19-C20-C21 -0.9(9) 

C17-C16-C21-C20 1.6(8) S1-C16-C21-C20 179.2(4) 

C19-C20-C21-C16 -0.9(8) C11-C12-C22-C25 -42.0(6) 

C13-C12-C22-C25 -165.5(4) C11-C12-C22-C23 -165.2(4) 

C13-C12-C22-C23 71.3(5) C24-O5-C23-O4 0.4(7) 

C24-O5-C23-C22 179.9(4) C25-C22-C23-O4 -108.2(6) 

C12-C22-C23-O4 18.1(7) C25-C22-C23-O5 72.4(5) 

C12-C22-C23-O5 -161.4(4) C26-O7-C25-O6 2.4(9) 

C26-O7-C25-C22 -178.2(5) C23-C22-C25-O6 -124.5(6) 

C12-C22-C25-O6 111.3(6) C23-C22-C25-O7 56.0(6) 

C12-C22-C25-O7 -68.1(6) C9-N6-B1-N4 -117.2(5) 

N5-N6-B1-N4 65.3(6) C9-N6-B1-N2 126.7(5) 

N5-N6-B1-N2 -50.8(6) C6-N4-B1-N6 129.7(5) 

N3-N4-B1-N6 -63.4(5) C6-N4-B1-N2 -112.4(5) 

N3-N4-B1-N2 54.5(5) C3-N2-B1-N6 -120.0(5) 

N1-N2-B1-N6 61.8(6) C3-N2-B1-N4 121.7(5) 

N1-N2-B1-N4 -56.4(6)   

 

Table 7. Anisotropic atomic displacement parameters (Å2) for 
Harman_SS7_200_8_X1.  

The anisotropic atomic displacement factor exponent takes the 
form: -2π2[ h2 a*2 U11 + ... + 2 h k a* b* U12 ]  
 U11 U22 U33 U23 U13 U12 

W1 0.01856(10) 0.01692(9) 0.00925(8) 0.00221(8) 0.00676(6) 0.00036(10) 

S1 0.0392(8) 0.0149(6) 0.0172(6) 0.0003(5) 0.0180(6) -0.0032(6) 

P1 0.0227(7) 0.0257(7) 0.0126(6) 0.0023(5) 0.0080(5) 0.0011(5) 

O1 0.038(2) 0.0194(19) 0.027(2) 
-
0.0105(15) 

0.0183(17) -0.0019(17) 
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O2 0.072(3) 0.027(2) 0.0161(19) 0.0062(15) 0.0192(19) 0.017(2) 

O3 0.044(2) 0.036(2) 0.032(2) 
-
0.0146(17) 

0.0323(19) -0.023(2) 

O4 0.027(2) 0.038(3) 0.060(3) 0.024(2) 0.017(2) 0.004(2) 

O5 0.027(2) 0.030(2) 0.036(2) 0.0073(17) 0.0167(18) -0.0028(18) 

O6 0.068(3) 0.034(3) 0.068(3) 0.005(2) 0.036(3) 0.018(3) 

O7 0.057(3) 0.046(3) 0.037(3) -0.021(2) 0.006(2) -0.003(2) 

N1 0.021(2) 0.020(2) 0.0113(17) 0.0033(17) 0.0084(15) 0.004(2) 

N2 0.023(2) 0.0159(19) 0.0125(17) 
-
0.0013(16) 

0.0089(15) -0.0005(19) 

N3 0.020(2) 0.018(2) 0.0111(18) 0.0042(15) 0.0080(16) -0.0012(18) 

N4 0.021(2) 0.021(2) 0.0147(19) 0.0049(16) 0.0081(17) 0.0010(18) 

N5 0.022(2) 0.020(2) 0.0102(18) 0.0015(15) 0.0077(16) 0.0010(18) 

N6 0.020(2) 0.026(2) 0.0128(19) 0.0023(16) 0.0094(17) 0.0014(19) 

N7 0.021(2) 0.019(2) 0.015(2) 0.0020(16) 0.0052(17) -0.0048(18) 

C1 0.021(3) 0.031(3) 0.018(2) 0.007(2) 0.010(2) 0.002(2) 

C2 0.021(3) 0.031(3) 0.020(2) 0.008(2) 0.003(2) -0.004(2) 

C3 0.026(3) 0.020(2) 0.015(2) 0.008(2) 0.0055(19) 0.000(2) 

C4 0.024(3) 0.023(3) 0.017(2) 0.0004(19) 0.005(2) -0.005(2) 

C5 0.024(3) 0.024(3) 0.028(3) 0.005(2) 0.006(2) -0.011(2) 

C6 0.017(3) 0.033(3) 0.021(2) 0.011(2) 0.009(2) -0.003(2) 

C7 0.025(3) 0.023(3) 0.016(2) 0.0037(19) 0.008(2) 0.004(2) 

C8 0.023(3) 0.029(3) 0.020(3) 0.006(2) 0.008(2) 0.009(2) 

C9 0.021(3) 0.038(3) 0.018(2) 0.002(2) 0.012(2) 0.004(2) 

C10 0.023(3) 0.012(2) 0.015(2) 0.0042(17) 0.013(2) 0.004(2) 

C11 0.028(3) 0.014(2) 0.013(2) 0.0009(18) 0.009(2) -0.001(2) 

C12 0.024(3) 0.019(3) 0.018(2) 0.0066(19) 0.007(2) -0.001(2) 

C13 0.023(3) 0.024(3) 0.020(2) 0.004(2) 0.013(2) 0.001(2) 

C14 0.028(3) 0.015(2) 0.015(2) 
-
0.0016(18) 

0.014(2) -0.002(2) 

C15 0.025(3) 0.011(2) 0.017(2) 0.0008(17) 0.009(2) -0.002(2) 

C16 0.021(3) 0.018(2) 0.014(2) 
-
0.0043(18) 

0.0097(19) -0.010(2) 

C17 0.036(3) 0.025(3) 0.040(3) 0.000(2) 0.027(3) -0.001(3) 

C18 0.072(5) 0.025(3) 0.057(4) 0.002(3) 0.048(4) 0.006(3) 

C19 0.077(5) 0.031(4) 0.051(4) -0.017(3) 0.049(4) -0.025(4) 

C20 0.041(4) 0.055(4) 0.039(3) -0.018(3) 0.024(3) -0.027(4) 

C21 0.029(3) 0.044(4) 0.025(3) -0.005(2) 0.015(2) -0.006(3) 

C22 0.020(3) 0.023(3) 0.022(3) 0.005(2) 0.006(2) 0.003(2) 

C23 0.028(3) 0.024(3) 0.022(3) 0.000(2) 0.008(2) -0.009(2) 
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C24 0.027(3) 0.036(3) 0.047(4) -0.002(3) 0.022(3) -0.008(3) 

C25 0.028(3) 0.031(3) 0.039(3) 0.000(3) 0.017(3) -0.003(3) 

C26 0.055(5) 0.072(6) 0.051(4) -0.037(4) 0.021(4) -0.012(4) 

C27 0.033(3) 0.039(3) 0.021(3) -0.008(2) -0.002(2) -0.006(3) 

C28 0.020(3) 0.063(4) 0.025(3) 0.012(3) 0.006(2) -0.007(3) 

C29 0.025(3) 0.041(4) 0.030(3) 0.015(3) 0.006(2) 0.008(3) 

B1 0.021(3) 0.021(3) 0.015(2) 0.003(2) 0.007(2) 0.001(2) 

 

Table 8. Hydrogen atomic coordinates and 
isotropic atomic displacement parameters (Å2) for 
Harman_SS7_200_8_X1.  
 x/a y/b z/c U(eq) 

H1 0.1457 0.6284 0.0574 0.027 

H2 0.0618 0.6249 -0.1570 0.03 

H3 0.2278 0.6344 -0.2192 0.025 

H4 0.5139 0.7819 0.2304 0.027 

H5 0.5536 0.8366 0.0776 0.032 

H6 0.5330 0.7636 -0.0769 0.027 

H7 0.6142 0.5115 0.2281 0.026 

H8 0.6953 0.4902 0.0784 0.029 

H9 0.6082 0.5642 -0.0760 0.029 

H10 0.503(4) 0.537(2) 0.337(4) 0.018 

H11 0.337(4) 0.542(2) 0.197(4) 0.013(13) 

H12 0.1721 0.5902 0.2063 0.025 

H13A 0.2586 0.6538 0.3552 0.025 

H13B 0.1906 0.6090 0.4044 0.025 

H15 0.5248 0.5665 0.5173 0.021 

H17 0.2723 0.7203 0.5684 0.036 

H18 0.3406 0.8173 0.5992 0.053 

H19 0.5353 0.8344 0.6945 0.055 

H20 0.6670 0.7582 0.7517 0.051 

H21 0.6007 0.6615 0.7163 0.038 

H22 0.2399 0.5031 0.3823 0.027 

H24A -0.1337 0.4787 0.2755 0.052 

H24B -0.0864 0.5176 0.3890 0.052 

H24C -0.0895 0.4481 0.3984 0.052 

H26A 0.0345 0.4279 -0.0259 0.089 

H26B 0.1164 0.3884 0.0773 0.089 

H26C 0.1714 0.4305 0.0107 0.089 
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H27A 0.6391 0.7467 0.4196 0.052 

H27B 0.7479 0.7137 0.5102 0.052 

H27C 0.6214 0.7018 0.5084 0.052 

H28A 0.7427 0.6402 0.2338 0.056 

H28B 0.8250 0.6729 0.3472 0.056 

H28C 0.7239 0.7079 0.2509 0.056 

H29A 0.6968 0.5860 0.5125 0.05 

H29B 0.8089 0.6032 0.4876 0.05 

H29C 0.7186 0.5572 0.4070 0.05 

H1A 0.462(4) 0.650(2) -0.125(4) 0.024(14) 
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Crystal Structure Report for 13 in Chapter 4  
 

A colorless plate-like specimen of C27H40BN8O7PSW, approximate dimensions 0.029 mm x 0.052 mm x 
0.062 mm, was coated with Paratone oil and mounted on a MiTeGen MicroLoop. The X-ray intensity 
data were measured on a Bruker D8 Venture Photon III Kappa four-circle diffractometer system 
equipped with an Incoatec IμS 3.0 micro-focus sealed X-ray tube (Cu Kα, λ = 1.541   Å) and a HELIOS MX 
double bounce multilayer mirror monochromator. 
 
The total exposure time was 17.76 hours. The frames were integrated with the Bruker SAINT software 
package16 using a narrow-frame algorithm. The integration of the data using a triclinic unit cell yielded a 
total of 46447 reflections to a maximum θ angle of 68.49° (0.83 Å resolution), of which 12982 were 
independent (average redundancy 3.578, completeness = 99.2%, Rint = 12.44%, Rsig = 9.51%) and 9144 
(70.44%) were greater than 2σ(F2). The final cell constants of a = 12.7593(4) Å, b = 15.3175(5) Å, c = 
19.5201(6) Å, α = 104.356(2)°, β = 90.005(2)°, γ = 105.656(2)°, volume = 3549.6(2) Å3, are based upon 
the refinement of the XYZ-centroids of 9881 reflections above 20 σ(I) with 6.201° < 2θ < 136.9°. Data 
were corrected for absorption effects using the Multi-Scan method (SADABS).1

 The ratio of minimum to 
maximum apparent transmission was 0.522. The calculated minimum and maximum transmission 
coefficients (based on crystal size) are 0.6550 and 0.8130.  
 
The structure was solved and refined as a two-component twin using the Bruker SHELXTL Software 
Package17 within APEX31 and OLEX2,18 using the space group P -1, with Z = 4 for the formula unit, 
C27H40BN8O7PSW. The TWINROTMAT feature of Platon19 was used to identify the twin law, and the BASF 

 
16 Bruker (2012). Saint; SADABS; APEX3. Bruker AXS Inc., Madison, Wisconsin, USA. 
17 Sheldrick, G. M. (2015). Acta Cryst. A71, 3-8. 
18 Dolomanov, O. V.; Bourhis, L. J.; Gildea, R. J.; Howard, J. A. K.; Puschmann, H. J. Appl. Cryst. (2009). 42, 339-

341. 
19 Spek, A. L. Acta Cryst. (2009) D65, 148-155. 
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refined to 0.02639.   Non-hydrogen atoms were refined anisotropically. Hydrogen atoms were placed in 
geometrically calculated positions with Uiso = 1.2Uequiv of the parent atom (1.5Uequiv for methyl). The 
relative occupancy of the disordered sites was freely refined, with constraints and restraints on most of 
the disordered atoms and bonds. The final anisotropic full-matrix least-squares refinement on F2 with 
865 variables converged at R1 = 11.39%, for the observed data and wR2 = 28.43% for all data. The 
goodness-of-fit was 1.612. The largest peak in the final difference electron density synthesis was 11.006 
e-/Å3 and the largest hole was -1.524 e-/Å3 with an RMS deviation of 0.362 e-/Å3. On the basis of the final 
model, the calculated density was 1.584 g/cm3 and F(000), 1696 e-.  
 

Table 1. Sample and crystal data for Harman_SS7_198_6_X2.  

Identification code Harman_SS7_198_6_X2 

Chemical formula C27H40BN8O7PSW 

Formula weight 846.36 g/mol 

Temperature 100(2) K 

Wavelength 1.54178 Å 

Crystal size 0.029 x 0.052 x 0.062 mm 

Crystal habit colorless plate 

Crystal system triclinic 

Space group P -1 

Unit cell dimensions a = 12.7593(4) Å α = 104.356(2)° 
 b = 15.3175(5) Å β = 90.005(2)° 
 c = 19.5201(6) Å γ = 105.656(2)° 

Volume 3549.6(2) Å3  

Z 4 

Density (calculated) 1.584 g/cm3 

Absorption coefficient 7.455 mm-1 

F(000) 1696 

 

Table 2. Data collection and structure refinement for 
Harman_SS7_198_6_X2.  

Diffractometer 
Bruker D8 Venture Photon III Kappa four-circle 
diffractometer 

Radiation source 
Incoatec IμS 3.0 micro-focus sealed X-ray tube 
(Cu Kα, λ = 1.541   Å) 

Theta range for data 
collection 

2.34 to 68.49° 

Index ranges -15<=h<=15, -18<=k<=18, -23<=l<=23 

Reflections collected 46447 

Independent reflections 12982 [R(int) = 0.1244] 

Coverage of independent 
reflections 

99.2% 

Absorption correction Multi-Scan 
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Max. and min. 
transmission 

0.8130 and 0.6550 

Structure solution 
technique 

direct methods 

Structure solution 
program 

SHELXT 2018/2 (Sheldrick, 2018) 

Refinement method Full-matrix least-squares on F2 

Refinement program SHELXL-2018/3 (Sheldrick, 2018) 

Function minimized Σ w(Fo
2 - Fc

2)2 

Data / restraints / 
parameters 

12982 / 55 / 865 

Goodness-of-fit on F2 1.612 

Final R indices 9144 data; I>2σ(I) R1 = 0.1139, wR2 = 0.2632 
 all data R1 = 0.1455, wR2 = 0.2843 

Weighting scheme 
w=1/[σ2(Fo

2)+(0.1000P)2] 
where P=(Fo

2+2Fc
2)/3 

Largest diff. peak and hole 11.006 and -1.524 eÅ-3 

R.M.S. deviation from 
mean 

0.362 eÅ-3 

 

Table 3. Atomic coordinates and equivalent 
isotropic atomic displacement parameters 
(Å2) for Harman_SS7_198_6_X2.  

U(eq) is defined as one third of the trace of 
the orthogonalized Uij tensor.  
 x/a y/b z/c U(eq) 

S1 0.2534(3) 0.0746(3) 0.0632(2) 0.0447(9) 

P1 0.4851(4) 0.0876(3) 0.8131(2) 0.0415(8) 

O1 0.3073(11) 0.2400(10) 0.9089(8) 0.059(3) 

O2 0.2422(10) 0.9782(10) 0.0333(7) 0.054(3) 

O3 0.2524(11) 0.1086(11) 0.1385(6) 0.059(3) 

O4 0.7638(13) 0.3450(13) 0.1643(9) 0.074(4) 

O5 0.7170(13) 0.1900(13) 0.1294(8) 0.070(4) 

O6 0.5081(15) 0.3819(14) 0.2187(8) 0.080(5) 

O7 0.5779(15) 0.2936(15) 0.2685(8) 0.080(5) 

N1 0.6263(12) 0.3964(10) 0.9438(8) 0.044(3) 

N2 0.7101(12) 0.4393(11) 0.9077(8) 0.050(3) 

N3 0.5412(12) 0.2994(10) 0.8083(7) 0.041(3) 

N4 0.6289(13) 0.3517(11) 0.7866(7) 0.047(3) 

N5 0.7124(12) 0.2398(9) 0.8781(7) 0.042(3) 

N6 0.7734(12) 0.3018(10) 0.8438(6) 0.043(3) 
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N7 0.4032(12) 0.2434(11) 0.9125(7) 0.047(3) 

N8 0.1491(11) 0.0938(11) 0.0286(8) 0.047(3) 

C1 0.6134(17) 0.4622(15) 0.9952(10) 0.056(4) 

C2 0.6852(19) 0.5464(14) 0.9991(11) 0.059(5) 

C3 0.7428(19) 0.5300(13) 0.9384(11) 0.059(5) 

C4 0.4549(17) 0.3001(15) 0.7698(10) 0.058(5) 

C5 0.4884(18) 0.3548(16) 0.7235(12) 0.063(5) 

C6 0.6020(18) 0.3887(14) 0.7351(10) 0.056(5) 

C7 0.7685(16) 0.1788(14) 0.8784(9) 0.050(4) 

C8 0.8682(17) 0.2022(14) 0.8466(8) 0.052(4) 

C9 0.8669(15) 0.2830(15) 0.8263(10) 0.052(4) 

C10 0.5419(14) 0.1456(12) 0.9750(7) 0.041(3) 

C11 0.5891(13) 0.2455(13) 0.0120(8) 0.044(4) 

C12 0.5336(15) 0.2823(12) 0.0790(9) 0.045(4) 

C13 0.4073(15) 0.2455(13) 0.0718(8) 0.045(4) 

C14 0.3753(13) 0.1432(12) 0.0391(8) 0.041(3) 

C15 0.4375(13) 0.0986(12) 0.9943(7) 0.038(3) 

C16 0.100(4) 0.175(3) 0.0616(16) 0.065(11) 

C17 0.090(2) 0.2103(18) 0.9936(12) 0.050(7) 

C18 0.0553(17) 0.1181(16) 0.9317(10) 0.063(5) 

C19 0.1264(16) 0.0630(14) 0.9497(10) 0.053(4) 

C20 0.5727(14) 0.2580(15) 0.1428(9) 0.049(4) 

C21 0.6965(16) 0.2725(15) 0.1471(9) 0.051(4) 

C22 0.837(2) 0.201(2) 0.1234(15) 0.093(10) 

C23 0.5469(17) 0.3224(18) 0.2140(10) 0.063(6) 

C24 0.5674(19) 0.352(2) 0.3395(12) 0.079(8) 

C25 0.3375(16) 0.0442(15) 0.7935(10) 0.056(4) 

C26 0.5246(17) 0.9870(12) 0.8288(8) 0.049(4) 

C27 0.5409(18) 0.0927(14) 0.7281(9) 0.055(4) 

B1 0.7349(16) 0.3846(15) 0.8332(11) 0.048(4) 

W1 0.54299(6) 0.24304(5) 0.90347(4) 0.0382(2) 

S2 0.2935(3) 0.0726(3) 0.5627(2) 0.0439(9) 

P2 0.0730(3) 0.0947(3) 0.31494(19) 0.0392(8) 

O8 0.3501(9) 0.2498(11) 0.4157(7) 0.056(3) 

O9 0.2408(10) 0.9777(10) 0.5300(7) 0.051(3) 

O10 0.3157(11) 0.1038(11) 0.6365(7) 0.061(3) 

O11 0.9615(13) 0.3440(12) 0.6667(8) 0.066(4) 

O12 0.9021(11) 0.1858(11) 0.6296(7) 0.059(3) 

O13 0.221(3) 0.386(3) 0.7215(16) 0.070(4) 
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O14 0.119(3) 0.301(3) 0.7731(15) 0.070(4) 

N9 0.9447(11) 0.2438(9) 0.3806(6) 0.038(3) 

N10 0.9212(12) 0.3070(11) 0.3465(7) 0.043(3) 

N11 0.1544(12) 0.3049(10) 0.3130(6) 0.039(3) 

N12 0.0987(13) 0.3579(10) 0.2908(7) 0.045(3) 

N13 0.1297(12) 0.3989(9) 0.4473(7) 0.041(3) 

N14 0.0745(13) 0.4427(10) 0.4109(7) 0.046(3) 

N15 0.2540(13) 0.2497(12) 0.4158(7) 0.050(4) 

N16 0.4127(13) 0.0928(13) 0.5280(7) 0.054(4) 

C28 0.8436(14) 0.1844(14) 0.3824(9) 0.047(4) 

C29 0.7637(15) 0.2074(14) 0.3473(8) 0.049(4) 

C30 0.8170(13) 0.2847(13) 0.3261(9) 0.046(4) 

C31 0.2408(18) 0.3041(15) 0.2702(9) 0.055(4) 

C32 0.2365(17) 0.3553(14) 0.2249(10) 0.055(4) 

C33 0.1486(15) 0.3884(11) 0.2372(8) 0.041(3) 

C34 0.1878(17) 0.4661(16) 0.5018(10) 0.061(5) 

C35 0.175(2) 0.5554(15) 0.5026(14) 0.075(7) 

C36 0.108(2) 0.5416(15) 0.4461(10) 0.064(5) 

C37 0.0527(12) 0.1493(11) 0.4756(8) 0.036(3) 

C38 0.0707(14) 0.2465(13) 0.5148(8) 0.043(4) 

C39 0.1493(13) 0.2830(12) 0.5830(8) 0.041(3) 

C40 0.2491(12) 0.2458(12) 0.5719(8) 0.040(3) 

C41 0.2159(12) 0.1420(11) 0.5390(7) 0.036(3) 

C42 0.1273(13) 0.0994(12) 0.4949(7) 0.039(3) 

C43 0.4925(15) 0.1760(14) 0.5595(11) 0.058(5) 

C44 0.547(3) 0.221(2) 0.5001(11) 0.056(8) 

C45 0.5202(18) 0.1277(16) 0.4380(12) 0.066(6) 

C46 0.4139(16) 0.0623(15) 0.4501(10) 0.056(4) 

C47 0.0903(17) 0.2561(15) 0.6480(9) 0.052(4) 

C48 0.9796(17) 0.2694(14) 0.6501(8) 0.050(4) 

C49 0.794(2) 0.194(2) 0.6242(17) 0.093(9) 

C50 0.165(5) 0.325(4) 0.719(3) 0.070(4) 

C51 0.164(4) 0.345(3) 0.8387(18) 0.070(4) 

C52 0.9710(19) 0.9924(13) 0.3269(9) 0.057(5) 

C53 0.0211(16) 0.1013(14) 0.2287(9) 0.051(4) 

C54 0.1913(18) 0.0507(16) 0.2931(10) 0.059(5) 

B2 0.0144(18) 0.3923(16) 0.3380(11) 0.050(4) 

W2 0.11575(6) 0.24900(5) 0.40730(3) 0.0359(2) 

O13A 0.104(4) 0.254(3) 0.7648(18) 0.070(4) 
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C50A 0.139(6) 0.297(5) 0.716(3) 0.070(4) 

O14A 0.249(4) 0.373(4) 0.728(2) 0.070(4) 

C51A 0.256(5) 0.419(4) 0.803(2) 0.070(4) 

C44A 0.590(3) 0.180(4) 0.5098(13) 0.055(15) 

C17A 0.026(4) 0.185(3) 0.9989(14) 0.050(10) 

C16A 0.123(3) 0.188(2) 0.050(3) 0.039(10) 

 

Table 4. Bond lengths (Å) for 
Harman_SS7_198_6_X2.  

S1-O2 1.414(15) S1-O3 1.433(13) 

S1-N8 1.620(13) S1-C14 1.763(18) 

P1-C27 1.817(17) P1-C25 1.83(2) 

P1-C26 1.837(17) P1-W1 2.509(4) 

O1-N7 1.21(2) O4-C21 1.18(3) 

O5-C21 1.32(2) O5-C22 1.50(3) 

O6-C23 1.13(3) O7-C23 1.35(3) 

O7-C24 1.48(3) N1-C1 1.28(2) 

N1-N2 1.39(2) N1-W1 2.236(14) 

N2-C3 1.32(2) N2-B1 1.57(3) 

N3-N4 1.33(2) N3-C4 1.34(2) 

N3-W1 2.236(13) N4-C6 1.36(2) 

N4-B1 1.52(2) N5-C7 1.32(2) 

N5-N6 1.37(2) N5-W1 2.228(15) 

N6-C9 1.33(2) N6-B1 1.54(2) 

N7-W1 1.794(14) N8-C19 1.50(2) 

N8-C16A 1.53(3) N8-C16 1.53(3) 

C1-C2 1.35(3) C1-H1 0.95 

C2-C3 1.40(3) C2-H2A 0.95 

C3-H3 0.95 C4-C5 1.37(3) 

C4-H4 0.95 C5-C6 1.40(3) 

C5-H5 0.95 C6-H6 0.95 

C7-C8 1.41(3) C7-H7 0.95 

C8-C9 1.39(3) C8-H8 0.95 

C9-H9 0.95 C10-C15 1.43(2) 

C10-C11 1.48(3) C10-W1 2.280(13) 

C10-H10 1.0 C11-C12 1.54(2) 

C11-W1 2.187(14) C11-H11 1.0 

C12-C20 1.51(2) C12-C13 1.55(2) 

C12-H12 1.0 C13-C14 1.48(2) 
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C13-H13A 0.99 C13-H13B 0.99 

C14-C15 1.36(2) C15-H15 0.95 

C16-C17 1.57(3) C16-H16A 0.99 

C16-H16B 0.99 C17-C18 1.57(3) 

C17-H17A 0.99 C17-H17B 0.99 

C18-C19 1.49(2) C18-C17A 1.56(3) 

C18-H18A 0.99 C18-H18B 0.99 

C18-H18C 0.99 C18-H18D 0.99 

C19-H19A 0.99 C19-H19B 0.99 

C20-C21 1.53(2) C20-C23 1.58(2) 

C20-H20 1.0 C22-H22A 0.98 

C22-H22B 0.98 C22-H22C 0.98 

C24-H24A 0.98 C24-H24B 0.98 

C24-H24C 0.98 C25-H25A 0.98 

C25-H25B 0.98 C25-H25C 0.98 

C26-H26A 0.98 C26-H26B 0.98 

C26-H26C 0.98 C27-H27A 0.98 

C27-H27B 0.98 C27-H27C 0.98 

B1-H1A 1.0 S2-O10 1.404(15) 

S2-O9 1.408(15) S2-N16 1.648(15) 

S2-C41 1.772(14) P2-C52 1.81(2) 

P2-C54 1.82(2) P2-C53 1.843(15) 

P2-W2 2.514(4) O8-N15 1.23(2) 

O11-C48 1.19(2) O12-C48 1.36(3) 

O12-C49 1.42(3) O13-C50 1.00(7) 

O14-C50 1.29(7) O14-C51 1.33(4) 

N9-C28 1.37(2) N9-N10 1.395(19) 

N9-W2 2.220(14) N10-C30 1.32(2) 

N10-B2 1.55(3) N11-N12 1.357(18) 

N11-C31 1.38(2) N11-W2 2.218(12) 

N12-C33 1.34(2) N12-B2 1.53(3) 

N13-C34 1.34(2) N13-N14 1.394(19) 

N13-W2 2.191(13) N14-C36 1.44(2) 

N14-B2 1.53(2) N15-W2 1.769(14) 

N16-C43 1.40(3) N16-C46 1.48(2) 

C28-C29 1.39(2) C28-H28 0.95 

C29-C30 1.36(3) C29-H29 0.95 

C30-H30 0.95 C31-C32 1.33(3) 

C31-H31 0.95 C32-C33 1.35(3) 
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C32-H32 0.95 C33-H33 0.95 

C34-C35 1.42(3) C34-H34 0.95 

C35-C36 1.33(3) C35-H35 0.95 

C36-H36 0.95 C37-C38 1.45(2) 

C37-C42 1.47(2) C37-W2 2.259(14) 

C37-H37 1.0 C38-C39 1.55(2) 

C38-W2 2.183(16) C38-H38 1.0 

C39-C40 1.52(2) C39-C47 1.56(2) 

C39-H39 1.0 C40-C41 1.50(2) 

C40-H40A 0.99 C40-H40B 0.99 

C41-C42 1.33(2) C42-H42 0.95 

C43-C44 1.56(3) C43-C44A 1.58(3) 

C43-H43A 0.99 C43-H43B 0.99 

C43-H43C 0.99 C43-H43D 0.99 

C44-C45 1.58(3) C44-H44A 0.99 

C44-H44B 0.99 C45-C46 1.51(3) 

C45-C44A 1.57(3) C45-H45A 0.99 

C45-H45B 0.99 C45-H45C 0.99 

C45-H45D 0.99 C46-H46A 0.99 

C46-H46B 0.99 C47-C50A 1.38(6) 

C47-C48 1.48(3) C47-C50 1.63(5) 

C47-H47 1.0 C47-H47A 1.0 

C49-H49A 0.98 C49-H49B 0.98 

C49-H49C 0.98 C51-H51A 0.98 

C51-H51B 0.98 C51-H51C 0.98 

C52-H52A 0.98 C52-H52B 0.98 

C52-H52C 0.98 C53-H53A 0.98 

C53-H53B 0.98 C53-H53C 0.98 

C54-H54A 0.98 C54-H54B 0.98 

C54-H54C 0.98 B2-H2 1.0 

O13A-C50A 1.30(9) C50A-O14A 1.53(9) 

O14A-C51A 1.45(6) C51A-H51D 0.98 

C51A-H51E 0.98 C51A-H51F 0.98 

C44A-H44C 0.99 C44A-H44D 0.99 

C17A-C16A 1.57(3) C17A-H17C 0.99 

C17A-H17D 0.99 C16A-H16C 0.99 

C16A-H16D 0.99   

 

Table 5. Bond angles (°) for Harman_SS7_198_6_X2.  
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O2-S1-O3 119.5(9) O2-S1-N8 104.5(8) 

O3-S1-N8 106.4(8) O2-S1-C14 110.2(8) 

O3-S1-C14 106.1(8) N8-S1-C14 110.0(8) 

C27-P1-C25 105.0(10) C27-P1-C26 100.8(9) 

C25-P1-C26 104.3(10) C27-P1-W1 112.5(7) 

C25-P1-W1 113.0(6) C26-P1-W1 119.7(5) 

C21-O5-C22 111.(2) C23-O7-C24 114.5(19) 

C1-N1-N2 105.3(16) C1-N1-W1 134.8(14) 

N2-N1-W1 119.9(11) C3-N2-N1 109.4(17) 

C3-N2-B1 129.1(17) N1-N2-B1 120.0(14) 

N4-N3-C4 107.0(15) N4-N3-W1 124.0(10) 

C4-N3-W1 128.3(14) N3-N4-C6 111.5(16) 

N3-N4-B1 118.4(13) C6-N4-B1 127.5(16) 

C7-N5-N6 105.3(15) C7-N5-W1 133.6(13) 

N6-N5-W1 120.1(10) C9-N6-N5 111.6(14) 

C9-N6-B1 127.4(15) N5-N6-B1 120.9(14) 

O1-N7-W1 171.3(13) C19-N8-C16A 104.(2) 

C19-N8-C16 111.2(16) C19-N8-S1 119.0(11) 

C16A-N8-S1 122.9(18) C16-N8-S1 124.6(16) 

N1-C1-C2 114.(2) N1-C1-H1 123.1 

C2-C1-H1 123.1 C1-C2-C3 103.7(18) 

C1-C2-H2A 128.1 C3-C2-H2A 128.1 

N2-C3-C2 108.(2) N2-C3-H3 126.2 

C2-C3-H3 126.2 N3-C4-C5 109.9(19) 

N3-C4-H4 125.1 C5-C4-H4 125.1 

C4-C5-C6 106.1(17) C4-C5-H5 126.9 

C6-C5-H5 126.9 N4-C6-C5 105.5(19) 

N4-C6-H6 127.3 C5-C6-H6 127.3 

N5-C7-C8 111.4(17) N5-C7-H7 124.3 

C8-C7-H7 124.3 C9-C8-C7 103.8(15) 

C9-C8-H8 128.1 C7-C8-H8 128.1 

N6-C9-C8 107.9(16) N6-C9-H9 126.1 

C8-C9-H9 126.1 C15-C10-C11 117.6(14) 

C15-C10-W1 116.7(10) C11-C10-W1 67.3(8) 

C15-C10-H10 115.6 C11-C10-H10 115.6 

W1-C10-H10 115.6 C10-C11-C12 115.6(15) 

C10-C11-W1 74.1(8) C12-C11-W1 126.0(10) 

C10-C11-H11 111.9 C12-C11-H11 111.9 

W1-C11-H11 111.9 C20-C12-C11 111.9(13) 
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C20-C12-C13 107.3(15) C11-C12-C13 114.2(13) 

C20-C12-H12 107.7 C11-C12-H12 107.7 

C13-C12-H12 107.7 C14-C13-C12 108.9(13) 

C14-C13-H13A 109.9 C12-C13-H13A 109.9 

C14-C13-H13B 109.9 C12-C13-H13B 109.9 

H13A-C13-H13B 108.3 C15-C14-C13 123.6(16) 

C15-C14-S1 118.3(13) C13-C14-S1 118.0(12) 

C14-C15-C10 123.6(16) C14-C15-H15 118.2 

C10-C15-H15 118.2 N8-C16-C17 98.5(19) 

N8-C16-H16A 112.1 C17-C16-H16A 112.1 

N8-C16-H16B 112.1 C17-C16-H16B 112.1 

H16A-C16-H16B 109.7 C18-C17-C16 104.(2) 

C18-C17-H17A 110.9 C16-C17-H17A 110.9 

C18-C17-H17B 110.9 C16-C17-H17B 110.9 

H17A-C17-H17B 108.9 C19-C18-C17A 112.4(19) 

C19-C18-C17 101.8(15) C19-C18-H18A 111.4 

C17-C18-H18A 111.4 C19-C18-H18B 111.4 

C17-C18-H18B 111.4 H18A-C18-H18B 109.3 

C19-C18-H18C 109.1 C17A-C18-H18C 109.1 

C19-C18-H18D 109.1 C17A-C18-H18D 109.1 

H18C-C18-H18D 107.9 C18-C19-N8 106.6(15) 

C18-C19-H19A 110.4 N8-C19-H19A 110.4 

C18-C19-H19B 110.4 N8-C19-H19B 110.4 

H19A-C19-H19B 108.6 C12-C20-C21 112.3(15) 

C12-C20-C23 111.1(15) C21-C20-C23 106.3(15) 

C12-C20-H20 109.0 C21-C20-H20 109.0 

C23-C20-H20 109.0 O4-C21-O5 124.5(18) 

O4-C21-C20 126.1(18) O5-C21-C20 109.4(18) 

O5-C22-H22A 109.5 O5-C22-H22B 109.5 

H22A-C22-H22B 109.5 O5-C22-H22C 109.5 

H22A-C22-H22C 109.5 H22B-C22-H22C 109.5 

O6-C23-O7 125.6(19) O6-C23-C20 126.4(19) 

O7-C23-C20 108.1(18) O7-C24-H24A 109.5 

O7-C24-H24B 109.5 H24A-C24-H24B 109.5 

O7-C24-H24C 109.5 H24A-C24-H24C 109.5 

H24B-C24-H24C 109.5 P1-C25-H25A 109.5 

P1-C25-H25B 109.5 H25A-C25-H25B 109.5 

P1-C25-H25C 109.5 H25A-C25-H25C 109.5 

H25B-C25-H25C 109.5 P1-C26-H26A 109.5 
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P1-C26-H26B 109.5 H26A-C26-H26B 109.5 

P1-C26-H26C 109.5 H26A-C26-H26C 109.5 

H26B-C26-H26C 109.5 P1-C27-H27A 109.5 

P1-C27-H27B 109.5 H27A-C27-H27B 109.5 

P1-C27-H27C 109.5 H27A-C27-H27C 109.5 

H27B-C27-H27C 109.5 N4-B1-N6 111.8(16) 

N4-B1-N2 106.7(15) N6-B1-N2 107.5(13) 

N4-B1-H1A 110.2 N6-B1-H1A 110.2 

N2-B1-H1A 110.2 N7-W1-C11 99.7(6) 

N7-W1-N5 173.0(6) C11-W1-N5 87.2(5) 

N7-W1-N1 100.3(6) C11-W1-N1 81.1(6) 

N5-W1-N1 81.5(5) N7-W1-N3 88.6(6) 

C11-W1-N3 156.6(6) N5-W1-N3 85.3(5) 

N1-W1-N3 75.9(5) N7-W1-C10 95.5(7) 

C11-W1-C10 38.6(6) N5-W1-C10 89.4(5) 

N1-W1-C10 119.5(6) N3-W1-C10 162.9(6) 

N7-W1-P1 90.6(5) C11-W1-P1 118.4(5) 

N5-W1-P1 85.3(4) N1-W1-P1 155.9(4) 

N3-W1-P1 83.1(4) C10-W1-P1 80.3(4) 

O10-S2-O9 120.8(9) O10-S2-N16 106.3(8) 

O9-S2-N16 104.6(8) O10-S2-C41 106.7(8) 

O9-S2-C41 108.2(7) N16-S2-C41 110.1(8) 

C52-P2-C54 102.8(11) C52-P2-C53 100.2(9) 

C54-P2-C53 103.4(9) C52-P2-W2 121.3(6) 

C54-P2-W2 113.8(7) C53-P2-W2 113.0(6) 

C48-O12-C49 113.9(19) C50-O14-C51 121.(4) 

C28-N9-N10 102.5(13) C28-N9-W2 136.1(11) 

N10-N9-W2 121.1(10) C30-N10-N9 112.1(15) 

C30-N10-B2 128.3(14) N9-N10-B2 119.6(13) 

N12-N11-C31 105.7(13) N12-N11-W2 123.5(10) 

C31-N11-W2 130.5(11) C33-N12-N11 109.0(14) 

C33-N12-B2 130.3(14) N11-N12-B2 118.7(13) 

C34-N13-N14 106.2(14) C34-N13-W2 133.4(13) 

N14-N13-W2 120.2(10) N13-N14-C36 107.2(14) 

N13-N14-B2 121.9(13) C36-N14-B2 129.4(15) 

O8-N15-W2 174.6(13) C43-N16-C46 114.1(17) 

C43-N16-S2 118.1(12) C46-N16-S2 117.9(13) 

N9-C28-C29 111.1(16) N9-C28-H28 124.5 

C29-C28-H28 124.5 C30-C29-C28 105.5(16) 
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C30-C29-H29 127.3 C28-C29-H29 127.3 

N10-C30-C29 108.7(15) N10-C30-H30 125.6 

C29-C30-H30 125.6 C32-C31-N11 108.9(17) 

C32-C31-H31 125.5 N11-C31-H31 125.5 

C31-C32-C33 108.2(17) C31-C32-H32 125.9 

C33-C32-H32 125.9 N12-C33-C32 108.3(14) 

N12-C33-H33 125.8 C32-C33-H33 125.8 

N13-C34-C35 112.0(18) N13-C34-H34 124.0 

C35-C34-H34 124.0 C36-C35-C34 105.9(18) 

C36-C35-H35 127.1 C34-C35-H35 127.1 

C35-C36-N14 108.6(18) C35-C36-H36 125.7 

N14-C36-H36 125.7 C38-C37-C42 116.7(13) 

C38-C37-W2 68.1(8) C42-C37-W2 117.3(10) 

C38-C37-H37 115.5 C42-C37-H37 115.5 

W2-C37-H37 115.5 C37-C38-C39 117.6(12) 

C37-C38-W2 73.8(8) C39-C38-W2 126.4(12) 

C37-C38-H38 111.3 C39-C38-H38 111.3 

W2-C38-H38 111.3 C40-C39-C38 111.1(13) 

C40-C39-C47 110.0(13) C38-C39-C47 111.4(15) 

C40-C39-H39 108.1 C38-C39-H39 108.1 

C47-C39-H39 108.1 C41-C40-C39 110.8(13) 

C41-C40-H40A 109.5 C39-C40-H40A 109.5 

C41-C40-H40B 109.5 C39-C40-H40B 109.5 

H40A-C40-H40B 108.1 C42-C41-C40 122.3(13) 

C42-C41-S2 118.6(13) C40-C41-S2 119.0(11) 

C41-C42-C37 123.1(15) C41-C42-H42 118.4 

C37-C42-H42 118.4 N16-C43-C44 108.8(16) 

N16-C43-C44A 106.(2) N16-C43-H43A 109.9 

C44-C43-H43A 109.9 N16-C43-H43B 109.9 

C44-C43-H43B 109.9 H43A-C43-H43B 108.3 

N16-C43-H43C 110.6 C44A-C43-H43C 110.6 

N16-C43-H43D 110.6 C44A-C43-H43D 110.6 

H43C-C43-H43D 108.7 C43-C44-C45 97.4(18) 

C43-C44-H44A 112.3 C45-C44-H44A 112.3 

C43-C44-H44B 112.3 C45-C44-H44B 112.3 

H44A-C44-H44B 109.9 C46-C45-C44A 111.(2) 

C46-C45-C44 108.9(17) C46-C45-H45A 109.9 

C44-C45-H45A 109.9 C46-C45-H45B 109.9 

C44-C45-H45B 109.9 H45A-C45-H45B 108.3 
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C46-C45-H45C 109.5 C44A-C45-H45C 109.5 

C46-C45-H45D 109.5 C44A-C45-H45D 109.5 

H45C-C45-H45D 108.0 N16-C46-C45 101.1(17) 

N16-C46-H46A 111.6 C45-C46-H46A 111.6 

N16-C46-H46B 111.6 C45-C46-H46B 111.6 

H46A-C46-H46B 109.4 C50A-C47-C48 106.(3) 

C50A-C47-C39 120.(4) C48-C47-C39 111.8(14) 

C48-C47-C50 110.(2) C39-C47-C50 107.(3) 

C48-C47-H47 109.6 C39-C47-H47 109.6 

C50-C47-H47 109.6 C50A-C47-H47A 105.8 

C48-C47-H47A 105.8 C39-C47-H47A 105.8 

O11-C48-O12 124.8(19) O11-C48-C47 124.(2) 

O12-C48-C47 111.0(16) O12-C49-H49A 109.5 

O12-C49-H49B 109.5 H49A-C49-H49B 109.5 

O12-C49-H49C 109.5 H49A-C49-H49C 109.5 

H49B-C49-H49C 109.5 O13-C50-O14 124.(5) 

O13-C50-C47 126.(6) O14-C50-C47 107.(4) 

O14-C51-H51A 109.5 O14-C51-H51B 109.5 

H51A-C51-H51B 109.5 O14-C51-H51C 109.5 

H51A-C51-H51C 109.5 H51B-C51-H51C 109.5 

P2-C52-H52A 109.5 P2-C52-H52B 109.5 

H52A-C52-H52B 109.5 P2-C52-H52C 109.5 

H52A-C52-H52C 109.5 H52B-C52-H52C 109.5 

P2-C53-H53A 109.5 P2-C53-H53B 109.5 

H53A-C53-H53B 109.5 P2-C53-H53C 109.5 

H53A-C53-H53C 109.5 H53B-C53-H53C 109.5 

P2-C54-H54A 109.5 P2-C54-H54B 109.5 

H54A-C54-H54B 109.5 P2-C54-H54C 109.5 

H54A-C54-H54C 109.5 H54B-C54-H54C 109.5 

N14-B2-N12 106.0(15) N14-B2-N10 108.0(14) 

N12-B2-N10 109.9(15) N14-B2-H2 110.9 

N12-B2-H2 110.9 N10-B2-H2 110.9 

N15-W2-C38 99.7(6) N15-W2-N13 100.7(7) 

C38-W2-N13 82.6(6) N15-W2-N11 88.0(6) 

C38-W2-N11 158.5(6) N13-W2-N11 76.3(5) 

N15-W2-N9 172.1(5) C38-W2-N9 88.0(5) 

N13-W2-N9 81.9(5) N11-W2-N9 85.3(5) 

N15-W2-C37 96.1(6) C38-W2-C37 38.1(6) 

N13-W2-C37 120.3(5) N11-W2-C37 161.4(6) 



292 

 

N9-W2-C37 88.9(5) N15-W2-P2 90.7(5) 

C38-W2-P2 117.6(5) N13-W2-P2 155.0(4) 

N11-W2-P2 82.0(4) N9-W2-P2 84.1(3) 

C37-W2-P2 79.8(4) O13A-C50A-C47 118.(5) 

O13A-C50A-O14A 120.(4) C47-C50A-O14A 120.(6) 

C51A-O14A-C50A 104.(5) O14A-C51A-H51D 109.5 

O14A-C51A-H51E 109.5 H51D-C51A-H51E 109.5 

O14A-C51A-H51F 109.5 H51D-C51A-H51F 109.5 

H51E-C51A-H51F 109.5 C45-C44A-C43 97.(2) 

C45-C44A-H44C 112.3 C43-C44A-H44C 112.3 

C45-C44A-H44D 112.3 C43-C44A-H44D 112.3 

H44C-C44A-H44D 109.9 C18-C17A-C16A 97.(3) 

C18-C17A-H17C 112.3 C16A-C17A-H17C 112.3 

C18-C17A-H17D 112.3 C16A-C17A-H17D 112.3 

H17C-C17A-H17D 109.9 N8-C16A-C17A 108.(3) 

N8-C16A-H16C 110.0 C17A-C16A-H16C 110.0 

N8-C16A-H16D 110.0 C17A-C16A-H16D 110.0 

H16C-C16A-H16D 108.4   

 

Table 6. Torsion angles (°) for Harman_SS7_198_6_X2.  

C1-N1-N2-C3 -1.2(18) W1-N1-N2-C3 176.5(11) 

C1-N1-N2-B1 
-
168.7(15) 

W1-N1-N2-B1 9.0(18) 

C4-N3-N4-C6 1.(2) W1-N3-N4-C6 
-
170.0(12) 

C4-N3-N4-B1 164.1(17) W1-N3-N4-B1 -7.(2) 

C7-N5-N6-C9 -3.1(19) W1-N5-N6-C9 
-
173.1(12) 

C7-N5-N6-B1 
-
179.6(15) 

W1-N5-N6-B1 10.4(19) 

O2-S1-N8-C19 -51.0(16) O3-S1-N8-C19 
-
178.3(15) 

C14-S1-N8-C19 67.2(16) O2-S1-N8-C16A 175.(2) 

O3-S1-N8-C16A 48.(3) C14-S1-N8-C16A -66.(2) 

O2-S1-N8-C16 157.(3) O3-S1-N8-C16 30.(3) 

C14-S1-N8-C16 -85.(3) N2-N1-C1-C2 -3.(2) 

W1-N1-C1-C2 180.0(13) N1-C1-C2-C3 5.(2) 

N1-N2-C3-C2 4.(2) B1-N2-C3-C2 170.5(16) 

C1-C2-C3-N2 -6.(2) N4-N3-C4-C5 -1.(2) 

W1-N3-C4-C5 169.9(14) N3-C4-C5-C6 0.(3) 
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N3-N4-C6-C5 -1.(2) B1-N4-C6-C5 
-
162.1(19) 

C4-C5-C6-N4 1.(2) N6-N5-C7-C8 2.2(19) 

W1-N5-C7-C8 170.2(12) N5-C7-C8-C9 -1.(2) 

N5-N6-C9-C8 3.(2) B1-N6-C9-C8 179.0(16) 

C7-C8-C9-N6 -1.(2) C15-C10-C11-C12 13.5(18) 

W1-C10-C11-C12 122.8(12) C15-C10-C11-W1 
-
109.4(12) 

C10-C11-C12-C20 81.4(18) W1-C11-C12-C20 169.9(13) 

C10-C11-C12-C13 -40.7(19) W1-C11-C12-C13 48.(2) 

C20-C12-C13-C14 -78.7(16) C11-C12-C13-C14 45.9(18) 

C12-C13-C14-C15 -27.9(19) C12-C13-C14-S1 148.7(11) 

O2-S1-C14-C15 3.3(14) O3-S1-C14-C15 134.0(12) 

N8-S1-C14-C15 
-
111.4(12) 

O2-S1-C14-C13 
-
173.5(11) 

O3-S1-C14-C13 -42.8(13) N8-S1-C14-C13 71.8(13) 

C13-C14-C15-C10 1.(2) S1-C14-C15-C10 
-
175.2(10) 

C11-C10-C15-C14 7.(2) W1-C10-C15-C14 -70.1(16) 

C19-N8-C16-C17 -21.(4) S1-N8-C16-C17 133.(2) 

N8-C16-C17-C18 38.(3) C16-C17-C18-C19 -42.(3) 

C17A-C18-C19-N8 -2.(3) C17-C18-C19-N8 28.(2) 

C16A-N8-C19-C18 -19.(2) C16-N8-C19-C18 -4.(3) 

S1-N8-C19-C18 
-
160.0(15) 

C11-C12-C20-C21 42.(2) 

C13-C12-C20-C21 168.3(15) C11-C12-C20-C23 161.3(16) 

C13-C12-C20-C23 -72.8(19) C22-O5-C21-O4 -8.(3) 

C22-O5-C21-C20 172.5(16) C12-C20-C21-O4 75.(2) 

C23-C20-C21-O4 -47.(3) C12-C20-C21-O5 
-
105.8(18) 

C23-C20-C21-O5 132.5(17) C24-O7-C23-O6 -6.(4) 

C24-O7-C23-C20 175.2(19) C12-C20-C23-O6 -3.(3) 

C21-C20-C23-O6 120.(3) C12-C20-C23-O7 176.4(18) 

C21-C20-C23-O7 -61.(2) N3-N4-B1-N6 61.(2) 

C6-N4-B1-N6 
-
139.2(19) 

N3-N4-B1-N2 -56.(2) 

C6-N4-B1-N2 103.(2) C9-N6-B1-N4 120.3(19) 

N5-N6-B1-N4 -64.(2) C9-N6-B1-N2 
-
122.8(18) 

N5-N6-B1-N2 53.(2) C3-N2-B1-N4 -109.(2) 
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N1-N2-B1-N4 55.4(18) C3-N2-B1-N6 130.5(18) 

N1-N2-B1-N6 -64.7(19) C28-N9-N10-C30 -3.3(17) 

W2-N9-N10-C30 170.9(11) C28-N9-N10-B2 175.6(14) 

W2-N9-N10-B2 -10.2(18) C31-N11-N12-C33 -0.2(19) 

W2-N11-N12-C33 173.7(11) C31-N11-N12-B2 
-
165.6(17) 

W2-N11-N12-B2 8.(2) C34-N13-N14-C36 2.(2) 

W2-N13-N14-C36 
-
174.6(12) 

C34-N13-N14-B2 169.4(17) 

W2-N13-N14-B2 -8.(2) O10-S2-N16-C43 -39.2(17) 

O9-S2-N16-C43 
-
168.0(14) 

C41-S2-N16-C43 76.0(16) 

O10-S2-N16-C46 177.1(15) O9-S2-N16-C46 48.3(16) 

C41-S2-N16-C46 -67.7(17) N10-N9-C28-C29 3.3(17) 

W2-N9-C28-C29 
-
169.5(11) 

N9-C28-C29-C30 -2.3(19) 

N9-N10-C30-C29 2.0(19) B2-N10-C30-C29 
-
176.8(15) 

C28-C29-C30-N10 0.1(19) N12-N11-C31-C32 0.(2) 

W2-N11-C31-C32 
-
172.9(14) 

N11-C31-C32-C33 -1.(2) 

N11-N12-C33-C32 0.(2) B2-N12-C33-C32 163.1(19) 

C31-C32-C33-N12 0.(2) N14-N13-C34-C35 -1.(2) 

W2-N13-C34-C35 175.5(16) N13-C34-C35-C36 -1.(3) 

C34-C35-C36-N14 2.(3) N13-N14-C36-C35 -3.(3) 

B2-N14-C36-C35 -169.(2) C42-C37-C38-C39 -12.(2) 

W2-C37-C38-C39 
-
123.0(15) 

C42-C37-C38-W2 110.6(12) 

C37-C38-C39-C40 41.(2) W2-C38-C39-C40 -48.6(19) 

C37-C38-C39-C47 -82.1(18) W2-C38-C39-C47 
-
171.7(11) 

C38-C39-C40-C41 -48.1(18) C47-C39-C40-C41 75.8(17) 

C39-C40-C41-C42 30.9(19) C39-C40-C41-S2 
-
146.0(11) 

O10-S2-C41-C42 
-
133.6(13) 

O9-S2-C41-C42 -2.2(14) 

N16-S2-C41-C42 111.5(13) O10-S2-C41-C40 43.4(14) 

O9-S2-C41-C40 174.8(11) N16-S2-C41-C40 -71.5(13) 

C40-C41-C42-C37 -1.(2) S2-C41-C42-C37 175.6(11) 

C38-C37-C42-C41 -9.(2) W2-C37-C42-C41 69.1(17) 
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C46-N16-C43-C44 9.(2) S2-N16-C43-C44 
-
135.5(16) 

C46-N16-C43-C44A -29.(3) S2-N16-C43-C44A -174.(2) 

N16-C43-C44-C45 -24.(2) C43-C44-C45-C46 31.(2) 

C43-N16-C46-C45 11.(2) S2-N16-C46-C45 155.8(14) 

C44A-C45-C46-N16 12.(3) C44-C45-C46-N16 -27.(2) 

C40-C39-C47-C50A 69.(4) C38-C39-C47-C50A -168.(4) 

C40-C39-C47-C48 
-
165.8(16) 

C38-C39-C47-C48 -42.(2) 

C40-C39-C47-C50 74.(3) C38-C39-C47-C50 -162.(3) 

C49-O12-C48-O11 4.(3) C49-O12-C48-C47 
-
174.7(19) 

C50A-C47-C48-O11 59.(4) C39-C47-C48-O11 -74.(2) 

C50-C47-C48-O11 44.(3) 
C50A-C47-C48-
O12 

-122.(4) 

C39-C47-C48-O12 104.9(18) C50-C47-C48-O12 -137.(3) 

C51-O14-C50-O13 -18.(9) C51-O14-C50-C47 179.(4) 

C48-C47-C50-O13 -102.(6) C39-C47-C50-O13 20.(7) 

C48-C47-C50-O14 61.(4) C39-C47-C50-O14 -178.(3) 

N13-N14-B2-N12 -55.(2) C36-N14-B2-N12 109.(2) 

N13-N14-B2-N10 63.(2) C36-N14-B2-N10 -133.(2) 

C33-N12-B2-N14 
-
108.1(19) 

N11-N12-B2-N14 54.(2) 

C33-N12-B2-N10 135.4(18) N11-N12-B2-N10 -63.(2) 

C30-N10-B2-N14 127.6(17) N9-N10-B2-N14 -51.1(19) 

C30-N10-B2-N12 
-
117.2(18) 

N9-N10-B2-N12 64.1(18) 

C48-C47-C50A-
O13A 

71.(6) 
C39-C47-C50A-
O13A 

-160.(4) 

C48-C47-C50A-
O14A 

-124.(5) 
C39-C47-C50A-
O14A 

4.(7) 

O13A-C50A-O14A-
C51A 

-35.(7) 
C47-C50A-O14A-
C51A 

161.(5) 

C46-C45-C44A-C43 -27.(4) 
N16-C43-C44A-
C45 

32.(4) 

C19-C18-C17A-C16A 21.(3) 
C19-N8-C16A-
C17A 

33.(3) 

S1-N8-C16A-C17A 173.(2) 
C18-C17A-C16A-
N8 

-32.(4) 
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Table 7. Anisotropic atomic displacement parameters (Å2) for 
Harman_SS7_198_6_X2.  

The anisotropic atomic displacement factor exponent takes the 
form: -2π2[ h2 a*2 U11 + ... + 2 h k a* b* U12 ]  
 U11 U22 U33 U23 U13 U12 

S1 0.0374(18) 0.063(3) 0.0408(18) 0.0226(17) 0.0047(15) 0.0182(18) 

P1 0.049(2) 0.046(2) 0.0339(17) 0.0145(15) 0.0046(15) 0.0177(18) 

O1 0.042(7) 0.066(9) 0.068(8) 0.015(7) -0.014(6) 0.018(6) 

O2 0.035(6) 0.065(8) 0.071(8) 0.038(7) 0.009(5) 0.013(6) 

O3 0.050(7) 0.093(11) 0.038(6) 0.019(6) 0.010(5) 0.028(7) 

O4 0.055(8) 0.082(11) 0.072(9) 0.006(8) -0.005(7) 0.010(8) 

O5 0.065(9) 0.102(12) 0.052(7) 0.014(7) 0.002(6) 0.043(9) 

O6 0.082(11) 0.101(13) 0.049(8) -0.013(8) 0.009(7) 0.040(11) 

O7 0.081(11) 0.132(16) 0.042(7) 0.029(8) 0.007(7) 0.048(11) 

N1 0.048(7) 0.038(7) 0.050(7) 0.012(6) 0.005(6) 0.019(6) 

N2 0.041(7) 0.055(9) 0.052(8) 0.022(7) -0.004(6) 0.004(7) 

N3 0.043(7) 0.041(7) 0.042(7) 0.020(6) -0.005(5) 0.007(6) 

N4 0.055(8) 0.050(8) 0.039(7) 0.027(6) -0.001(6) 0.005(7) 

N5 0.047(7) 0.035(7) 0.044(7) 0.015(5) -0.005(6) 0.005(6) 

N6 0.047(7) 0.052(8) 0.029(6) 0.018(5) 0.006(5) 0.007(6) 

N7 0.037(7) 0.057(9) 0.043(7) 0.009(6) 0.012(6) 0.009(6) 

N8 0.033(7) 0.064(9) 0.047(7) 0.019(7) 0.006(5) 0.016(6) 

C1 0.061(11) 0.063(12) 0.055(10) 0.027(9) 0.012(8) 0.027(10) 

C2 0.072(13) 0.038(9) 0.066(11) 0.015(8) 0.008(10) 0.014(9) 

C3 0.074(13) 0.038(9) 0.062(11) 0.010(8) -0.015(10) 0.014(9) 

C4 0.053(11) 0.067(12) 0.054(10) 0.022(9) -0.026(8) 0.010(9) 

C5 0.052(11) 0.067(13) 0.067(12) 0.027(10) -0.016(9) 0.002(10) 

C6 0.067(12) 0.052(10) 0.049(9) 0.020(8) -0.012(8) 0.011(9) 

C7 0.060(11) 0.066(12) 0.038(8) 0.021(8) 0.011(7) 0.034(10) 

C8 0.066(11) 0.066(11) 0.033(7) 0.008(7) 0.015(7) 0.040(10) 

C9 0.040(9) 0.069(12) 0.049(9) 0.025(8) 0.013(7) 0.010(8) 

C10 0.054(9) 0.052(9) 0.031(7) 0.027(6) 0.010(6) 0.026(8) 

C11 0.038(8) 0.067(11) 0.032(7) 0.016(7) 0.001(6) 0.021(8) 

C12 0.048(9) 0.045(9) 0.041(8) 0.006(7) -0.005(7) 0.014(8) 

C13 0.054(10) 0.063(11) 0.030(7) 0.016(7) 0.013(6) 0.032(9) 

C14 0.034(7) 0.049(9) 0.040(7) 0.010(6) -0.003(6) 0.013(7) 

C15 0.044(8) 0.048(9) 0.028(6) 0.021(6) -0.001(6) 0.014(7) 

C16 0.07(2) 0.045(15) 0.058(17) -0.002(13) -0.026(16) -0.003(15) 

C17 0.031(14) 0.052(15) 0.077(16) 0.044(12) 0.018(11) 0.003(11) 
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C18 0.050(10) 0.086(15) 0.048(9) 0.005(9) -0.023(8) 0.022(10) 

C19 0.052(10) 0.061(11) 0.047(9) 0.012(8) -0.001(7) 0.021(9) 

C20 0.034(8) 0.072(12) 0.044(8) 0.013(8) 0.009(6) 0.020(8) 

C21 0.046(10) 0.074(13) 0.047(9) 0.024(8) -0.002(7) 0.030(10) 

C22 0.078(17) 0.14(3) 0.077(15) 0.010(16) 0.004(13) 0.074(19) 

C23 0.050(10) 0.095(16) 0.038(9) 0.001(9) 0.003(7) 0.023(11) 

C24 0.049(11) 0.13(2) 0.059(12) 0.015(13) 0.010(9) 0.039(14) 

C25 0.052(10) 0.064(12) 0.048(9) 0.004(8) -0.005(8) 0.020(9) 

C26 0.073(12) 0.034(8) 0.035(7) 0.002(6) -0.001(7) 0.012(8) 

C27 0.072(12) 0.057(11) 0.041(8) 0.024(8) 0.017(8) 0.015(10) 

B1 0.042(10) 0.048(11) 0.059(11) 0.030(9) 0.004(8) 0.010(8) 

W1 0.0395(4) 0.0442(4) 0.0354(4) 0.0142(3) 0.0011(3) 0.0154(3) 

S2 0.0355(18) 0.064(3) 0.0444(19) 0.0281(18) 0.0119(15) 0.0202(18) 

P2 0.044(2) 0.044(2) 0.0320(16) 0.0132(15) 0.0035(15) 0.0134(17) 

O8 0.022(5) 0.082(9) 0.065(8) 0.031(7) -0.001(5) 0.004(6) 

O9 0.042(6) 0.069(8) 0.055(7) 0.033(6) 0.014(5) 0.020(6) 

O10 0.047(7) 0.085(10) 0.060(8) 0.032(7) 0.000(6) 0.023(7) 

O11 0.067(9) 0.080(10) 0.058(8) 0.013(7) 0.014(7) 0.037(8) 

O12 0.051(7) 0.077(9) 0.045(6) 0.020(6) 0.008(5) 0.008(7) 

O13 0.073(10) 0.088(12) 0.039(5) -0.008(6) -0.015(5) 0.030(8) 

O14 0.073(10) 0.088(12) 0.039(5) -0.008(6) -0.015(5) 0.030(8) 

N9 0.042(7) 0.033(6) 0.033(6) 0.005(5) 0.012(5) 0.002(5) 

N10 0.042(7) 0.060(9) 0.035(6) 0.016(6) 0.001(5) 0.025(7) 

N11 0.049(7) 0.046(7) 0.031(6) 0.021(5) 0.019(5) 0.021(6) 

N12 0.057(8) 0.040(7) 0.045(7) 0.021(6) 0.006(6) 0.014(7) 

N13 0.053(8) 0.032(6) 0.044(7) 0.018(5) 0.010(6) 0.016(6) 

N14 0.056(8) 0.039(7) 0.046(7) 0.008(6) 0.008(6) 0.019(7) 

N15 0.046(8) 0.073(10) 0.039(7) 0.019(7) 0.008(6) 0.028(8) 

N16 0.051(8) 0.096(12) 0.026(6) 0.009(7) 0.017(5) 0.042(9) 

C28 0.044(9) 0.060(11) 0.045(8) 0.022(8) 0.012(7) 0.019(8) 

C29 0.045(9) 0.071(12) 0.023(6) -0.002(7) 0.004(6) 0.013(8) 

C30 0.033(8) 0.064(11) 0.049(8) 0.025(8) 0.011(6) 0.019(8) 

C31 0.065(11) 0.066(12) 0.041(8) 0.026(8) 0.018(8) 0.018(10) 

C32 0.060(11) 0.061(11) 0.049(9) 0.021(8) 0.023(8) 0.019(9) 

C33 0.058(10) 0.039(8) 0.032(7) 0.017(6) 0.003(6) 0.015(7) 

C34 0.053(10) 0.068(13) 0.046(9) 0.017(9) -0.010(8) -0.010(9) 

C35 0.083(16) 0.042(11) 0.082(15) -0.008(10) 0.000(12) 0.008(11) 

C36 0.098(17) 0.052(11) 0.045(9) 0.016(8) 0.012(10) 0.024(11) 

C37 0.034(7) 0.046(8) 0.036(7) 0.025(6) 0.007(6) 0.010(6) 
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C38 0.044(8) 0.062(10) 0.034(7) 0.019(7) -0.003(6) 0.026(8) 

C39 0.041(8) 0.047(9) 0.038(7) 0.013(6) 0.007(6) 0.015(7) 

C40 0.024(6) 0.058(10) 0.041(7) 0.017(7) 0.004(6) 0.013(7) 

C41 0.038(7) 0.045(8) 0.034(7) 0.022(6) 0.011(6) 0.016(7) 

C42 0.043(8) 0.049(9) 0.028(6) 0.012(6) 0.011(6) 0.018(7) 

C43 0.044(9) 0.049(10) 0.067(11) -0.009(9) -0.001(8) 0.013(8) 

C44 0.057(17) 0.057(17) 0.056(15) 0.023(12) -0.007(12) 0.011(13) 

C45 0.057(11) 0.081(15) 0.079(14) 0.051(12) 0.020(10) 0.024(11) 

C46 0.050(10) 0.068(12) 0.056(10) 0.019(9) 0.022(8) 0.025(9) 

C47 0.062(11) 0.063(11) 0.036(8) 0.016(7) 0.013(7) 0.026(9) 

C48 0.061(11) 0.065(12) 0.030(7) 0.013(7) 0.007(7) 0.025(10) 

C49 0.054(13) 0.11(2) 0.097(19) -0.006(16) -0.010(13) 0.012(14) 

C50 0.073(10) 0.088(12) 0.039(5) -0.008(6) -0.015(5) 0.030(8) 

C51 0.073(10) 0.088(12) 0.039(5) -0.008(6) -0.015(5) 0.030(8) 

C52 0.084(14) 0.043(10) 0.037(8) 0.008(7) 0.004(8) 0.007(9) 

C53 0.058(10) 0.056(10) 0.037(8) 0.018(7) -0.007(7) 0.011(9) 

C54 0.062(11) 0.068(13) 0.052(10) 0.012(9) 0.006(8) 0.027(10) 

B2 0.054(11) 0.059(12) 0.045(10) 0.025(9) 0.004(8) 0.021(10) 

W2 0.0349(4) 0.0440(4) 0.0326(3) 0.0149(3) 0.0060(2) 0.0126(3) 

O13A 0.073(10) 0.088(12) 0.039(5) -0.008(6) -0.015(5) 0.030(8) 

C50A 0.073(10) 0.088(12) 0.039(5) -0.008(6) -0.015(5) 0.030(8) 

O14A 0.073(10) 0.088(12) 0.039(5) -0.008(6) -0.015(5) 0.030(8) 

C51A 0.073(10) 0.088(12) 0.039(5) -0.008(6) -0.015(5) 0.030(8) 

C44A 0.06(3) 0.05(3) 0.05(2) 0.01(2) 0.03(2) 0.02(2) 

C17A 0.044(19) 0.045(17) 0.053(17) 0.035(14) -0.007(16) -0.023(16) 

C16A 0.016(14) 0.030(17) 0.060(18) 0.002(14) 0.024(14) -0.002(13) 

 

Table 8. Hydrogen atomic coordinates and 
isotropic atomic displacement parameters (Å2) for 
Harman_SS7_198_6_X2.  
 x/a y/b z/c U(eq) 

H1 0.5585 0.4526 0.0276 0.067 

H2A 0.6944 0.6034 0.0347 0.07 

H3 0.7958 0.5758 -0.0777 0.071 

H4 0.3813 0.2676 -0.2261 0.07 

H5 0.4435 0.3671 -0.3097 0.076 

H6 0.6501 0.4292 -0.2883 0.067 

H7 0.7448 0.1260 -0.1026 0.06 

H8 0.9233 0.1704 -0.1595 0.062 
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H9 0.9229 0.3182 -0.1960 0.062 

H10 0.5950 0.1073 -0.0353 0.049 

H11 0.6701 0.2616 0.0211 0.053 

H12 0.5536 0.3522 0.0891 0.054 

H13A 0.3782 0.2588 0.1191 0.054 

H13B 0.3769 0.2776 0.0418 0.054 

H15 0.4101 0.0328 -0.0252 0.045 

H16A 0.1499 0.2232 0.0997 0.077 

H16B 0.0284 0.1520 0.0800 0.077 

H17A 0.0340 0.2448 -0.0020 0.061 

H17B 0.1606 0.2519 -0.0143 0.061 

H18A -0.0230 0.0850 -0.0684 0.075 

H18B 0.0700 0.1315 -0.1150 0.075 

H18C -0.0130 0.0743 -0.0941 0.075 

H18D 0.0929 0.1559 -0.1001 0.075 

H19A 0.1953 0.0754 -0.0741 0.064 

H19B 0.0889 -0.0050 -0.0656 0.064 

H20 0.5351 0.1909 0.1406 0.059 

H22A 0.8586 0.2184 0.0795 0.139 

H22B 0.8521 0.1413 0.1229 0.139 

H22C 0.8779 0.2499 0.1641 0.139 

H24A 0.5817 0.4178 0.3376 0.119 

H24B 0.6201 0.3476 0.3739 0.119 

H24C 0.4933 0.3304 0.3538 0.119 

H25A 0.3199 -0.0153 -0.2433 0.084 

H25B 0.3114 0.0902 -0.2234 0.084 

H25C 0.3021 0.0342 -0.1635 0.084 

H26A 0.5037 -0.0211 -0.1244 0.074 

H26B 0.6037 -0.0018 -0.1732 0.074 

H26C 0.4874 -0.0699 -0.2077 0.074 

H27A 0.5340 0.0289 -0.3007 0.083 

H27B 0.6181 0.1284 -0.2643 0.083 

H27C 0.5007 0.1235 -0.2965 0.083 

H1A 0.7929 0.4268 -0.1875 0.057 

H28 -0.1703 0.1342 0.4046 0.056 

H29 -0.3120 0.1757 0.3399 0.059 

H30 -0.2156 0.3173 0.3007 0.055 

H31 0.2945 0.2722 0.2727 0.066 

H32 0.2867 0.3666 0.1900 0.066 
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H33 0.1259 0.4268 0.2121 0.05 

H34 0.2326 0.4554 0.5360 0.073 

H35 0.2071 0.6132 0.5364 0.09 

H36 0.0857 0.5890 0.4314 0.077 

H37 -0.0254 0.1117 0.4647 0.044 

H38 0.0000 0.2623 0.5241 0.052 

H39 0.1749 0.3530 0.5936 0.049 

H40A 0.2976 0.2780 0.5408 0.048 

H40B 0.2902 0.2593 0.6181 0.048 

H42 0.1113 0.0337 0.4750 0.046 

H43A 0.5481 0.1627 0.5876 0.069 

H43B 0.4589 0.2201 0.5917 0.069 

H43C 0.5164 0.1759 0.6077 0.069 

H43D 0.4639 0.2308 0.5629 0.069 

H44A 0.6266 0.2495 0.5109 0.067 

H44B 0.5125 0.2674 0.4905 0.067 

H45A 0.5139 0.1427 0.3920 0.079 

H45B 0.5796 0.0972 0.4369 0.079 

H45C 0.5047 0.1744 0.4154 0.079 

H45D 0.5618 0.0914 0.4055 0.079 

H46A 0.3509 0.0711 0.4259 0.067 

H46B 0.4144 -0.0042 0.4341 0.067 

H47 0.0854 0.1893 0.6461 0.062 

H47A 0.0795 0.1871 0.6400 0.062 

H49A -0.2189 0.2072 0.5790 0.14 

H49B -0.2145 0.2449 0.6634 0.14 

H49C -0.2579 0.1348 0.6267 0.14 

H51A 0.1839 0.4129 0.8444 0.104 

H51B 0.2288 0.3256 0.8467 0.104 

H51C 0.1107 0.3285 0.8730 0.104 

H52A -0.1006 0.0048 0.3294 0.086 

H52B -0.0101 -0.0213 0.3710 0.086 

H52C -0.0315 -0.0615 0.2868 0.086 

H53A 0.0053 0.0393 0.1950 0.076 

H53B 0.0763 0.1466 0.2106 0.076 

H53C -0.0458 0.1213 0.2347 0.076 

H54A 0.2148 0.0312 0.3333 0.089 

H54B 0.2508 0.1004 0.2828 0.089 

H54C 0.1718 -0.0031 0.2514 0.089 
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H2 -0.0153 0.4358 0.3182 0.06 

H51D 0.2343 0.4774 0.8095 0.104 

H51E 0.3306 0.4338 0.8232 0.104 

H51F 0.2064 0.3777 0.8277 0.104 

H44C 0.6318 0.2448 0.5108 0.066 

H44D 0.6405 0.1452 0.5210 0.066 

H17C -0.0458 0.1573 0.0150 0.06 

H17D 0.0297 0.2473 -0.0082 0.06 

H16C 0.1879 0.2396 0.0467 0.046 

H16D 0.1021 0.2006 0.0997 0.046 
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Crystal Structure Report for 17 in Chapter 4 
 

A yellow plate-like specimen of C20H31BCl2N7O3PSW, approximate dimensions 0.079 mm x 0.144 mm x 
0.223 mm, was coated with Paratone oil and mounted on a MiTeGen MicroLoop. The X-ray intensity 
data were measured on a Bruker Kappa APEXII Duo system equipped with a fine-focus sealed tube (Mo 
Kα, λ = 0. 10 3 Å) and a graphite monochromator. 
 
The total exposure time was 3.56 hours. The frames were integrated with the Bruker SAINT software 

package20 using a narrow-frame algorithm. The integration of the data using a monoclinic unit cell 

yielded a total of 37280 reflections to a maximum θ angle of 28.33° (0.75 Å resolution), of which 6837 

were independent (average redundancy 5.453, completeness = 99.8%, Rint = 3.83%, Rsig = 2.79%) and 

6005 (87.83%) were greater than 2σ(F2). The final cell constants of a = 8.4005(6) Å, b = 12.5289(9) Å, c = 

26.2545(17) Å, β = 95.218(2)°, volume = 2751.8(3) Å3, are based upon the refinement of the XYZ-

centroids of 9938 reflections above 20 σ(I) with 4.503° < 2θ < 56.44°. Data were corrected for absorption 

effects using the Multi-Scan method (SADABS).1
 The ratio of minimum to maximum apparent 

transmission was 0.814. The calculated minimum and maximum transmission coefficients (based on 

 
20 Bruker (2012). Saint; SADABS; APEX3. Bruker AXS Inc., Madison, Wisconsin, USA. 
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crystal size) are 0.4007 and 0.4920.  

 

The structure was solved and refined using the Bruker SHELXTL Software Package21 within APEX3 1 and 

OLEX2,22 using the space group P 21/c, with Z = 4 for the formula unit, C20H31BCl2N7O3PSW. Non-

hydrogen atoms were refined anisotropically. The B-H hydrogen atom, as well as H10 and H11, were 

located in the electron density map and refined isotropically. All other hydrogen atoms were placed in 

geometrically calculated positions with Uiso = 1.2Uequiv of the parent atom (Uiso = 1.5Uequiv for methyl).  

The final anisotropic full-matrix least-squares refinement on F2 with 341 variables converged at R1 = 

2.76%, for the observed data and wR2 = 5.84% for all data. The goodness-of-fit was 1.076. The largest 

peak in the final difference electron density synthesis was 2.123 e-/Å3 and the largest hole was -1.183 e-

/Å3 with an RMS deviation of 0.113 e-/Å3. On the basis of the final model, the calculated density was 

1.801 g/cm3 and F(000), 1472 e-.  

 

Table 1. Sample and crystal data for Harman_SS7_198_3_X1.  

Identification code Harman_SS7_198_3_X1 

Chemical formula C20H31BCl2N7O3PSW 

Formula weight 746.11 g/mol 

Temperature 100(2) K 

Wavelength 0.71073 Å 

Crystal size 0.079 x 0.144 x 0.223 mm 

Crystal habit yellow plate 

Crystal system monoclinic 

Space group P 21/c 

Unit cell dimensions a = 8.4005(6) Å α = 90° 

 b = 12.5289(9) Å β = 95.21 (2)° 

 c = 26.2545(17) Å γ = 90° 

Volume 2751.8(3) Å3  

Z 4 

Density (calculated) 1.801 g/cm3 

Absorption coefficient 4.563 mm-1 

F(000) 1472 

 

Table 2. Data collection and structure refinement for 

Harman_SS7_198_3_X1.  

Diffractometer Bruker Kappa APEXII Duo 

 
21 Sheldrick, G. M. (2015). Acta Cryst. A71, 3-8. 
22 Dolomanov, O. V.; Bourhis, L. J.; Gildea, R. J.; Howard, J. A. K.; Puschmann, H. J. Appl. Cryst. (2009). 42, 339-

341. 



304 

 

Radiation source 
fine-focus sealed tube (Mo Kα, λ = 0. 10 3 

Å) 

Theta range for data collection 1.56 to 28.33° 

Index ranges -11<=h<=11, -16<=k<=16, -33<=l<=34 

Reflections collected 37280 

Independent reflections 6837 [R(int) = 0.0383] 

Coverage of independent 

reflections 
99.8% 

Absorption correction Multi-Scan 

Max. and min. transmission 0.4920 and 0.4007 

Structure solution technique direct methods 

Structure solution program SHELXT 2018/2 (Sheldrick, 2018) 

Refinement method Full-matrix least-squares on F2 

Refinement program SHELXL-2018/3 (Sheldrick, 2018) 

Function minimized Σ w(Fo
2 - Fc

2)2 

Data / restraints / parameters 6837 / 0 / 341 

Goodness-of-fit on F2 1.076 

Δ/σmax 0.002 

Final R indices 
6005 data; 

I>2σ(I) 

R1 = 0.0276, wR2 = 

0.0562 

 all data 
R1 = 0.0348, wR2 = 

0.0584 

Weighting scheme 
w=1/[σ2(Fo

2)+(0.0182P)2+6.9716P] 

where P=(Fo
2+2Fc

2)/3 

Largest diff. peak and hole 2.123 and -1.183 eÅ-3 

R.M.S. deviation from mean 0.113 eÅ-3 

 

Table 3. Atomic coordinates and equivalent 

isotropic atomic displacement parameters (Å2) 

for Harman_SS7_198_3_X1.  

U(eq) is defined as one third of the trace of the 

orthogonalized Uij tensor.  

 x/a y/b z/c U(eq) 

W1 0.34589(2) 0.69785(2) 0.39085(2) 0.01502(4) 

Cl1 0.74593(18) 0.79483(10) 0.63040(5) 0.0577(4) 

Cl2 0.82830(14) 0.97932(9) 0.69460(4) 0.0407(2) 

S1 0.21809(11) 0.82372(7) 0.57469(3) 0.02406(19) 

P1 0.12030(11) 0.56752(8) 0.39641(3) 0.02144(19) 



305 

 

O1 0.1446(3) 0.8797(2) 0.42275(10) 0.0282(6) 

O2 0.1235(3) 0.7361(2) 0.59110(11) 0.0329(6) 

O3 0.3196(3) 0.8789(2) 0.61359(10) 0.0304(6) 

N1 0.4726(3) 0.5566(2) 0.36044(10) 0.0192(6) 

N2 0.5127(3) 0.5551(2) 0.31113(11) 0.0208(6) 

N3 0.2331(3) 0.7143(2) 0.31217(10) 0.0179(6) 

N4 0.3049(3) 0.6807(2) 0.27036(10) 0.0198(6) 

N5 0.5279(3) 0.7847(2) 0.35055(11) 0.0197(6) 

N6 0.5686(3) 0.7503(2) 0.30401(11) 0.0218(6) 

N7 0.2318(3) 0.8071(2) 0.41044(10) 0.0194(6) 

C1 0.5167(5) 0.4612(3) 0.38015(14) 0.0264(8) 

C2 0.5837(5) 0.3988(3) 0.34427(16) 0.0343(9) 

C3 0.5797(5) 0.4613(3) 0.30131(15) 0.0285(8) 

C4 0.0902(4) 0.7535(3) 0.29437(14) 0.0221(7) 

C5 0.0699(5) 0.7455(3) 0.24144(14) 0.0262(8) 

C6 0.2078(4) 0.6996(3) 0.22764(13) 0.0245(7) 

C7 0.6105(4) 0.8754(3) 0.36046(14) 0.0243(7) 

C8 0.7040(4) 0.8986(3) 0.32093(15) 0.0290(8) 

C9 0.6748(4) 0.8185(3) 0.28634(15) 0.0273(8) 

C10 0.4106(4) 0.6368(3) 0.46998(13) 0.0232(7) 

C11 0.5378(4) 0.7010(3) 0.45355(13) 0.0252(7) 

C12 0.5936(4) 0.7960(3) 0.48671(14) 0.0290(8) 

C13 0.4557(5) 0.8568(3) 0.50854(14) 0.0274(8) 

C14 0.3370(4) 0.7796(3) 0.52755(13) 0.0217(7) 

C15 0.3164(4) 0.6795(3) 0.50983(13) 0.0214(7) 

C16 0.0887(5) 0.9189(4) 0.54439(16) 0.0386(10) 

C17 0.9315(5) 0.6286(4) 0.40946(18) 0.0373(10) 

C18 0.1390(5) 0.4590(3) 0.44305(15) 0.0319(9) 

C19 0.0698(5) 0.4928(3) 0.33746(16) 0.0354(9) 

C20 0.7011(5) 0.9279(3) 0.64311(16) 0.0338(9) 

B1 0.4847(5) 0.6540(3) 0.27679(15) 0.0227(8) 

 

Table 4. Bond lengths (Å) for 

Harman_SS7_198_3_X1.  

W1-N7 1.774(3) W1-C11 2.197(3) 

W1-N3 2.203(3) W1-N5 2.222(3) 

W1-C10 2.234(4) W1-N1 2.249(3) 
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W1-P1 2.5158(9) Cl1-C20 1.748(4) 

Cl2-C20 1.767(4) S1-O2 1.444(3) 

S1-O3 1.446(3) S1-C14 1.749(4) 

S1-C16 1.754(4) P1-C17 1.822(4) 

P1-C19 1.825(4) P1-C18 1.827(4) 

O1-N7 1.230(4) N1-C1 1.341(4) 

N1-N2 1.367(4) N2-C3 1.339(5) 

N2-B1 1.537(5) N3-C4 1.341(4) 

N3-N4 1.366(4) N4-C6 1.346(4) 

N4-B1 1.541(5) N5-C7 1.345(5) 

N5-N6 1.368(4) N6-C9 1.349(5) 

N6-B1 1.540(5) C1-C2 1.383(5) 

C1-H1 0.95 C2-C3 1.371(6) 

C2-H2 0.95 C3-H3 0.95 

C4-C5 1.388(5) C4-H4 0.95 

C5-C6 1.371(5) C5-H5 0.95 

C6-H6 0.95 C7-C8 1.388(5) 

C7-H7 0.95 C8-C9 1.360(6) 

C8-H8 0.95 C9-H9 0.95 

C10-C11 1.435(5) C10-C15 1.469(5) 

C10-H10 0.85(5) C11-C12 1.524(5) 

C11-H11 0.97(4) C12-C13 1.540(5) 

C12-H12A 0.99 C12-H12B 0.99 

C13-C14 1.506(5) C13-H13A 0.99 

C13-H13B 0.99 C14-C15 1.343(5) 

C15-H15 0.95 C16-H16A 0.98 

C16-H16B 0.98 C16-H16C 0.98 

C17-H17A 0.98 C17-H17B 0.98 

C17-H17C 0.98 C18-H18A 0.98 

C18-H18B 0.98 C18-H18C 0.98 

C19-H19A 0.98 C19-H19B 0.98 

C19-H19C 0.98 C20-H20A 0.99 

C20-H20B 0.99 B1-H1A 1.11(3) 

 

Table 5. Bond angles (°) for Harman_SS7_198_3_X1.  

N7-W1-C11 98.50(14) N7-W1-N3 90.12(11) 

C11-W1-N3 157.62(12) N7-W1-N5 100.01(12) 
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C11-W1-N5 81.84(12) N3-W1-N5 76.33(10) 

N7-W1-C10 94.99(13) C11-W1-C10 37.77(14) 

N3-W1-C10 162.11(13) N5-W1-C10 119.38(12) 

N7-W1-N1 174.82(12) C11-W1-N1 86.64(12) 

N3-W1-N1 85.28(10) N5-W1-N1 81.24(10) 

C10-W1-N1 88.71(12) N7-W1-P1 93.11(10) 

C11-W1-P1 118.26(11) N3-W1-P1 81.55(8) 

N5-W1-P1 154.19(8) C10-W1-P1 81.07(10) 

N1-W1-P1 83.87(8) O2-S1-O3 117.28(17) 

O2-S1-C14 109.63(17) O3-S1-C14 108.24(17) 

O2-S1-C16 108.5(2) O3-S1-C16 107.2(2) 

C14-S1-C16 105.30(18) C17-P1-C19 103.7(2) 

C17-P1-C18 102.1(2) C19-P1-C18 100.72(19) 

C17-P1-W1 114.29(15) C19-P1-W1 113.68(14) 

C18-P1-W1 120.16(14) C1-N1-N2 105.7(3) 

C1-N1-W1 133.4(2) N2-N1-W1 120.8(2) 

C3-N2-N1 109.8(3) C3-N2-B1 129.7(3) 

N1-N2-B1 120.5(3) C4-N3-N4 106.2(3) 

C4-N3-W1 131.0(2) N4-N3-W1 122.7(2) 

C6-N4-N3 109.7(3) C6-N4-B1 130.0(3) 

N3-N4-B1 118.6(3) C7-N5-N6 105.8(3) 

C7-N5-W1 133.4(2) N6-N5-W1 120.6(2) 

C9-N6-N5 109.5(3) C9-N6-B1 128.8(3) 

N5-N6-B1 121.4(3) O1-N7-W1 176.1(3) 

N1-C1-C2 110.9(3) N1-C1-H1 124.6 

C2-C1-H1 124.6 C3-C2-C1 104.8(3) 

C3-C2-H2 127.6 C1-C2-H2 127.6 

N2-C3-C2 108.8(3) N2-C3-H3 125.6 

C2-C3-H3 125.6 N3-C4-C5 110.3(3) 

N3-C4-H4 124.8 C5-C4-H4 124.8 

C6-C5-C4 105.4(3) C6-C5-H5 127.3 

C4-C5-H5 127.3 N4-C6-C5 108.4(3) 

N4-C6-H6 125.8 C5-C6-H6 125.8 

N5-C7-C8 110.4(3) N5-C7-H7 124.8 

C8-C7-H7 124.8 C9-C8-C7 105.4(3) 

C9-C8-H8 127.3 C7-C8-H8 127.3 

N6-C9-C8 108.8(3) N6-C9-H9 125.6 
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C8-C9-H9 125.6 C11-C10-C15 118.3(3) 

C11-C10-W1 69.7(2) C15-C10-W1 115.8(2) 

C11-C10-H10 119.(3) C15-C10-H10 112.(3) 

W1-C10-H10 115.(3) C10-C11-C12 117.7(3) 

C10-C11-W1 72.5(2) C12-C11-W1 127.5(3) 

C10-C11-H11 113.(3) C12-C11-H11 113.(3) 

W1-C11-H11 107.(3) C11-C12-C13 113.4(3) 

C11-C12-H12A 108.9 C13-C12-H12A 108.9 

C11-C12-H12B 108.9 C13-C12-H12B 108.9 

H12A-C12-H12B 107.7 C14-C13-C12 110.4(3) 

C14-C13-H13A 109.6 C12-C13-H13A 109.6 

C14-C13-H13B 109.6 C12-C13-H13B 109.6 

H13A-C13-H13B 108.1 C15-C14-C13 123.6(3) 

C15-C14-S1 118.4(3) C13-C14-S1 118.0(3) 

C14-C15-C10 121.8(3) C14-C15-H15 119.1 

C10-C15-H15 119.1 S1-C16-H16A 109.5 

S1-C16-H16B 109.5 H16A-C16-H16B 109.5 

S1-C16-H16C 109.5 H16A-C16-H16C 109.5 

H16B-C16-H16C 109.5 P1-C17-H17A 109.5 

P1-C17-H17B 109.5 H17A-C17-H17B 109.5 

P1-C17-H17C 109.5 H17A-C17-H17C 109.5 

H17B-C17-H17C 109.5 P1-C18-H18A 109.5 

P1-C18-H18B 109.5 H18A-C18-H18B 109.5 

P1-C18-H18C 109.5 H18A-C18-H18C 109.5 

H18B-C18-H18C 109.5 P1-C19-H19A 109.5 

P1-C19-H19B 109.5 H19A-C19-H19B 109.5 

P1-C19-H19C 109.5 H19A-C19-H19C 109.5 

H19B-C19-H19C 109.5 Cl1-C20-Cl2 111.6(2) 

Cl1-C20-H20A 109.3 Cl2-C20-H20A 109.3 

Cl1-C20-H20B 109.3 Cl2-C20-H20B 109.3 

H20A-C20-H20B 108.0 N2-B1-N6 108.7(3) 

N2-B1-N4 109.6(3) N6-B1-N4 106.4(3) 

N2-B1-H1A 110.3(19) N6-B1-H1A 113.1(19) 

N4-B1-H1A 108.8(19)   

 

Table 6. Torsion angles (°) for Harman_SS7_198_3_X1.  

C1-N1-N2-C3 -0.1(4) W1-N1-N2-C3 -177.1(2) 
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C1-N1-N2-B1 -177.9(3) W1-N1-N2-B1 5.2(4) 

C4-N3-N4-C6 0.3(4) W1-N3-N4-C6 179.2(2) 

C4-N3-N4-B1 167.0(3) W1-N3-N4-B1 -14.2(4) 

C7-N5-N6-C9 0.5(4) W1-N5-N6-C9 177.0(2) 

C7-N5-N6-B1 -173.6(3) W1-N5-N6-B1 2.9(4) 

N2-N1-C1-C2 -0.2(4) W1-N1-C1-C2 176.2(3) 

N1-C1-C2-C3 0.4(5) N1-N2-C3-C2 0.4(4) 

B1-N2-C3-C2 177.9(4) C1-C2-C3-N2 -0.5(5) 

N4-N3-C4-C5 -0.1(4) W1-N3-C4-C5 -178.9(2) 

N3-C4-C5-C6 -0.1(4) N3-N4-C6-C5 -0.4(4) 

B1-N4-C6-C5 -165.0(3) C4-C5-C6-N4 0.3(4) 

N6-N5-C7-C8 -0.4(4) W1-N5-C7-C8 -176.3(3) 

N5-C7-C8-C9 0.2(4) N5-N6-C9-C8 -0.4(4) 

B1-N6-C9-C8 173.2(3) C7-C8-C9-N6 0.1(4) 

C15-C10-C11-C12 14.6(5) W1-C10-C11-C12 123.7(3) 

C15-C10-C11-W1 -109.2(3) C10-C11-C12-C13 -39.7(5) 

W1-C11-C12-C13 48.9(4) C11-C12-C13-C14 43.0(4) 

C12-C13-C14-C15 -25.3(5) C12-C13-C14-S1 155.5(3) 

O2-S1-C14-C15 6.0(3) O3-S1-C14-C15 135.1(3) 

C16-S1-C14-C15 -110.5(3) O2-S1-C14-C13 -174.7(3) 

O3-S1-C14-C13 -45.7(3) C16-S1-C14-C13 68.7(3) 

C13-C14-C15-C10 0.3(5) S1-C14-C15-C10 179.5(3) 

C11-C10-C15-C14 6.1(5) W1-C10-C15-C14 -73.7(4) 

C3-N2-B1-N6 -122.4(4) N1-N2-B1-N6 54.8(4) 

C3-N2-B1-N4 121.7(4) N1-N2-B1-N4 -61.1(4) 

C9-N6-B1-N2 126.7(4) N5-N6-B1-N2 -60.4(4) 

C9-N6-B1-N4 -115.3(4) N5-N6-B1-N4 57.5(4) 

C6-N4-B1-N2 -129.9(4) N3-N4-B1-N2 66.6(4) 

C6-N4-B1-N6 112.7(4) N3-N4-B1-N6 -50.7(4) 

 

Table 7. Anisotropic atomic displacement parameters (Å2) for 

Harman_SS7_198_3_X1.  

The anisotropic atomic displacement factor exponent takes the form: -

2π2[ h2 a*2 U11 + ... + 2 h k a* b* U12 ]  

 U11 U22 U33 U23 U13 U12 

W1 0.01482(6) 0.01780(7) 0.01235(6) 
-

0.00013(5) 
0.00071(4) 0.00220(5) 
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 U11 U22 U33 U23 U13 U12 

Cl1 0.0766(9) 0.0460(7) 0.0452(7) -0.0168(6) -0.0237(6) 0.0237(7) 

Cl2 0.0425(6) 0.0364(6) 0.0426(6) -0.0044(5) 0.0011(5) -0.0078(5) 

S1 0.0274(4) 0.0269(5) 0.0179(4) -0.0018(3) 0.0021(3) 0.0008(4) 

P1 0.0194(4) 0.0236(5) 0.0220(4) -0.0010(4) 0.0055(3) -0.0039(4) 

O1 0.0326(15) 0.0271(14) 0.0256(13) 
-

0.0012(11) 
0.0061(11) 0.0098(11) 

O2 0.0327(15) 0.0378(16) 0.0295(14) 
-

0.0007(12) 
0.0100(12) 

-

0.0053(12) 

O3 0.0344(15) 0.0358(16) 0.0210(13) 
-

0.0045(11) 
0.0021(11) 

-

0.0036(12) 

N1 0.0198(14) 0.0219(15) 0.0161(13) 0.0016(11) 0.0026(11) 0.0044(11) 

N2 0.0212(14) 0.0243(15) 0.0178(14) 
-

0.0027(12) 
0.0059(11) 0.0015(12) 

N3 0.0197(14) 0.0198(15) 0.0139(13) 0.0002(11) 0.0006(10) 0.0003(11) 

N4 0.0240(14) 0.0219(15) 0.0136(13) 0.0010(11) 0.0025(11) 0.0006(12) 

N5 0.0177(13) 0.0196(15) 0.0218(14) 
-

0.0020(11) 
0.0008(11) 0.0021(11) 

N6 0.0198(14) 0.0246(16) 0.0216(15) 
-

0.0004(12) 
0.0055(12) 0.0009(12) 

N7 0.0190(13) 0.0232(15) 0.0158(13) 0.0011(12) 0.0010(10) 0.0022(12) 

C1 0.032(2) 0.0253(19) 0.0223(18) 0.0038(15) 0.0023(15) 0.0098(16) 

C2 0.041(2) 0.030(2) 0.033(2) 0.0000(17) 0.0062(18) 0.0179(18) 

C3 0.032(2) 0.027(2) 0.027(2) 
-

0.0045(16) 
0.0068(16) 0.0070(16) 

C4 0.0204(17) 0.0219(18) 0.0237(18) 
-

0.0024(14) 
0.0008(14) 0.0028(14) 

C5 0.0282(19) 0.028(2) 0.0206(18) 0.0047(15) 
-

0.0063(14) 
0.0017(16) 

C6 0.0311(19) 0.0276(18) 0.0139(15) 0.0032(15) 
-

0.0022(13) 

-

0.0058(16) 

C7 0.0222(17) 0.0214(18) 0.0291(19) 
-

0.0021(15) 
0.0010(14) 

-

0.0004(14) 

C8 0.0218(18) 0.027(2) 0.038(2) 0.0027(17) 0.0048(16) 
-

0.0038(15) 

C9 0.0201(17) 0.031(2) 0.032(2) 0.0062(16) 0.0077(15) 0.0003(15) 

C10 0.0272(19) 0.0234(19) 0.0186(17) 
-

0.0020(14) 
0.0010(14) 0.0050(15) 
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 U11 U22 U33 U23 U13 U12 

C11 0.0203(16) 0.036(2) 0.0189(16) 0.0016(16) 
-

0.0020(13) 
0.0064(16) 

C12 0.0219(17) 0.043(2) 0.0218(18) 
-

0.0008(17) 

-

0.0015(14) 

-

0.0084(17) 

C13 0.033(2) 0.029(2) 0.0198(18) 
-

0.0017(15) 

-

0.0011(15) 

-

0.0075(16) 

C14 0.0245(17) 0.0270(19) 0.0131(15) 0.0016(13) 
-

0.0005(13) 
0.0014(14) 

C15 0.0242(17) 0.0231(18) 0.0165(16) 0.0045(13) 0.0000(13) 
-

0.0005(14) 

C16 0.039(2) 0.045(3) 0.031(2) 
-

0.0004(19) 
0.0044(18) 0.016(2) 

C17 0.0210(19) 0.040(2) 0.053(3) 0.002(2) 0.0148(18) 
-

0.0004(17) 

C18 0.043(2) 0.0235(19) 0.031(2) 
-

0.0005(16) 
0.0111(18) 

-

0.0106(17) 

C19 0.041(2) 0.034(2) 0.031(2) 
-

0.0078(18) 
0.0029(18) 

-

0.0131(19) 

C20 0.033(2) 0.035(2) 0.033(2) 0.0075(18) 0.0001(17) 0.0018(17) 

B1 0.025(2) 0.025(2) 0.0188(19) 
-

0.0004(16) 
0.0059(16) 0.0019(16) 

 

Table 8. Hydrogen atomic coordinates and 

isotropic atomic displacement parameters (Å2) for 

Harman_SS7_198_3_X1.  

 x/a y/b z/c U(eq) 

H1 0.5037 0.4394 0.4142 0.032 

H2 0.6238 0.3281 0.3485 0.041 

H3 0.6181 0.4413 0.2697 0.034 

H4 0.0138 0.7825 0.3150 0.026 

H5 -0.0203 0.7672 0.2195 0.031 

H6 0.2309 0.6838 0.1937 0.029 

H7 0.6056 0.9176 0.3903 0.029 

H8 0.7735 0.9578 0.3185 0.035 

H9 0.7217 0.8118 0.2549 0.033 

H10 0.423(5) 0.569(4) 0.4722(16) 0.034(12) 

H11 0.625(5) 0.659(3) 0.4424(16) 0.034(12) 

H12A 0.6528 0.8459 0.4661 0.035 
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H12B 0.6685 0.7705 0.5154 0.035 

H13A 0.4989 0.9032 0.5370 0.033 

H13B 0.4015 0.9028 0.4816 0.033 

H15 0.2389 0.6352 0.5234 0.026 

H16A 0.0150 0.8836 0.5186 0.058 

H16B 0.1512 0.9726 0.5278 0.058 

H16C 0.0276 0.9535 0.5698 0.058 

H17A -0.1531 0.5746 0.4066 0.056 

H17B -0.0953 0.6857 0.3846 0.056 

H17C -0.0586 0.6585 0.4441 0.056 

H18A 0.1454 0.4887 0.4777 0.048 

H18B 0.2361 0.4180 0.4387 0.048 

H18C 0.0456 0.4121 0.4378 0.048 

H19A 0.1637 0.4528 0.3286 0.053 

H19B 0.0362 0.5425 0.3097 0.053 

H19C -0.0175 0.4431 0.3424 0.053 

H20A 0.5887 0.9331 0.6514 0.041 

H20B 0.7123 0.9714 0.6122 0.041 

H1A 0.526(4) 0.638(3) 0.2385(13) 0.016(9) 
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Crystal Structure Report for 22 in Chapter 4 
 
A yellow block-like specimen of C24H34BN8O3PW, approximate dimensions 0.270 mm x 0.319 mm x 0.386 
mm, was coated with Paratone oil and mounted on a MiTeGen MicroLoop. The X-ray intensity data were 
measured on a Bruker Kappa APEXII Duo system equipped with a fine-focus sealed tube (Mo Kα, λ = 
0.71073 Å) and a graphite monochromator. 
 
The total exposure time was 0.90 hours. The frames were integrated with the Bruker SAINT software 
package23 using a narrow-frame algorithm. The integration of the data using a monoclinic unit cell 
yielded a total of 46743 reflections to a maximum θ angle of 31.52° (0.68 Å resolution), of which 9416 
were independent (average redundancy 4.964, completeness = 99.9%, Rint = 2.35%, Rsig = 1.82%) and 
8354 (88.72%) were greater than 2σ(F2). The final cell constants of a = 11.9916(7) Å, b = 12.5032(7) Å, c = 
19.5817(11) Å, β = 105.9270(10)°, volume = 2823.2(3) Å3, are based upon the refinement of the XYZ-
centroids of 9997 reflections above 20 σ(I) with 4.805° < 2θ < 63.00°. Data were corrected for absorption 
effects using the Multi-Scan method (SADABS).1 The ratio of minimum to maximum apparent 
transmission was 0.866. The calculated minimum and maximum transmission coefficients (based on 

 
23 Bruker (2012). Saint; SADABS; APEX3. Bruker AXS Inc., Madison, Wisconsin, USA. 
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crystal size) are 0.2950 and 0.3980.  
 
The structure was solved and refined using the Bruker SHELXTL Software Package24 within APEX3 1 and 
OLEX2,25 using the space group P 21/c, with Z = 4 for the formula unit, C24H34BN8O3PW. Non-hydrogen 
atoms were refined anisotropically. Hydrogen atoms were placed in geometrically calculated positions 
with Uiso = 1.2Uequiv of the parent atom (Uiso = 1.5Uequiv for methyl). Most of the molecule was disordered 
over two positions. The relative occupancies were freely refined, and no constraints or restraints were 
needed.  The final anisotropic full-matrix least-squares refinement on F2 with 644 variables converged at 
R1 = 1.56%, for the observed data and wR2 = 3.65% for all data. The goodness-of-fit was 1.062. The 
largest peak in the final difference electron density synthesis was 1.330 e-/Å3 and the largest hole was -
1.484 e-/Å3 with an RMS deviation of 0.086 e-/Å3. On the basis of the final model, the calculated density 
was 1.666 g/cm3 and F(000), 1408 e-.  
 

Table 1. Sample and crystal data for Harman_SS5_44.  

Identification code Harman_SS5_44 

Chemical formula C24H34BN8O3PW 

Formula weight 708.22 g/mol 

Temperature 100(2) K 

Wavelength 0.71073 Å 

Crystal size 0.270 x 0.319 x 0.386 mm 

Crystal habit yellow block 

Crystal system monoclinic 

Space group P 21/c 

Unit cell dimensions a = 11.9916(7) Å α = 90° 
 b = 12.5032(7) Å β = 105.92 0(10)° 
 c = 19.5817(11) Å γ = 90° 

Volume 2823.2(3) Å3  

Z 4 

Density (calculated) 1.666 g/cm3 

Absorption coefficient 4.189 mm-1 

F(000) 1408 

 

Table 2. Data collection and structure refinement for Harman_SS5_44.  

Diffractometer Bruker Kappa APEXII Duo 

Radiation source 
fine-focus sealed tube (Mo Kα, λ = 0. 10 3 
Å) 

Theta range for data collection 1.77 to 31.52° 

Index ranges -17<=h<=17, -18<=k<=18, -23<=l<=28 

Reflections collected 46743 

 
24 Sheldrick, G. M. (2015). Acta Cryst. A71, 3-8. 
25 Dolomanov, O. V.; Bourhis, L. J.; Gildea, R. J.; Howard, J. A. K.; Puschmann, H. J. Appl. Cryst. (2009). 42, 339-

341. 
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Independent reflections 9416 [R(int) = 0.0235] 

Coverage of independent 
reflections 

99.9% 

Absorption correction Multi-Scan 

Max. and min. transmission 0.3980 and 0.2950 

Structure solution technique direct methods 

Structure solution program SHELXT 2014/5 (Sheldrick, 2014) 

Refinement method Full-matrix least-squares on F2 

Refinement program SHELXL-2018/3 (Sheldrick, 2018) 

Function minimized Σ w(Fo
2 - Fc

2)2 

Data / restraints / parameters 9416 / 0 / 644 

Goodness-of-fit on F2 1.062 

Δ/σmax 0.003 

Final R indices 
8354 data; 
I>2σ(I) 

R1 = 0.0156, wR2 = 
0.0344 

 all data 
R1 = 0.0209, wR2 = 
0.0365 

Weighting scheme 
w=1/[σ2(Fo

2)+(0.0155P)2+1.4980P] 
where P=(Fo

2+2Fc
2)/3 

Largest diff. peak and hole 1.330 and -1.484 eÅ-3 

R.M.S. deviation from mean 0.086 eÅ-3 

 

Table 3. Atomic coordinates and equivalent 
isotropic atomic displacement parameters (Å2) 
for Harman_SS5_44.  

U(eq) is defined as one third of the trace of the 
orthogonalized Uij tensor.  
 x/a y/b z/c U(eq) 

W1 0.20866(2) 0.44423(2) 0.81862(2) 0.00945(2) 

O1 0.05505(10) 0.47871(10) 0.67110(6) 0.0212(2) 

N1 0.30213(11) 0.42098(11) 0.93422(7) 0.0165(2) 

N7 0.12150(10) 0.46492(10) 0.73025(7) 0.0133(2) 

C1 0.38336(15) 0.35329(14) 0.96995(9) 0.0241(3) 

C2 0.41808(15) 0.37871(15) 0.04182(9) 0.0239(3) 

P1 0.10664(9) 0.27123(8) 0.82834(6) 0.01313(18) 

O2 0.2901(2) 0.4904(3) 0.49581(14) 0.0334(7) 

O3 0.1817(2) 0.5935(2) 0.54501(13) 0.0237(5) 

N2 0.2978(3) 0.5078(3) 0.9833(2) 0.0148(7) 

N3 0.0719(3) 0.5148(3) 0.86536(17) 0.0126(6) 

N4 0.0991(2) 0.5787(2) 0.92398(13) 0.0135(5) 
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N5 0.2634(3) 0.6145(4) 0.8390(2) 0.0113(7) 

N6 0.2694(2) 0.6658(2) 0.90132(14) 0.0149(5) 

N8 0.6444(2) 0.4970(2) 0.77501(14) 0.0159(5) 

C3 0.3630(6) 0.4815(5) 0.0483(4) 0.0198(11) 

C4 0.9556(3) 0.5151(3) 0.84048(17) 0.0147(5) 

C5 0.9074(3) 0.5781(3) 0.88401(17) 0.0175(6) 

C6 0.0009(3) 0.6185(3) 0.93518(17) 0.0167(6) 

C7 0.2913(3) 0.6864(2) 0.79596(19) 0.0154(6) 

C8 0.3173(3) 0.7850(3) 0.83000(18) 0.0197(6) 

C9 0.3024(3) 0.7689(3) 0.8965(2) 0.0187(6) 

C10 0.3536(4) 0.3538(4) 0.7885(3) 0.0118(8) 

C11 0.3830(7) 0.4651(4) 0.8045(4) 0.0105(10) 

C12 0.4204(2) 0.5314(3) 0.74859(16) 0.0112(5) 

C13 0.3471(2) 0.5049(3) 0.67225(15) 0.0119(5) 

C14 0.3411(3) 0.3862(3) 0.66143(17) 0.0175(6) 

C15 0.3388(3) 0.3177(3) 0.71400(18) 0.0182(6) 

C16 0.5463(2) 0.5120(2) 0.76020(15) 0.0125(5) 

C17 0.3792(4) 0.5687(4) 0.6105(3) 0.0136(8) 

C18 0.3822(3) 0.6895(3) 0.62672(17) 0.0203(6) 

C19 0.4933(3) 0.5342(3) 0.59741(18) 0.0240(7) 

C20 0.2807(3) 0.5455(3) 0.54417(17) 0.0175(6) 

C21 0.0833(3) 0.5694(3) 0.4856(2) 0.0316(8) 

C22 0.1857(3) 0.1455(3) 0.84533(19) 0.0197(6) 

C23 0.0278(4) 0.2620(3) 0.8960(2) 0.0276(8) 

C24 0.9967(3) 0.2454(3) 0.7459(2) 0.0224(7) 

B1 0.2263(3) 0.6099(3) 0.95890(19) 0.0143(6) 

P1A 0.13785(10) 0.25333(8) 0.81444(6) 0.01443(19) 

O2A 0.4785(2) 0.64067(19) 0.59594(14) 0.0218(5) 

O3A 0.30836(18) 0.66521(17) 0.62030(12) 0.0161(4) 

N2A 0.2710(3) 0.4747(3) 0.9828(2) 0.0117(6) 

N3A 0.0556(3) 0.4732(3) 0.85442(17) 0.0124(6) 

N4A 0.0625(2) 0.5191(2) 0.91854(14) 0.0128(5) 

N5A 0.2337(3) 0.6139(4) 0.8506(2) 0.0111(7) 

N6A 0.2195(2) 0.6445(2) 0.91515(14) 0.0130(5) 

N8A 0.6242(3) 0.4023(3) 0.75391(17) 0.0276(7) 

C3A 0.3444(6) 0.4516(5) 0.0472(4) 0.0146(10) 

C4A 0.9424(3) 0.4596(3) 0.82193(18) 0.0154(6) 

C5A 0.8755(3) 0.4970(3) 0.86488(17) 0.0189(6) 

C6A 0.9542(3) 0.5344(3) 0.92566(17) 0.0184(6) 
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C7A 0.2584(3) 0.7022(3) 0.8194(2) 0.0159(6) 

C8A 0.2610(3) 0.7912(3) 0.8627(2) 0.0181(6) 

C9A 0.2351(3) 0.7515(2) 0.92253(18) 0.0178(6) 

C10A 0.3289(4) 0.3268(4) 0.7931(3) 0.0113(8) 

C11A 0.3773(7) 0.4334(4) 0.7990(4) 0.0100(12) 

C12A 0.4129(2) 0.4774(3) 0.73472(17) 0.0122(5) 

C13A 0.3246(2) 0.4476(3) 0.66362(15) 0.0105(5) 

C14A 0.2970(3) 0.3305(3) 0.66289(17) 0.0149(5) 

C15A 0.2979(3) 0.2770(3) 0.72240(17) 0.0144(5) 

C16A 0.5314(3) 0.4344(3) 0.74245(17) 0.0174(6) 

C17A 0.3537(3) 0.4867(2) 0.59406(16) 0.0142(5) 

C18A 0.4501(3) 0.4223(3) 0.5759(2) 0.0230(7) 

C19A 0.2420(3) 0.4805(3) 0.53174(18) 0.0227(7) 

C20A 0.3894(5) 0.6050(3) 0.6042(3) 0.0133(8) 

C21A 0.3393(3) 0.7763(2) 0.63423(19) 0.0198(6) 

C22A 0.2371(3) 0.1396(3) 0.8314(2) 0.0223(7) 

C23A 0.0588(4) 0.2249(3) 0.8800(2) 0.0296(8) 

C24A 0.0384(3) 0.2201(3) 0.7294(2) 0.0275(8) 

B1A 0.1795(3) 0.5643(3) 0.96268(18) 0.0138(6) 

 

Table 4. Bond lengths (Å) for Harman_SS5_44.  

W1-N7 1.7778(12) W1-C11A 2.164(8) 

W1-N3A 2.167(3) W1-C11 2.197(8) 

W1-N5A 2.209(5) W1-C10A 2.209(6) 

W1-N5 2.231(5) W1-N1 2.2522(13) 

W1-N3 2.265(3) W1-C10 2.283(5) 

W1-P1 2.5179(10) W1-P1A 2.5272(10) 

O1-N7 1.2248(16) N1-N2A 1.300(4) 

N1-C1 1.334(2) N1-N2 1.459(4) 

C1-C2 1.390(2) C1-H1 0.95 

C2-C3A 1.293(8) C2-C3 1.467(8) 

C2-H2A 0.95 C2-H2B 0.95 

P1-C24 1.812(4) P1-C22 1.819(3) 

P1-C23 1.830(4) O2-C20 1.201(4) 

O3-C20 1.334(4) O3-C21 1.444(4) 

N2-C3 1.340(9) N2-B1 1.540(5) 

N3-C4 1.345(4) N3-N4 1.363(4) 

N4-C6 1.351(4) N4-B1 1.540(4) 

N5-C7 1.336(5) N5-N6 1.363(5) 
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N6-C9 1.359(4) N6-B1 1.532(5) 

N8-C16 1.147(4) C3-H3 0.95 

C4-C5 1.398(5) C4-H4 0.95 

C5-C6 1.378(4) C5-H5 0.95 

C6-H6 0.95 C7-C8 1.396(4) 

C7-H7 0.95 C8-C9 1.378(5) 

C8-H8 0.95 C9-H9 0.95 

C10-C11 1.448(7) C10-C15 1.491(6) 

C10-H10 1.0 C11-C12 1.536(9) 

C11-H11 1.0 C12-C16 1.484(4) 

C12-C13 1.548(4) C12-H12 1.0 

C13-C14 1.498(5) C13-C17 1.581(6) 

C13-H13 1.0 C14-C15 1.346(5) 

C14-H14 0.95 C15-H15 0.95 

C17-C19 1.523(6) C17-C20 1.524(6) 

C17-C18 1.541(6) C18-H18A 0.98 

C18-H18B 0.98 C18-H18C 0.98 

C19-H19A 0.98 C19-H19B 0.98 

C19-H19C 0.98 C21-H21A 0.98 

C21-H21B 0.98 C21-H21C 0.98 

C22-H22A 0.98 C22-H22B 0.98 

C22-H22C 0.98 C23-H23A 0.98 

C23-H23B 0.98 C23-H23C 0.98 

C24-H24A 0.98 C24-H24B 0.98 

C24-H24C 0.98 B1-H1A 1.0 

P1A-C24A 1.811(4) P1A-C22A 1.825(4) 

P1A-C23A 1.828(4) O2A-C20A 1.209(5) 

O3A-C20A 1.334(6) O3A-C21A 1.444(4) 

N2A-C3A 1.356(9) N2A-B1A 1.542(5) 

N3A-C4A 1.343(4) N3A-N4A 1.362(4) 

N4A-C6A 1.357(4) N4A-B1A 1.540(4) 

N5A-C7A 1.334(5) N5A-N6A 1.375(5) 

N6A-C9A 1.352(4) N6A-B1A 1.532(5) 

N8A-C16A 1.146(4) C3A-H3A 0.95 

C4A-C5A 1.393(5) C4A-H4A 0.95 

C5A-C6A 1.382(5) C5A-H5A 0.95 

C6A-H6A 0.95 C7A-C8A 1.393(5) 

C7A-H7A 0.95 C8A-C9A 1.384(5) 

C8A-H8A 0.95 C9A-H9A 0.95 
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C10A-C11A 1.445(7) C10A-C15A 1.470(6) 

C10A-H10A 1.0 C11A-C12A 1.537(9) 

C11A-H11A 1.0 C12A-C16A 1.488(4) 

C12A-C13A 1.546(4) C12A-H12A 1.0 

C13A-C14A 1.500(5) C13A-C17A 1.574(4) 

C13A-H13A 1.0 C14A-C15A 1.341(4) 

C14A-H14A 0.95 C15A-H15A 0.95 

C17A-C18A 1.529(4) C17A-C20A 1.538(5) 

C17A-C19A 1.546(4) C18A-H18D 0.98 

C18A-H18E 0.98 C18A-H18F 0.98 

C19A-H19D 0.98 C19A-H19E 0.98 

C19A-H19F 0.98 C21A-H21D 0.98 

C21A-H21E 0.98 C21A-H21F 0.98 

C22A-H22D 0.98 C22A-H22E 0.98 

C22A-H22F 0.98 C23A-H23D 0.98 

C23A-H23E 0.98 C23A-H23F 0.98 

C24A-H24D 0.98 C24A-H24E 0.98 

C24A-H24F 0.98 B1A-H1B 1.0 

 

Table 5. Bond angles (°) for Harman_SS5_44.  

N7-W1-C11A 99.5(2) N7-W1-N3A 88.09(10) 

C11A-W1-N3A 169.60(19) N7-W1-C11 100.7(2) 

N7-W1-N5A 97.71(12) C11A-W1-N5A 92.86(15) 

N3A-W1-N5A 78.98(13) N7-W1-C10A 97.04(15) 

C11A-W1-C10A 38.57(16) N3A-W1-C10A 147.96(14) 

N5A-W1-C10A 130.99(15) N7-W1-N5 95.79(12) 

C11-W1-N5 70.49(16) N7-W1-N1 173.99(5) 

C11A-W1-N1 86.5(2) N3A-W1-N1 85.90(9) 

C11-W1-N1 85.0(2) N5A-W1-N1 81.22(12) 

C10A-W1-N1 88.04(14) N5-W1-N1 84.41(12) 

N7-W1-N3 92.25(9) C11-W1-N3 145.46(16) 

N5-W1-N3 76.48(12) N1-W1-N3 81.94(9) 

N7-W1-C10 96.12(14) C11-W1-C10 37.65(16) 

N5-W1-C10 108.13(14) N1-W1-C10 89.51(14) 

N3-W1-C10 169.92(15) N7-W1-P1 91.75(5) 

C11-W1-P1 127.59(15) N5-W1-P1 158.64(9) 

N1-W1-P1 86.06(4) N3-W1-P1 83.30(9) 

C10-W1-P1 90.83(11) N7-W1-P1A 90.19(5) 

C11A-W1-P1A 104.89(13) N3A-W1-P1A 82.05(10) 
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N5A-W1-P1A 159.15(9) C10A-W1-P1A 66.39(12) 

N1-W1-P1A 88.90(4) N2A-N1-C1 105.0(2) 

C1-N1-N2 106.2(2) N2A-N1-W1 120.35(18) 

C1-N1-W1 134.36(12) N2-N1-W1 117.88(18) 

O1-N7-W1 175.69(12) N1-C1-C2 111.01(16) 

N1-C1-H1 124.5 C2-C1-H1 124.5 

C3A-C2-C1 102.8(4) C1-C2-C3 105.8(3) 

C1-C2-H2A 127.1 C3-C2-H2A 127.1 

C3A-C2-H2B 128.6 C1-C2-H2B 128.6 

C24-P1-C22 102.93(17) C24-P1-C23 103.9(2) 

C22-P1-C23 99.21(19) C24-P1-W1 109.62(12) 

C22-P1-W1 121.12(13) C23-P1-W1 117.86(14) 

C20-O3-C21 115.4(3) C3-N2-N1 109.1(4) 

C3-N2-B1 128.9(4) N1-N2-B1 122.0(3) 

C4-N3-N4 106.7(3) C4-N3-W1 130.4(3) 

N4-N3-W1 122.4(2) C6-N4-N3 109.6(3) 

C6-N4-B1 129.5(3) N3-N4-B1 120.1(2) 

C7-N5-N6 106.7(4) C7-N5-W1 129.9(3) 

N6-N5-W1 123.3(3) C9-N6-N5 109.2(3) 

C9-N6-B1 130.3(3) N5-N6-B1 120.0(3) 

N2-C3-C2 106.9(5) N2-C3-H3 126.5 

C2-C3-H3 126.5 N3-C4-C5 110.0(3) 

N3-C4-H4 125.0 C5-C4-H4 125.0 

C6-C5-C4 105.0(3) C6-C5-H5 127.5 

C4-C5-H5 127.5 N4-C6-C5 108.6(3) 

N4-C6-H6 125.7 C5-C6-H6 125.7 

N5-C7-C8 110.8(4) N5-C7-H7 124.6 

C8-C7-H7 124.6 C9-C8-C7 104.6(3) 

C9-C8-H8 127.7 C7-C8-H8 127.7 

N6-C9-C8 108.7(3) N6-C9-H9 125.7 

C8-C9-H9 125.7 C11-C10-C15 117.4(4) 

C11-C10-W1 68.0(4) C15-C10-W1 120.5(3) 

C11-C10-H10 114.4 C15-C10-H10 114.4 

W1-C10-H10 114.4 C10-C11-C12 117.7(5) 

C10-C11-W1 74.4(3) C12-C11-W1 128.9(5) 

C10-C11-H11 110.3 C12-C11-H11 110.3 

W1-C11-H11 110.3 C16-C12-C11 106.6(4) 

C16-C12-C13 113.4(2) C11-C12-C13 111.9(4) 

C16-C12-H12 108.2 C11-C12-H12 108.2 
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C13-C12-H12 108.2 C14-C13-C12 109.9(3) 

C14-C13-C17 113.8(3) C12-C13-C17 115.9(3) 

C14-C13-H13 105.4 C12-C13-H13 105.4 

C17-C13-H13 105.4 C15-C14-C13 122.2(3) 

C15-C14-H14 118.9 C13-C14-H14 118.9 

C14-C15-C10 122.2(3) C14-C15-H15 118.9 

C10-C15-H15 118.9 N8-C16-C12 174.4(3) 

C19-C17-C20 108.9(4) C19-C17-C18 109.9(3) 

C20-C17-C18 109.3(3) C19-C17-C13 113.9(3) 

C20-C17-C13 105.2(3) C18-C17-C13 109.5(4) 

C17-C18-H18A 109.5 C17-C18-H18B 109.5 

H18A-C18-H18B 109.5 C17-C18-H18C 109.5 

H18A-C18-H18C 109.5 H18B-C18-H18C 109.5 

C17-C19-H19A 109.5 C17-C19-H19B 109.5 

H19A-C19-H19B 109.5 C17-C19-H19C 109.5 

H19A-C19-H19C 109.5 H19B-C19-H19C 109.5 

O2-C20-O3 123.0(3) O2-C20-C17 124.2(3) 

O3-C20-C17 112.8(3) O3-C21-H21A 109.5 

O3-C21-H21B 109.5 H21A-C21-H21B 109.5 

O3-C21-H21C 109.5 H21A-C21-H21C 109.5 

H21B-C21-H21C 109.5 P1-C22-H22A 109.5 

P1-C22-H22B 109.5 H22A-C22-H22B 109.5 

P1-C22-H22C 109.5 H22A-C22-H22C 109.5 

H22B-C22-H22C 109.5 P1-C23-H23A 109.5 

P1-C23-H23B 109.5 H23A-C23-H23B 109.5 

P1-C23-H23C 109.5 H23A-C23-H23C 109.5 

H23B-C23-H23C 109.5 P1-C24-H24A 109.5 

P1-C24-H24B 109.5 H24A-C24-H24B 109.5 

P1-C24-H24C 109.5 H24A-C24-H24C 109.5 

H24B-C24-H24C 109.5 N6-B1-N2 109.5(3) 

N6-B1-N4 106.4(3) N2-B1-N4 109.1(3) 

N6-B1-H1A 110.6 N2-B1-H1A 110.6 

N4-B1-H1A 110.6 C24A-P1A-C22A 102.72(18) 

C24A-P1A-C23A 105.3(2) C22A-P1A-C23A 99.1(2) 

C24A-P1A-W1 112.17(14) C22A-P1A-W1 122.25(13) 

C23A-P1A-W1 113.28(15) C20A-O3A-C21A 114.9(3) 

N1-N2A-C3A 109.1(4) N1-N2A-B1A 121.0(3) 

C3A-N2A-B1A 128.9(4) C4A-N3A-N4A 106.7(3) 

C4A-N3A-W1 131.4(3) N4A-N3A-W1 121.8(2) 
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C6A-N4A-N3A 109.7(3) C6A-N4A-B1A 129.8(3) 

N3A-N4A-B1A 119.2(3) C7A-N5A-N6A 106.8(4) 

C7A-N5A-W1 134.0(3) N6A-N5A-W1 119.1(3) 

C9A-N6A-N5A 109.0(3) C9A-N6A-B1A 129.7(3) 

N5A-N6A-B1A 121.0(3) C2-C3A-N2A 111.0(6) 

C2-C3A-H3A 124.5 N2A-C3A-H3A 124.5 

N3A-C4A-C5A 110.3(3) N3A-C4A-H4A 124.9 

C5A-C4A-H4A 124.9 C6A-C5A-C4A 105.3(3) 

C6A-C5A-H5A 127.4 C4A-C5A-H5A 127.4 

N4A-C6A-C5A 108.1(3) N4A-C6A-H6A 126.0 

C5A-C6A-H6A 126.0 N5A-C7A-C8A 110.7(4) 

N5A-C7A-H7A 124.7 C8A-C7A-H7A 124.7 

C9A-C8A-C7A 104.8(3) C9A-C8A-H8A 127.6 

C7A-C8A-H8A 127.6 N6A-C9A-C8A 108.7(3) 

N6A-C9A-H9A 125.7 C8A-C9A-H9A 125.7 

C11A-C10A-C15A 117.3(4) C11A-C10A-W1 69.0(3) 

C15A-C10A-W1 118.9(3) C11A-C10A-H10A 114.7 

C15A-C10A-H10A 114.7 W1-C10A-H10A 114.7 

C10A-C11A-C12A 117.4(5) C10A-C11A-W1 72.4(3) 

C12A-C11A-W1 127.3(4) C10A-C11A-H11A 111.3 

C12A-C11A-H11A 111.3 W1-C11A-H11A 111.3 

C16A-C12A-C11A 105.0(4) C16A-C12A-C13A 113.8(3) 

C11A-C12A-C13A 112.1(3) C16A-C12A-H12A 108.6 

C11A-C12A-H12A 108.6 C13A-C12A-H12A 108.6 

C14A-C13A-C12A 109.8(3) C14A-C13A-C17A 113.3(3) 

C12A-C13A-C17A 116.4(2) C14A-C13A-H13A 105.4 

C12A-C13A-H13A 105.4 C17A-C13A-H13A 105.4 

C15A-C14A-C13A 122.0(3) C15A-C14A-H14A 119.0 

C13A-C14A-H14A 119.0 C14A-C15A-C10A 123.1(3) 

C14A-C15A-H15A 118.5 C10A-C15A-H15A 118.5 

N8A-C16A-C12A 174.7(4) C18A-C17A-C20A 109.6(3) 

C18A-C17A-C19A 109.7(3) C20A-C17A-C19A 107.5(3) 

C18A-C17A-C13A 113.5(3) C20A-C17A-C13A 107.9(3) 

C19A-C17A-C13A 108.5(2) C17A-C18A-H18D 109.5 

C17A-C18A-H18E 109.5 H18D-C18A-H18E 109.5 

C17A-C18A-H18F 109.5 H18D-C18A-H18F 109.5 

H18E-C18A-H18F 109.5 C17A-C19A-H19D 109.5 

C17A-C19A-H19E 109.5 H19D-C19A-H19E 109.5 

C17A-C19A-H19F 109.5 H19D-C19A-H19F 109.5 
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H19E-C19A-H19F 109.5 O2A-C20A-O3A 123.5(4) 

O2A-C20A-C17A 124.2(4) O3A-C20A-C17A 112.2(4) 

O3A-C21A-H21D 109.5 O3A-C21A-H21E 109.5 

H21D-C21A-H21E 109.5 O3A-C21A-H21F 109.5 

H21D-C21A-H21F 109.5 H21E-C21A-H21F 109.5 

P1A-C22A-H22D 109.5 P1A-C22A-H22E 109.5 

H22D-C22A-H22E 109.5 P1A-C22A-H22F 109.5 

H22D-C22A-H22F 109.5 H22E-C22A-H22F 109.5 

P1A-C23A-H23D 109.5 P1A-C23A-H23E 109.5 

H23D-C23A-H23E 109.5 P1A-C23A-H23F 109.5 

H23D-C23A-H23F 109.5 H23E-C23A-H23F 109.5 

P1A-C24A-H24D 109.5 P1A-C24A-H24E 109.5 

H24D-C24A-H24E 109.5 P1A-C24A-H24F 109.5 

H24D-C24A-H24F 109.5 H24E-C24A-H24F 109.5 

N6A-B1A-N4A 106.8(2) N6A-B1A-N2A 108.1(3) 

N4A-B1A-N2A 110.6(3) N6A-B1A-H1B 110.4 

N4A-B1A-H1B 110.4 N2A-B1A-H1B 110.4 

 

Table 6. Torsion angles (°) for Harman_SS5_44.  

N2A-N1-C1-C2 -11.0(2) N2-N1-C1-C2 10.6(2) 

W1-N1-C1-C2 175.49(12) N1-C1-C2-C3A 8.5(3) 

N1-C1-C2-C3 -8.4(3) C1-N1-N2-C3 -8.9(4) 

W1-N1-N2-C3 -176.7(3) C1-N1-N2-B1 171.5(3) 

W1-N1-N2-B1 3.6(4) C4-N3-N4-C6 -0.2(4) 

W1-N3-N4-C6 173.3(2) C4-N3-N4-B1 
-
170.6(3) 

W1-N3-N4-B1 2.9(4) C7-N5-N6-C9 -0.8(4) 

W1-N5-N6-C9 -178.4(3) C7-N5-N6-B1 171.6(3) 

W1-N5-N6-B1 -6.1(4) N1-N2-C3-C2 3.8(5) 

B1-N2-C3-C2 -176.6(3) C1-C2-C3-N2 2.4(5) 

N4-N3-C4-C5 -1.0(4) W1-N3-C4-C5 
-
173.8(2) 

N3-C4-C5-C6 1.8(4) N3-N4-C6-C5 1.4(4) 

B1-N4-C6-C5 170.5(3) C4-C5-C6-N4 -1.9(4) 

N6-N5-C7-C8 0.8(4) W1-N5-C7-C8 178.3(3) 

N5-C7-C8-C9 -0.5(4) N5-N6-C9-C8 0.5(4) 

B1-N6-C9-C8 -170.9(3) C7-C8-C9-N6 0.0(4) 

C15-C10-C11-C12 -12.0(7) W1-C10-C11-C12 
-
126.1(6) 

C15-C10-C11-W1 114.1(4) C10-C11-C12-C16 -84.5(6) 
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W1-C11-C12-C16 -176.4(3) C10-C11-C12-C13 40.1(7) 

W1-C11-C12-C13 -51.8(5) C16-C12-C13-C14 71.9(3) 

C11-C12-C13-C14 -48.9(4) C16-C12-C13-C17 -59.0(4) 

C11-C12-C13-C17 -179.7(4) C12-C13-C14-C15 34.1(4) 

C17-C13-C14-C15 166.0(3) C13-C14-C15-C10 -6.1(5) 

C11-C10-C15-C14 -6.3(6) W1-C10-C15-C14 73.1(4) 

C14-C13-C17-C19 -56.9(4) C12-C13-C17-C19 72.1(4) 

C14-C13-C17-C20 62.3(4) C12-C13-C17-C20 
-
168.7(3) 

C14-C13-C17-C18 179.7(3) C12-C13-C17-C18 -51.4(4) 

C21-O3-C20-O2 3.9(5) C21-O3-C20-C17 
-
176.3(3) 

C19-C17-C20-O2 13.3(5) C18-C17-C20-O2 133.4(4) 

C13-C17-C20-O2 -109.1(4) C19-C17-C20-O3 
-
166.4(3) 

C18-C17-C20-O3 -46.3(4) C13-C17-C20-O3 71.1(4) 

C9-N6-B1-N2 -128.1(4) N5-N6-B1-N2 61.3(4) 

C9-N6-B1-N4 114.1(4) N5-N6-B1-N4 -56.4(4) 

C3-N2-B1-N6 120.7(5) N1-N2-B1-N6 -59.7(4) 

C3-N2-B1-N4 -123.2(5) N1-N2-B1-N4 56.3(4) 

C6-N4-B1-N6 -110.4(3) N3-N4-B1-N6 57.8(4) 

C6-N4-B1-N2 131.5(3) N3-N4-B1-N2 -60.3(4) 

C1-N1-N2A-C3A 9.0(3) W1-N1-N2A-C3A 
-
176.3(2) 

C1-N1-N2A-B1A 178.4(3) W1-N1-N2A-B1A -7.0(4) 

C4A-N3A-N4A-C6A -0.4(4) W1-N3A-N4A-C6A 176.0(2) 

C4A-N3A-N4A-B1A -168.5(3) W1-N3A-N4A-B1A 7.8(4) 

C7A-N5A-N6A-C9A 0.3(4) W1-N5A-N6A-C9A 
-
178.0(2) 

C7A-N5A-N6A-B1A 174.5(3) W1-N5A-N6A-B1A -3.8(4) 

C1-C2-C3A-N2A -2.7(4) N1-N2A-C3A-C2 -4.0(5) 

B1A-N2A-C3A-C2 -172.3(3) N4A-N3A-C4A-C5A 0.2(4) 

W1-N3A-C4A-C5A -175.6(3) N3A-C4A-C5A-C6A 0.0(4) 

N3A-N4A-C6A-C5A 0.4(4) B1A-N4A-C6A-C5A 166.9(3) 

C4A-C5A-C6A-N4A -0.3(4) N6A-N5A-C7A-C8A 0.1(4) 

W1-N5A-C7A-C8A 178.0(3) N5A-C7A-C8A-C9A -0.5(4) 

N5A-N6A-C9A-C8A -0.6(4) B1A-N6A-C9A-C8A 
-
174.1(3) 

C7A-C8A-C9A-N6A 0.7(4) 
C15A-C10A-C11A-
C12A 

-10.9(7) 
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W1-C10A-C11A-
C12A 

-123.5(6) 
C15A-C10A-C11A-
W1 

112.6(4) 

C10A-C11A-C12A-
C16A 

-83.7(6) 
W1-C11A-C12A-
C16A 

-
171.9(3) 

C10A-C11A-C12A-
C13A 

40.2(6) 
W1-C11A-C12A-
C13A 

-47.9(5) 

C16A-C12A-C13A-
C14A 

70.6(3) 
C11A-C12A-C13A-
C14A 

-48.3(4) 

C16A-C12A-C13A-
C17A 

-59.9(4) 
C11A-C12A-C13A-
C17A 

-
178.8(3) 

C12A-C13A-C14A-
C15A 

31.3(4) 
C17A-C13A-C14A-
C15A 

163.4(3) 

C13A-C14A-C15A-
C10A 

-1.8(5) 
C11A-C10A-C15A-
C14A 

-9.7(6) 

W1-C10A-C15A-
C14A 

70.2(4) 
C14A-C13A-C17A-
C18A 

-54.0(3) 

C12A-C13A-C17A-
C18A 

74.8(4) 
C14A-C13A-C17A-
C20A 

-
175.6(3) 

C12A-C13A-C17A-
C20A 

-46.8(4) 
C14A-C13A-C17A-
C19A 

68.2(3) 

C12A-C13A-C17A-
C19A 

-163.0(3) 
C21A-O3A-C20A-
O2A 

-5.9(7) 

C21A-O3A-C20A-
C17A 

176.9(3) 
C18A-C17A-C20A-
O2A 

2.9(6) 

C19A-C17A-C20A-
O2A 

-116.2(5) 
C13A-C17A-C20A-
O2A 

126.9(5) 

C18A-C17A-C20A-
O3A 

-179.9(3) 
C19A-C17A-C20A-
O3A 

61.0(5) 

C13A-C17A-C20A-
O3A 

-55.9(4) C9A-N6A-B1A-N4A 115.5(3) 

N5A-N6A-B1A-N4A -57.3(4) C9A-N6A-B1A-N2A 
-
125.5(3) 

N5A-N6A-B1A-N2A 61.7(4) C6A-N4A-B1A-N6A 
-
110.1(3) 

N3A-N4A-B1A-N6A 55.3(4) C6A-N4A-B1A-N2A 132.5(3) 

N3A-N4A-B1A-N2A -62.1(4) N1-N2A-B1A-N6A -55.0(4) 

C3A-N2A-B1A-N6A 112.1(4) N1-N2A-B1A-N4A 61.6(4) 

C3A-N2A-B1A-N4A -131.4(4)   

 

Table 7. Anisotropic atomic displacement parameters (Å2) for 
Harman_SS5_44.  

The anisotropic atomic displacement factor exponent takes the 
form: -2π2[ h2 a*2 U11 + ... + 2 h k a* b* U12 ]  
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 U11 U22 U33 U23 U13 U12 

W1 0.00768(2) 0.01007(3) 0.01014(3) 0.00082(2) 0.00168(2) 
-
0.00090(2) 

O1 0.0166(5) 0.0282(6) 0.0141(5) 0.0035(5) -0.0035(4) 0.0019(4) 

N1 0.0125(5) 0.0242(7) 0.0133(6) 0.0043(5) 0.0044(5) 0.0028(5) 

N7 0.0115(5) 0.0136(5) 0.0136(6) 0.0007(4) 0.0016(4) -0.0001(4) 

C1 0.0231(8) 0.0190(8) 0.0232(8) 0.0017(6) -0.0056(6) 0.0028(6) 

C2 0.0198(7) 0.0278(9) 0.0200(8) 0.0075(7) -0.0017(6) -0.0002(6) 

P1 0.0120(4) 0.0117(4) 0.0165(5) 0.0003(3) 0.0051(3) -0.0015(3) 

O2 0.0270(13) 0.0550(19) 0.0168(13) 
-
0.0117(12) 

0.0034(10) 0.0041(13) 

O3 0.0147(10) 0.0332(13) 0.0191(12) 
-
0.0044(10) 

-0.0024(9) 0.0015(9) 

N2 0.0113(15) 0.0203(19) 0.0131(13) 
-
0.0036(14) 

0.0038(11) 
-
0.0035(12) 

N3 0.0093(12) 0.0137(15) 0.0137(14) 
-
0.0018(12) 

0.0014(10) 
-
0.0008(11) 

N4 0.0129(11) 0.0175(13) 0.0114(12) -0.0037(9) 0.0052(9) 
-
0.0010(10) 

N5 0.0092(17) 0.0143(13) 0.0113(16) 
-
0.0037(11) 

0.0043(11) 
-
0.0003(13) 

N6 0.0152(12) 0.0152(12) 0.0147(12) 
-
0.0026(10) 

0.0047(10) 
-
0.0012(10) 

N8 0.0162(11) 0.0167(12) 0.0155(12) 0.0013(10) 0.0054(9) -0.0004(9) 

C3 0.013(2) 0.031(4) 0.0143(18) 0.000(3) 0.0014(15) 0.002(2) 

C4 0.0115(12) 0.0174(15) 0.0148(14) 0.0016(12) 0.0030(10) 0.0000(11) 

C5 0.0103(12) 0.0225(15) 0.0213(16) 0.0043(12) 0.0068(11) 0.0037(10) 

C6 0.0154(13) 0.0211(14) 0.0164(14) 0.0031(11) 0.0091(11) 0.0033(11) 

C7 0.0158(14) 0.0128(14) 0.0192(15) 0.0020(11) 0.0075(12) 0.0009(11) 

C8 0.0202(14) 0.0143(13) 0.0269(17) 
-
0.0009(12) 

0.0105(12) 
-
0.0026(11) 

C9 0.0183(15) 0.0131(14) 0.0259(19) 
-
0.0071(13) 

0.0081(14) 
-
0.0057(12) 

C10 0.0114(19) 0.010(3) 0.0143(16) 0.0007(16) 0.0047(14) 
-
0.0001(14) 

C11 0.0114(15) 0.010(3) 0.0121(19) -0.001(2) 0.0062(13) 0.000(2) 

C12 0.0107(12) 0.0121(14) 0.0108(13) 0.0018(11) 0.0027(10) 0.0008(10) 

C13 0.0099(12) 0.0154(16) 0.0101(13) 
-
0.0001(11) 

0.0024(9) 0.0006(10) 

C14 0.0236(15) 0.0156(17) 0.0119(14) 
-
0.0041(12) 

0.0026(11) 
-
0.0018(14) 
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C15 0.0232(15) 0.0145(14) 0.0195(17) 
-
0.0035(12) 

0.0102(13) 0.0003(13) 

C16 0.0156(12) 0.0135(13) 0.0092(12) 0.0006(10) 0.0050(10) 
-
0.0011(10) 

C17 0.0099(14) 0.018(2) 0.0118(16) 
-
0.0002(19) 

0.0012(11) 0.0006(18) 

C18 0.0230(16) 0.0210(16) 0.0150(14) 0.0057(12) 0.0022(11) 
-
0.0037(12) 

C19 0.0154(14) 0.041(2) 0.0156(15) 0.0022(14) 0.0051(11) 0.0013(13) 

C20 0.0150(13) 0.0240(16) 0.0132(14) 0.0023(12) 0.0034(10) 
-
0.0019(12) 

C21 0.0171(15) 0.044(2) 0.0270(19) 
-
0.0051(16) 

-
0.0048(13) 

-
0.0028(14) 

C22 0.0178(15) 0.0164(15) 0.0252(17) 0.0048(12) 0.0065(13) 0.0026(12) 

C23 0.0316(19) 0.0204(18) 0.040(2) 0.0026(16) 0.0257(18) 
-
0.0019(15) 

C24 0.0163(15) 0.0158(16) 0.031(2) 
-
0.0032(14) 

-
0.0013(14) 

-
0.0036(12) 

B1 0.0146(14) 0.0161(15) 0.0133(17) 
-
0.0039(13) 

0.0057(12) 
-
0.0041(13) 

P1A 0.0125(4) 0.0118(4) 0.0186(5) -0.0006(3) 0.0036(3) -0.0020(3) 

O2A 0.0182(11) 0.0198(11) 0.0307(13) 
-
0.0019(10) 

0.0121(10) -0.0055(9) 

O3A 0.0139(10) 0.0133(10) 0.0220(11) -0.0016(9) 0.0061(8) -0.0009(8) 

N2A 0.0134(16) 0.0129(16) 0.0086(12) 0.0001(12) 0.0030(12) 
-
0.0009(11) 

N3A 0.0129(13) 0.0138(15) 0.0111(14) 
-
0.0001(12) 

0.0043(10) 
-
0.0013(11) 

N4A 0.0130(11) 0.0134(12) 0.0130(12) 0.0000(9) 0.0051(9) 0.0017(10) 

N5A 0.0116(18) 0.0104(12) 0.0129(17) 0.0022(11) 0.0059(12) 0.0030(13) 

N6A 0.0151(12) 0.0116(11) 0.0144(13) 
-
0.0013(10) 

0.0075(10) -0.0018(9) 

N8A 0.0177(13) 0.0436(19) 0.0250(16) 0.0028(14) 0.0114(11) 0.0051(13) 

C3A 0.021(3) 0.016(2) 0.0074(16) 0.0001(19) 0.0041(16) 
-
0.0038(17) 

C4A 0.0093(12) 0.0185(16) 0.0178(15) 0.0026(13) 0.0025(10) 
-
0.0011(11) 

C5A 0.0111(12) 0.0263(16) 0.0200(15) 0.0061(13) 0.0053(11) 0.0026(11) 

C6A 0.0179(14) 0.0244(15) 0.0180(15) 0.0119(12) 0.0136(12) 0.0050(11) 

C7A 0.0120(13) 0.0153(14) 0.0222(17) 0.0037(12) 0.0075(12) 0.0034(11) 

C8A 0.0179(15) 0.0100(13) 0.0278(19) 0.0019(13) 0.0087(14) 
-
0.0029(11) 
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C9A 0.0205(14) 0.0123(13) 0.0204(15) 
-
0.0025(11) 

0.0055(12) 0.0000(11) 

C10A 0.0102(19) 0.010(2) 0.0146(17) 0.0002(15) 0.0043(14) 
-
0.0012(13) 

C11A 0.0086(15) 0.013(4) 0.0097(18) -0.001(2) 0.0045(12) 0.002(2) 

C12A 0.0101(12) 0.0104(14) 0.0173(15) 
-
0.0015(12) 

0.0057(10) 
-
0.0017(10) 

C13A 0.0127(12) 0.0068(15) 0.0129(14) 
-
0.0017(11) 

0.0050(10) 
-
0.0033(11) 

C14A 0.0194(13) 0.0105(13) 0.0167(15) 
-
0.0024(11) 

0.0078(11) 
-
0.0025(11) 

C15A 0.0160(13) 0.0105(13) 0.0184(15) 
-
0.0005(11) 

0.0074(11) 
-
0.0014(11) 

C16A 0.0164(13) 0.0223(16) 0.0156(14) 0.0007(12) 0.0080(11) 
-
0.0008(11) 

C17A 0.0171(13) 0.0130(13) 0.0138(14) 0.0001(11) 0.0067(10) 
-
0.0023(10) 

C18A 0.0328(18) 0.0171(15) 0.0258(18) 0.0012(12) 0.0195(15) 0.0047(13) 

C19A 0.0290(17) 0.0224(16) 0.0142(15) 
-
0.0005(13) 

0.0016(13) 
-
0.0090(14) 

C20A 0.0151(16) 0.010(2) 0.0131(18) 
-
0.0007(17) 

0.0008(12) 
-
0.0009(16) 

C21A 0.0222(14) 0.0107(13) 0.0257(17) 0.0004(12) 0.0051(12) 
-
0.0009(11) 

C22A 0.0198(16) 0.0122(14) 0.032(2) 0.0013(13) 0.0025(15) 0.0004(12) 

C23A 0.033(2) 0.0190(18) 0.044(2) 0.0074(17) 0.0229(18) 
-
0.0006(15) 

C24A 0.0200(17) 0.0189(18) 0.035(2) 
-
0.0065(15) 

-
0.0067(16) 

0.0002(14) 

B1A 0.0159(15) 0.0142(15) 0.0125(15) 
-
0.0026(12) 

0.0057(12) 
-
0.0013(13) 

 

Table 8. Hydrogen atomic coordinates and 
isotropic atomic displacement parameters (Å2) for 
Harman_SS5_44.  
 x/a y/b z/c U(eq) 

H1 0.4135 0.2954 0.9491 0.029 

H2A 0.4673 0.3379 1.0790 0.029 

H2B 0.4805 0.3497 1.0780 0.029 

H3 0.3719 0.5218 1.0906 0.024 

H4 -0.0874 0.4779 0.7994 0.018 

H5 -0.1726 0.5904 0.8793 0.021 
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H6 -0.0031 0.6663 0.9721 0.02 

H7 0.2932 0.6723 0.7486 0.019 

H8 0.3401 0.8490 0.8114 0.024 

H9 0.3135 0.8211 0.9330 0.022 

H10 0.3970 0.3025 0.8255 0.014 

H11 0.4417 0.4716 0.8518 0.013 

H12 0.4091 0.6088 0.7578 0.013 

H13 0.2662 0.5275 0.6703 0.014 

H14 0.3388 0.3584 0.6159 0.021 

H15 0.3273 0.2437 0.7033 0.022 

H18A 0.3105 0.7103 0.6379 0.03 

H18B 0.3894 0.7296 0.5852 0.03 

H18C 0.4487 0.7053 0.6674 0.03 

H19A 0.5578 0.5552 0.6380 0.036 

H19B 0.5020 0.5689 0.5543 0.036 

H19C 0.4936 0.4564 0.5915 0.036 

H21A 0.1005 0.5901 0.4413 0.047 

H21B 0.0154 0.6092 0.4904 0.047 

H21C 0.0671 0.4925 0.4848 0.047 

H22A 0.2232 0.1321 0.8075 0.03 

H22B 0.1317 0.0871 0.8465 0.03 

H22C 0.2448 0.1494 0.8911 0.03 

H23A 0.0828 0.2657 0.9433 0.041 

H23B -0.0144 0.1940 0.8907 0.041 

H23C -0.0274 0.3214 0.8901 0.041 

H24A -0.0619 0.3021 0.7375 0.034 

H24B -0.0402 0.1763 0.7489 0.034 

H24C 0.0327 0.2437 0.7066 0.034 

H1A 0.2318 0.6590 1.0000 0.017 

H3A 0.3420 0.4845 1.0905 0.018 

H4A -0.0878 0.4288 0.7762 0.019 

H5A -0.2067 0.4968 0.8546 0.023 

H6A -0.0643 0.5655 0.9655 0.022 

H7A 0.2724 0.7042 0.7740 0.019 

H8A 0.2769 0.8632 0.8532 0.022 

H9A 0.2293 0.7925 0.9622 0.021 

H10A 0.3669 0.2777 0.8330 0.014 

H11A 0.4411 0.4420 0.8439 0.012 

H12A 0.4177 0.5571 0.7385 0.015 
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H13A 0.2512 0.4851 0.6640 0.013 

H14A 0.2783 0.2932 0.6190 0.018 

H15A 0.2776 0.2033 0.7187 0.017 

H18D 0.5249 0.4407 0.6092 0.034 

H18E 0.4522 0.4391 0.5274 0.034 

H18F 0.4352 0.3457 0.5796 0.034 

H19D 0.2165 0.4059 0.5242 0.034 

H19E 0.2578 0.5082 0.4885 0.034 

H19F 0.1810 0.5234 0.5430 0.034 

H21D 0.3585 0.8075 0.5930 0.03 

H21E 0.4066 0.7816 0.6759 0.03 

H21F 0.2738 0.8151 0.6433 0.03 

H22D 0.2749 0.1339 0.7931 0.034 

H22E 0.1936 0.0739 0.8334 0.034 

H22F 0.2959 0.1500 0.8768 0.034 

H23D 0.1078 0.2423 0.9276 0.044 

H23E 0.0381 0.1489 0.8779 0.044 

H23F -0.0120 0.2683 0.8696 0.044 

H24D -0.0196 0.2769 0.7150 0.041 

H24E -0.0006 0.1524 0.7333 0.041 

H24F 0.0815 0.2129 0.6937 0.041 

H1B 0.1703 0.6006 1.0063 0.017 
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Supporting Information for Chapter 5 

1H NMR Spectrum of 3 
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13C {1H} NMR Spectrum of 3 
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1H NMR Spectrum of 5 
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13C {1H} NMR Spectrum of 5 
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1H NMR Spectrum of 8H 
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13C {1H} NMR Spectrum of 8H 

 

 

 

 

 

 

 

 

 



337 

 

1H NMR Spectrum of 9 
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13C {1H} NMR Spectrum of 9 
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1H NMR Spectrum of 10 
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13C {1H} NMR Spectrum of 10 

 

 

 

 

 

 

 

 

 



341 

 

1H NMR Spectrum of 11 
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13C {1H} NMR Spectrum of 11 
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1H NMR Spectrum of 12  
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13C {1H} NMR Spectrum of 12 
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1H NMR Spectrum of 13 

 

 

 

 

 

 

 

 

 



346 

 

1H NMR Spectrum of 14 
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13C {1H} NMR Spectrum of 12 
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1H NMR Spectrum of 18a and 18b 
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13C {1H} NMR Spectrum of 18a and 18b 
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1H NMR Spectrum of 21 
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13C {1H} NMR Spectrum of 21 
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1H NMR Spectrum of 22 
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13C {1H} NMR Spectrum of 22 
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1H NMR Spectrum of 23 
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13C {1H} NMR Spectrum of 23 
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1H NMR Spectrum of 25 
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13C {1H} NMR Spectrum of 25 
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1H NMR Spectrum of 27a and 27b 
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13C {1H} NMR Spectrum of 27a and 27b 
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Supporting Crystallographic Data for Chapter 5 

 

 

 

Crystal Structure Report for 47 in Chapter 5  
 
A colorless plate-like specimen of C24H36BN8O3PW, approximate dimensions 0.054 mm x 0.185 mm x 
0.237 mm, was coated with Paratone oil and mounted on a MiTeGen MicroLoop. The X-ray intensity 
data were measured on a Bruker Kappa APEXII Duo system equipped with a fine-focus sealed tube (Mo 
Kα, λ = 0. 10 3 Å) and a graphite monochromator. 
 
The total exposure time was 1.38 hours. The frames were integrated with the Bruker SAINT software 
package26 using a narrow-frame algorithm. The integration of the data using a monoclinic unit cell 
yielded a total of 28679 reflections to a maximum θ angle of 28.32° (0.75 Å resolution), of which 6948 
were independent (average redundancy 4.128, completeness = 99.9%, Rint = 4.61%, Rsig = 4.26%) and 
5399 (77.71%) were greater than 2σ(F2). The final cell constants of a = 14.4797(10) Å, b = 11.8548(8) Å, c 
= 16.3796(12) Å, β = 95.918(2)°, volume = 2796.6(3) Å3, are based upon the refinement of the XYZ-
centroids of 8451 reflections above 20 σ(I) with 4.959° < 2θ < 56.48°. Data were corrected for absorption 
effects using the Multi-Scan method (SADABS).1  The ratio of minimum to maximum apparent 

 
26 Bruker (2012). Saint; SADABS; APEX3. Bruker AXS Inc., Madison, Wisconsin, USA. 
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transmission was 0.687. The calculated minimum and maximum transmission coefficients (based on 
crystal size) are 0.4340 and 0.8040.  
 
The structure was solved and refined using the Bruker SHELXTL Software Package27 within APEX3 1 and 
OLEX2,28 using the space group P 21/c, with Z = 4 for the formula unit, C24H36BN8O3PW. Non-hydrogen 
atoms were refined anisotropically. The B-H hydrogen atom was located in the electron density map and 
refined isotropcially. All other hydrogen atoms were placed in geometrically calculated positions with 
Uiso = 1.2Uequiv of the parent atom (Uiso = 1.5Uequiv for methyl). The final anisotropic full-matrix least-
squares refinement on F2 with 353 variables converged at R1 = 3.04%, for the observed data and wR2 = 
7.12% for all data. The goodness-of-fit was 1.051. The largest peak in the final difference electron 
density synthesis was 1.524 e-/Å3 and the largest hole was -1.596 e-/Å3 with an RMS deviation of 0.147 e-

/Å3. On the basis of the final model, the calculated density was 1.687 g/cm3 and F(000), 1416 e-.  
 

Table 1. Sample and crystal data for Harman_SS6_304.  

Identification code Harman_SS6_304 

Chemical formula C24H36BN8O3PW 

Formula weight 710.24 g/mol 

Temperature 100(2) K 

Wavelength 0.71073 Å 

Crystal size 0.054 x 0.185 x 0.237 mm 

Crystal habit colorless plate 

Crystal system monoclinic 

Space group P 21/c 

Unit cell dimensions a = 14.4797(10) Å α = 90° 
 b = 11.8548(8) Å β = 95.91 (2)° 
 c = 16.3796(12) Å γ = 90° 

Volume 2796.6(3) Å3  

Z 4 

Density (calculated) 1.687 g/cm3 

Absorption coefficient 4.229 mm-1 

F(000) 1416 

 

Table 2. Data collection and structure refinement for Harman_SS6_304.  

Diffractometer Bruker Kappa APEXII Duo 

Radiation source 
fine-focus sealed tube (Mo Kα, λ = 0. 10 3 
Å) 

Theta range for data collection 2.12 to 28.32° 

Index ranges -19<=h<=19, -15<=k<=15, -21<=l<=17 

Reflections collected 28679 

 
27 Sheldrick, G. M. (2015). Acta Cryst. A71, 3-8. 
28 Dolomanov, O. V.; Bourhis, L. J.; Gildea, R. J.; Howard, J. A. K.; Puschmann, H. J. Appl. Cryst. (2009). 42, 339-

341. 
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Independent reflections 6948 [R(int) = 0.0461] 

Coverage of independent 
reflections 

99.9% 

Absorption correction Multi-Scan 

Max. and min. transmission 0.8040 and 0.4340 

Structure solution technique direct methods 

Structure solution program SHELXT 2018/2 (Sheldrick, 2018) 

Refinement method Full-matrix least-squares on F2 

Refinement program SHELXL-2018/3 (Sheldrick, 2018) 

Function minimized Σ w(Fo
2 - Fc

2)2 

Data / restraints / parameters 6948 / 0 / 353 

Goodness-of-fit on F2 1.051 

Δ/σmax 0.001 

Final R indices 
5399 data; 
I>2σ(I) 

R1 = 0.0304, wR2 = 
0.0607 

 all data 
R1 = 0.0534, wR2 = 
0.0712 

Weighting scheme 
w=1/[σ2(Fo

2)+(0.0262P)2+6.4638P] 
where P=(Fo

2+2Fc
2)/3 

Largest diff. peak and hole 1.524 and -1.596 eÅ-3 

R.M.S. deviation from mean 0.147 eÅ-3 

 

Table 3. Atomic coordinates and equivalent 
isotropic atomic displacement parameters (Å2) for 
Harman_SS6_304.  

U(eq) is defined as one third of the trace of the 
orthogonalized Uij tensor.  
 x/a y/b z/c U(eq) 

W1 0.28709(2) 0.63942(2) 0.65399(2) 0.01398(5) 

P1 0.24018(8) 0.78008(9) 0.54368(6) 0.0180(2) 

O1 0.0913(2) 0.6378(3) 0.6987(2) 0.0354(8) 

O2 0.1744(3) 0.2077(3) 0.8013(2) 0.0439(10) 

O3 0.0995(3) 0.3704(3) 0.80912(19) 0.0380(9) 

N1 0.4307(2) 0.6613(3) 0.6163(2) 0.0166(7) 

N2 0.5004(2) 0.7056(3) 0.6694(2) 0.0165(7) 

N3 0.3159(2) 0.7952(3) 0.7258(2) 0.0177(7) 

N4 0.4034(2) 0.8266(3) 0.7555(2) 0.0172(7) 

N5 0.3663(2) 0.5792(3) 0.76891(19) 0.0169(7) 

N6 0.4467(2) 0.6322(3) 0.79941(19) 0.0169(7) 

N7 0.1727(2) 0.6350(3) 0.6824(2) 0.0204(7) 
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N8 0.3048(3) 0.1883(3) 0.5641(2) 0.0282(9) 

C1 0.4700(3) 0.6357(3) 0.5480(2) 0.0186(8) 

C2 0.5644(3) 0.6618(4) 0.5568(3) 0.0239(9) 

C3 0.5802(3) 0.7061(3) 0.6347(3) 0.0206(9) 

C4 0.2595(3) 0.8779(3) 0.7469(2) 0.0188(8) 

C5 0.3105(3) 0.9626(3) 0.7894(3) 0.0230(9) 

C6 0.4005(3) 0.9269(3) 0.7941(2) 0.0212(9) 

C7 0.3512(3) 0.4975(3) 0.8223(2) 0.0203(9) 

C8 0.4225(3) 0.4947(3) 0.8868(2) 0.0224(9) 

C9 0.4814(3) 0.5810(4) 0.8702(2) 0.0211(9) 

C10 0.2542(3) 0.5246(3) 0.5458(2) 0.0152(8) 

C11 0.2989(3) 0.4630(3) 0.6154(2) 0.0155(8) 

C12 0.2495(3) 0.3603(3) 0.6484(2) 0.0161(7) 

C13 0.1434(3) 0.3735(3) 0.6367(2) 0.0175(8) 

C14 0.1145(3) 0.3898(3) 0.5444(3) 0.0210(9) 

C15 0.1529(3) 0.5021(4) 0.5147(2) 0.0207(9) 

C16 0.2796(3) 0.2605(3) 0.6031(3) 0.0201(9) 

C17 0.0866(3) 0.2822(4) 0.6789(3) 0.0210(9) 

C18 0.9834(3) 0.3211(4) 0.6716(3) 0.0309(11) 

C19 0.0910(4) 0.1632(4) 0.6434(3) 0.0312(11) 

C20 0.1247(3) 0.2793(4) 0.7686(3) 0.0247(9) 

C21 0.1285(5) 0.3749(5) 0.8955(3) 0.0472(15) 

C22 0.2490(3) 0.7481(4) 0.4361(2) 0.0226(9) 

C23 0.1228(3) 0.8298(4) 0.5431(3) 0.0240(10) 

C24 0.3067(3) 0.9102(4) 0.5537(3) 0.0271(10) 

B1 0.4822(3) 0.7378(4) 0.7576(3) 0.0189(9) 

 

Table 4. Bond lengths (Å) for Harman_SS6_304.  

W1-N7 1.767(4) W1-C11 2.197(4) 

W1-N3 2.206(3) W1-N5 2.219(3) 

W1-N1 2.244(3) W1-C10 2.247(4) 

W1-P1 2.5006(11) P1-C23 1.797(4) 

P1-C24 1.816(4) P1-C22 1.819(4) 

O1-N7 1.236(4) O2-C20 1.203(5) 

O3-C20 1.337(5) O3-C21 1.435(6) 

N1-C1 1.342(5) N1-N2 1.367(4) 

N2-C3 1.339(5) N2-B1 1.542(6) 

N3-C4 1.344(5) N3-N4 1.361(5) 

N4-C6 1.349(5) N4-B1 1.551(6) 
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N5-C7 1.338(5) N5-N6 1.371(4) 

N6-C9 1.359(5) N6-B1 1.540(6) 

N8-C16 1.149(5) C1-C2 1.394(6) 

C1-H1 0.95 C2-C3 1.378(6) 

C2-H2 0.95 C3-H3 0.95 

C4-C5 1.391(6) C4-H4 0.95 

C5-C6 1.366(6) C5-H5 0.95 

C6-H6 0.95 C7-C8 1.399(6) 

C7-H7 0.95 C8-C9 1.377(6) 

C8-H8 0.95 C9-H9 0.95 

C10-C11 1.449(5) C10-C15 1.525(5) 

C10-H10 1.0 C11-C12 1.539(5) 

C11-H11 1.0 C12-C16 1.485(6) 

C12-C13 1.537(5) C12-H12 1.0 

C13-C14 1.538(5) C13-C17 1.563(5) 

C13-H13 1.0 C14-C15 1.541(6) 

C14-H14A 0.99 C14-H14B 0.99 

C15-H15A 0.99 C15-H15B 0.99 

C17-C20 1.515(6) C17-C19 1.529(6) 

C17-C18 1.557(6) C18-H18A 0.98 

C18-H18B 0.98 C18-H18C 0.98 

C19-H19A 0.98 C19-H19B 0.98 

C19-H19C 0.98 C21-H21A 0.98 

C21-H21B 0.98 C21-H21C 0.98 

C22-H22A 0.98 C22-H22B 0.98 

C22-H22C 0.98 C23-H23A 0.98 

C23-H23B 0.98 C23-H23C 0.98 

C24-H24A 0.98 C24-H24B 0.98 

C24-H24C 0.98 B1-H1A 1.08(4) 

 

Table 5. Bond angles (°) for Harman_SS6_304.  

N7-W1-C11 98.68(15) N7-W1-N3 90.88(14) 

C11-W1-N3 159.11(14) N7-W1-N5 100.58(14) 

C11-W1-N5 83.62(13) N3-W1-N5 76.36(12) 

N7-W1-N1 174.99(14) C11-W1-N1 85.92(13) 

N3-W1-N1 85.41(12) N5-W1-N1 81.84(12) 

N7-W1-C10 93.51(15) C11-W1-C10 38.04(14) 

N3-W1-C10 160.23(13) N5-W1-C10 121.55(13) 

N1-W1-C10 88.89(13) N7-W1-P1 91.02(11) 
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C11-W1-P1 116.76(10) N3-W1-P1 81.35(9) 

N5-W1-P1 154.92(9) N1-W1-P1 85.10(9) 

C10-W1-P1 79.31(10) C23-P1-C24 102.4(2) 

C23-P1-C22 103.0(2) C24-P1-C22 100.1(2) 

C23-P1-W1 114.11(15) C24-P1-W1 113.50(15) 

C22-P1-W1 121.30(14) C20-O3-C21 116.9(4) 

C1-N1-N2 105.6(3) C1-N1-W1 133.5(3) 

N2-N1-W1 120.9(2) C3-N2-N1 110.1(3) 

C3-N2-B1 129.4(4) N1-N2-B1 120.3(3) 

C4-N3-N4 106.1(3) C4-N3-W1 131.4(3) 

N4-N3-W1 122.5(2) C6-N4-N3 109.6(3) 

C6-N4-B1 130.3(4) N3-N4-B1 118.6(3) 

C7-N5-N6 106.5(3) C7-N5-W1 133.0(3) 

N6-N5-W1 120.4(2) C9-N6-N5 109.4(3) 

C9-N6-B1 129.1(4) N5-N6-B1 121.4(3) 

O1-N7-W1 175.8(3) N1-C1-C2 111.0(4) 

N1-C1-H1 124.5 C2-C1-H1 124.5 

C3-C2-C1 104.4(4) C3-C2-H2 127.8 

C1-C2-H2 127.8 N2-C3-C2 108.9(4) 

N2-C3-H3 125.6 C2-C3-H3 125.6 

N3-C4-C5 110.5(4) N3-C4-H4 124.8 

C5-C4-H4 124.8 C6-C5-C4 105.0(4) 

C6-C5-H5 127.5 C4-C5-H5 127.5 

N4-C6-C5 108.9(4) N4-C6-H6 125.6 

C5-C6-H6 125.6 N5-C7-C8 110.6(4) 

N5-C7-H7 124.7 C8-C7-H7 124.7 

C9-C8-C7 105.0(4) C9-C8-H8 127.5 

C7-C8-H8 127.5 N6-C9-C8 108.5(4) 

N6-C9-H9 125.7 C8-C9-H9 125.7 

C11-C10-C15 120.8(3) C11-C10-W1 69.1(2) 

C15-C10-W1 119.2(3) C11-C10-H10 113.6 

C15-C10-H10 113.6 W1-C10-H10 113.6 

C10-C11-C12 119.2(3) C10-C11-W1 72.8(2) 

C12-C11-W1 126.8(3) C10-C11-H11 110.9 

C12-C11-H11 110.9 W1-C11-H11 110.9 

C16-C12-C13 111.1(3) C16-C12-C11 106.5(3) 

C13-C12-C11 111.7(3) C16-C12-H12 109.2 

C13-C12-H12 109.2 C11-C12-H12 109.2 

C12-C13-C14 107.6(3) C12-C13-C17 116.0(3) 
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C14-C13-C17 114.8(3) C12-C13-H13 105.8 

C14-C13-H13 105.8 C17-C13-H13 105.8 

C13-C14-C15 110.4(3) C13-C14-H14A 109.6 

C15-C14-H14A 109.6 C13-C14-H14B 109.6 

C15-C14-H14B 109.6 H14A-C14-H14B 108.1 

C10-C15-C14 114.3(3) C10-C15-H15A 108.7 

C14-C15-H15A 108.7 C10-C15-H15B 108.7 

C14-C15-H15B 108.7 H15A-C15-H15B 107.6 

N8-C16-C12 175.3(4) C20-C17-C19 108.9(4) 

C20-C17-C18 109.4(4) C19-C17-C18 108.7(4) 

C20-C17-C13 106.8(3) C19-C17-C13 115.2(4) 

C18-C17-C13 107.7(3) C17-C18-H18A 109.5 

C17-C18-H18B 109.5 H18A-C18-H18B 109.5 

C17-C18-H18C 109.5 H18A-C18-H18C 109.5 

H18B-C18-H18C 109.5 C17-C19-H19A 109.5 

C17-C19-H19B 109.5 H19A-C19-H19B 109.5 

C17-C19-H19C 109.5 H19A-C19-H19C 109.5 

H19B-C19-H19C 109.5 O2-C20-O3 122.0(4) 

O2-C20-C17 126.1(4) O3-C20-C17 111.9(4) 

O3-C21-H21A 109.5 O3-C21-H21B 109.5 

H21A-C21-H21B 109.5 O3-C21-H21C 109.5 

H21A-C21-H21C 109.5 H21B-C21-H21C 109.5 

P1-C22-H22A 109.5 P1-C22-H22B 109.5 

H22A-C22-H22B 109.5 P1-C22-H22C 109.5 

H22A-C22-H22C 109.5 H22B-C22-H22C 109.5 

P1-C23-H23A 109.5 P1-C23-H23B 109.5 

H23A-C23-H23B 109.5 P1-C23-H23C 109.5 

H23A-C23-H23C 109.5 H23B-C23-H23C 109.5 

P1-C24-H24A 109.5 P1-C24-H24B 109.5 

H24A-C24-H24B 109.5 P1-C24-H24C 109.5 

H24A-C24-H24C 109.5 H24B-C24-H24C 109.5 

N6-B1-N2 108.2(3) N6-B1-N4 106.4(3) 

N2-B1-N4 110.1(3) N6-B1-H1A 111.(2) 

N2-B1-H1A 112.(2) N4-B1-H1A 109.(2) 

 

Table 6. Torsion angles (°) for Harman_SS6_304.  

C1-N1-N2-C3 -0.5(4) W1-N1-N2-C3 177.4(3) 

C1-N1-N2-B1 -175.9(3) W1-N1-N2-B1 2.1(4) 

C4-N3-N4-C6 0.0(4) W1-N3-N4-C6 177.7(3) 
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C4-N3-N4-B1 167.2(3) W1-N3-N4-B1 -15.2(4) 

C7-N5-N6-C9 1.4(4) W1-N5-N6-C9 179.3(3) 

C7-N5-N6-B1 -175.1(3) W1-N5-N6-B1 2.8(5) 

N2-N1-C1-C2 0.7(4) W1-N1-C1-C2 -176.9(3) 

N1-C1-C2-C3 -0.6(5) N1-N2-C3-C2 0.1(5) 

B1-N2-C3-C2 175.0(4) C1-C2-C3-N2 0.3(5) 

N4-N3-C4-C5 0.4(4) W1-N3-C4-C5 -176.9(3) 

N3-C4-C5-C6 -0.7(5) N3-N4-C6-C5 -0.5(5) 

B1-N4-C6-C5 -165.6(4) C4-C5-C6-N4 0.7(5) 

N6-N5-C7-C8 -1.5(5) W1-N5-C7-C8 -178.9(3) 

N5-C7-C8-C9 1.0(5) N5-N6-C9-C8 -0.8(5) 

B1-N6-C9-C8 175.3(4) C7-C8-C9-N6 -0.1(5) 

C15-C10-C11-C12 10.7(5) W1-C10-C11-C12 123.1(3) 

C15-C10-C11-W1 -112.4(3) C10-C11-C12-C16 90.0(4) 

W1-C11-C12-C16 179.8(3) C10-C11-C12-C13 -31.5(5) 

W1-C11-C12-C13 58.3(4) C16-C12-C13-C14 -60.7(4) 

C11-C12-C13-C14 58.1(4) C16-C12-C13-C17 69.5(4) 

C11-C12-C13-C17 -171.7(3) C12-C13-C14-C15 -65.7(4) 

C17-C13-C14-C15 163.4(3) C11-C10-C15-C14 -17.4(5) 

W1-C10-C15-C14 -99.2(4) C13-C14-C15-C10 44.9(5) 

C12-C13-C17-C20 53.7(5) C14-C13-C17-C20 -179.6(4) 

C12-C13-C17-C19 -67.3(5) C14-C13-C17-C19 59.3(5) 

C12-C13-C17-C18 171.1(3) C14-C13-C17-C18 -62.2(5) 

C21-O3-C20-O2 -4.8(7) C21-O3-C20-C17 177.6(4) 

C19-C17-C20-O2 20.2(6) C18-C17-C20-O2 138.8(5) 

C13-C17-C20-O2 -104.8(5) C19-C17-C20-O3 -162.4(4) 

C18-C17-C20-O3 -43.7(5) C13-C17-C20-O3 72.7(4) 

C9-N6-B1-N2 123.6(4) N5-N6-B1-N2 -60.7(5) 

C9-N6-B1-N4 -118.1(4) N5-N6-B1-N4 57.6(4) 

C3-N2-B1-N6 -117.3(4) N1-N2-B1-N6 57.1(5) 

C3-N2-B1-N4 126.8(4) N1-N2-B1-N4 -58.8(5) 

C6-N4-B1-N6 113.9(4) N3-N4-B1-N6 -50.1(4) 

C6-N4-B1-N2 -129.0(4) N3-N4-B1-N2 66.9(4) 

 

Table 7. Anisotropic atomic displacement parameters (Å2) for 
Harman_SS6_304.  

The anisotropic atomic displacement factor exponent takes the form: -
2π2[ h2 a*2 U11 + … + 2 h k a* b* U12 ]  
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 U11 U22 U33 U23 U13 U12 

W1 0.01591(8) 0.01105(8) 0.01495(8) 
-
0.00073(7) 

0.00147(5) 
-
0.00049(7) 

P1 0.0220(6) 0.0139(5) 0.0177(5) 0.0000(4) 0.0009(4) -0.0017(4) 

O1 0.0253(17) 0.0305(18) 0.053(2) 
-
0.0097(17) 

0.0192(15) 
-
0.0015(16) 

O2 0.044(2) 0.055(2) 0.0324(19) 0.0113(18) 0.0019(16) 0.022(2) 

O3 0.065(3) 0.0269(18) 0.0210(16) 0.0011(14) 
-
0.0001(16) 

0.0027(18) 

N1 0.0165(17) 0.0168(17) 0.0162(16) 
-
0.0007(13) 

0.0004(13) 
-
0.0014(13) 

N2 0.0158(17) 0.0132(16) 0.0200(17) 
-
0.0007(13) 

-
0.0009(13) 

-
0.0027(14) 

N3 0.0189(18) 0.0135(16) 0.0210(17) 
-
0.0017(13) 

0.0036(14) 
-
0.0011(14) 

N4 0.0168(17) 0.0160(16) 0.0179(17) 
-
0.0018(13) 

-
0.0022(13) 

-
0.0071(14) 

N5 0.0223(18) 0.0130(16) 0.0149(16) 0.0011(13) 
-
0.0001(13) 

-
0.0028(14) 

N6 0.0194(17) 0.0143(16) 0.0163(16) 0.0001(13) 
-
0.0015(13) 

-
0.0008(14) 

N7 0.0249(18) 0.0159(16) 0.0205(17) 
-
0.0026(14) 

0.0037(14) 
-
0.0004(16) 

N8 0.031(2) 0.0177(18) 0.036(2) 
-
0.0024(17) 

0.0045(17) 
-
0.0025(17) 

C1 0.020(2) 0.0146(18) 0.021(2) 
-
0.0016(16) 

0.0043(15) 0.0014(18) 

C2 0.023(2) 0.021(2) 0.029(2) 
-
0.0014(17) 

0.0088(18) 
-
0.0001(18) 

C3 0.018(2) 0.016(2) 0.028(2) 0.0028(17) 0.0007(17) 0.0003(17) 

C4 0.024(2) 0.016(2) 0.0168(19) 0.0006(15) 0.0042(16) 0.0015(17) 

C5 0.031(3) 0.0141(19) 0.024(2) 
-
0.0036(16) 

0.0063(18) 0.0013(18) 

C6 0.028(2) 0.016(2) 0.020(2) 
-
0.0044(16) 

0.0033(17) 
-
0.0037(18) 

C7 0.027(2) 0.016(2) 0.018(2) 
-
0.0001(16) 

0.0037(17) 
-
0.0020(17) 

C8 0.033(3) 0.017(2) 0.017(2) 0.0023(16) 
-
0.0004(17) 

0.0014(18) 

C9 0.028(2) 0.018(2) 0.0147(19) 
-
0.0010(16) 

-
0.0062(16) 

0.0075(19) 
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 U11 U22 U33 U23 U13 U12 

C10 0.020(2) 0.0143(18) 0.0121(18) 
-
0.0038(14) 

0.0037(15) 
-
0.0014(16) 

C11 0.0155(19) 0.0122(18) 0.0186(19) 
-
0.0005(15) 

0.0004(15) 
-
0.0002(15) 

C12 0.0180(18) 0.0139(18) 0.0162(18) 0.0000(16) 0.0002(14) 0.0026(17) 

C13 0.0173(19) 0.016(2) 0.0190(19) 0.0034(15) 0.0005(15) 
-
0.0010(16) 

C14 0.020(2) 0.016(2) 0.026(2) 0.0014(16) 
-
0.0042(17) 

-
0.0022(16) 

C15 0.021(2) 0.020(2) 0.020(2) 
-
0.0002(16) 

-
0.0015(16) 

0.0011(18) 

C16 0.019(2) 0.016(2) 0.025(2) 0.0027(17) 0.0011(17) 
-
0.0017(17) 

C17 0.021(2) 0.019(2) 0.024(2) 0.0048(17) 0.0022(17) 
-
0.0030(17) 

C18 0.020(2) 0.039(3) 0.033(3) 0.011(2) 0.0006(19) -0.003(2) 

C19 0.034(3) 0.025(2) 0.036(3) 
-
0.0013(19) 

0.007(2) -0.011(2) 

C20 0.022(2) 0.026(2) 0.026(2) 0.0067(18) 0.0041(18) 
-
0.0028(19) 

C21 0.074(4) 0.047(3) 0.021(2) -0.001(2) 0.004(2) -0.012(3) 

C22 0.028(2) 0.020(2) 0.020(2) 0.0012(16) 0.0008(17) 
-
0.0001(18) 

C23 0.027(2) 0.027(2) 0.016(2) 
-
0.0035(17) 

-
0.0062(17) 

0.0174(19) 

C24 0.038(3) 0.017(2) 0.026(2) 0.0019(18) 0.0030(19) -0.011(2) 

B1 0.021(2) 0.015(2) 0.021(2) 
-
0.0011(18) 

-
0.0011(18) 

-
0.0012(19) 

 

Table 8. Hydrogen atomic coordinates and 
isotropic atomic displacement parameters (Å2) for 
Harman_SS6_304.  
 x/a y/b z/c U(eq) 

H1 0.4378 0.6039 0.5000 0.022 

H2 0.6079 0.6513 0.5179 0.029 

H3 0.6382 0.7327 0.6598 0.025 

H4 0.1939 0.8784 0.7344 0.023 

H5 0.2876 1.0306 0.8106 0.028 

H6 0.4526 0.9662 0.8202 0.025 

H7 0.2992 0.4482 0.8172 0.024 

H8 0.4289 0.4443 0.9321 0.027 
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H9 0.5370 0.6013 0.9028 0.025 

H10 0.2950 0.5366 0.5009 0.018 

H11 0.3646 0.4442 0.6068 0.019 

H12 0.2702 0.3510 0.7082 0.019 

H13 0.1298 0.4468 0.6633 0.021 

H14A 0.0459 0.3898 0.5341 0.025 

H14B 0.1385 0.3265 0.5134 0.025 

H15A 0.1467 0.5022 0.4539 0.025 

H15B 0.1145 0.5646 0.5327 0.025 

H18A -0.0197 0.4000 0.6890 0.046 

H18B -0.0514 0.2738 0.7067 0.046 

H18C -0.0436 0.3140 0.6145 0.046 

H19A 0.0736 0.1658 0.5840 0.047 

H19B 0.0479 0.1140 0.6690 0.047 

H19C 0.1543 0.1337 0.6544 0.047 

H21A 0.1960 0.3652 0.9047 0.071 

H21B 0.0979 0.3145 0.9235 0.071 

H21C 0.1114 0.4481 0.9173 0.071 

H22A 0.2112 0.6816 0.4201 0.034 

H22B 0.3140 0.7328 0.4281 0.034 

H22C 0.2267 0.8126 0.4023 0.034 

H23A 0.1155 0.8677 0.5952 0.036 

H23B 0.0800 0.7657 0.5361 0.036 

H23C 0.1090 0.8830 0.4977 0.036 

H24A 0.2872 0.9599 0.5073 0.041 

H24B 0.3729 0.8930 0.5542 0.041 

H24C 0.2957 0.9478 0.6051 0.041 

H1A 0.544(3) 0.771(3) 0.792(2) 0.014(11) 
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DFT Calculations for Chapter 5 
 
 

Allyl Conformations (DFT Calculations ran by Karl Westendorf and Megan Ericson) 
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DFT Calculations for Scheme 5.1 (4 and 5 are in Chair Conformations) 
 

 
 
DFT Calculations for Allyl Complexes E and F in MeCN 
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Supporting Information for Chapter 6 

1H NMR Spectrum of 3  
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13C {1H} NMR Spectrum of 3 
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1H NMR Spectrum of 4 
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13C {1H} NMR Spectrum of 4 
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1H NMR Spectrum of 5 
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13C {1H} NMR Spectrum of 5 
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1H NMR Spectrum of 7 
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13C {1H} NMR Spectrum of 7 
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1H NMR Spectrum of 8 
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1H NMR Spectrum of 9 
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13C {1H} NMR Spectrum of 9 
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1H NMR Spectrum of 10 
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13C {1H} NMR Spectrum of 10 
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1H NMR Spectrum of 11 
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13C {1H} NMR Spectrum of 11 

 

 

 

 

 

 

 

 

 



390 

 

1H NMR Spectrum of 12 
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1H NMR Spectrum of 13 
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1H NMR Spectrum of 14 
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13C {1H} NMR Spectrum of 14 
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1H NMR Spectrum of 15 
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13C {1H} NMR Spectrum of 15 

 

 

 

 

 
 

 


