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ABSTRACT 

Hexanuclear transition metal clusters are a distinct class of chemical compounds that have 

some very interesting chemical and physical properties.  Of recent interest in this field has been 

the [Re6(μ3-Se)8]
2+ cluster core.  This Lewis acidic cluster core contains six substitutable 

coordination sites, and site differentiation can be accessed through protecting group ligands.  The 

expanded atom-like structure and high symmetry of the cluster core has potential use in 

synthesizing some fascinating and novel hybrid materials.  The Lewis acidity has been shown to 

activate unsaturated cluster-bound ligands, and little work has been performed in establishing the 

scope of these chemical transformations. The work herein describes the efforts and successes of 

such work. 

Chapter 1 provides the essential background required for understanding the [Re6(μ3-Se)8]
2+ 

cluster core’s synthesis, properties, and currently known research directions and successes.  This 

chapter first introduces hexanuclear clusters in a general format, then focuses on the established 

catalytic and material capabilities that have been determined using this specific cluster core. 

Chapter 2 discusses the synthesis, characterization, and hydrogen-bonded assemblies formed 

from [Re6(μ3-Se)8]
2+ cluster-isonicotinic acid cluster complexes. These complexes have potential 

uses as hybrid inorganic/organic linkers for the generation of luminescent Lewis acidic metal-

organic frameworks (MOFs). Prospective applications of such materials include catalysis, 

separations, and gas storage.  

Chapter 3 focuses on the novel chemistry of [Re6(μ3-Se)8]
2+ cluster-activated CH3CN with N-

based nucleophiles to form acetamidines.  These ligands are of interest due to their use in 

medicinal chemistry, CO2/CS2 sequestration, and the formation of synthetically-relevant species. 
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Quantitative yields are obtained and single-crystal XRD analyses reveal specific stereochemical 

outcomes. Trifluoroacetic acid (TFA) in a cluster-amidine CH3CN solution removes the ligand 

as the acetamidinium TFA salt, and the starting cluster solvate is reproduced making a recyclable 

catalyst. 

Chapter 4 expands on a project similar to that of chapter 3, except that O-based nucleophiles 

are utilized for specific cluster isomers.  The newly formed ligands, imino esters, are of interest 

in organic synthesis as valuable starting materials for the generation of β-lactams and 

heterocycles.  31P NMR and single–crystal XRD reveal Z stereochemistry is preferred in the cis 

isomer, but conflicting results for the hexasubstituted isomer leave stereochemical analyses 

unresolved. 

Chapter 5 attempts to incorporate the chemistry established in chapters 2-4 to provide some 

fresh and interesting research outlooks possible with the [Re6(μ3-Se)8]
2+ cluster core.  

Incorporation of the cluster into MOFs is discussed, and the possibility of post-synthetic 

modifications for metal sequestration, catalysis, and sensing is explained. 

Appendix A provides all the NMR data obtained for synthesized materials with peak picks 

and integrations provided.  Appendix B entails all crystallographic information for structures 

determined after syntheses. Appendix C provide high-resolution mass spectra. 
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CHAPTER 1. A REVIEW OF THE RECENT AND ONGOING RESEARCH 

INCORPORATING THE [Re6(μ3-Se)8]2+ CLUSTER CORE FOR CHEMICAL 

TRANSFORMATIONS AND HYBRID MATERIALS  

1.1 [Re6(μ3-Se)8]
2+ CLUSTERS AND THEIR POTENTIAL  

The exploration of hexanuclear metal clusters with the Chevrel-like motif [M6X8], where X is 

a halogen or chalcogenide, has been heavily studied over the past 40 years. Such clusters have 

transition metal atoms bonded to each other in an octahedron, with the X ligands face-capping 

the octahedron. A variety of materials and compounds have been researched using a variety of 

transition metals and face-capping ligands.1-32  Such compounds have been shown to be useful in 

materials due to their electrochemistry, luminescence, Lewis acidity, and magnetism. One of 

these compounds, the [Re6(µ3-Se)8]
2+ cluster core, is of particular interest due to its ability to 

perform chemical transformations and make robust hybrid materials. This introduction looks to 

describe the capabilities of this cluster core and establish the significance of its study. 

The [Re6(µ3-Se)8]
2+ cluster, shown in Figure 1.1, contains six Re(III) atoms that form a 

perfect octahedron with 24 valence electrons that equate to 12 Re-Re single bonds.  Eight triply 

bridging Se2- anions face-cap the octahedron, and a single coordination site is available on each 

Re for exchangeable ligands.  The cluster core is air stable and can withstand vigorous synthetic 

conditions, and its 2+ overall charge implies Lewis acidity is present.  Property modification and 

stereochemical control can be achieved with the judicious choice of ligands.  Using protecting 

group ligands such as PEt3 stabilizes the cluster core’s reactive sites and provides a route for the 

synthesis of a variety of site-differentiated isomers,37 shown in Scheme 1.1.  Terminal I- ligands 

are replaced with coordinating solvents such as acetonitrile using a Ag(I) salt.38-41  
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Figure 1.1. The [Re6(μ3-Se)8]2+ cluster core, where Q = Se2- inner ligands and L = labile outer ligands.  
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Scheme 1.1. Synthetic layout for the generation of cluster solvates. Usage of silver salts AgSbF6 or AgBF4 promotes the precipitation of AgI and 

formation of an available coordination site.37
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The synthesis of the [Re6(µ3-Se)8]
2+ cluster core with terminal iodide ligands is performed in 

the solid state.36  Re powder, Se powder, I2, and CsI are sealed under vacuum in a quartz tube 

and placed in a furnace at 850°C for 1 week.  The Cs+ acts as the counterion for the [Re6(µ3-

Se)8I6]
4- formed.  This cluster species is water soluble but not organic soluble, so a cation 

exchange is performed with (n-Bu4N)I to precipitate out (n-Bu4N)3[Re6(µ3-Se)8I6] to which 

synthetic manipulations can then be performed.   

6 Re(s) + 8 Se(s) + 4 CsI(s) + I2(s)  Cs4[Re6(µ3-Se)8I6](s) 

Cs4[Re6(µ3-Se)8I6](aq) + Excess (n-Bu4N)I(aq)  (n-Bu4N)3[Re6(µ3-Se)8I6](s) + 4 CsI(aq) 

During the cation exchange process a one e- oxidation occurs, commonly seen in hexanuclear 

cluster systems.  This 3+ cluster charge is short-lived, however, as any further reaction reverts 

the cluster back to its 2+ state.  Some very exciting fundamental chemistry has been established 

with the [Re6(µ3-Se)8]
2+ cluster core, and examples of such research is provided herein. 

Many of the synthetic manipulations applied to the [Re6(µ3-Se)8]
2+ cluster core begin with 

the hexasubstituted isomer.  Using ligands with bridging capabilities allow extended structures to 

be made via intermolecular interactions or coordination to secondary metal ions.42-45 We have 

formerly demonstrated in this group the first hexaaqua complex of the [Re6Se8]
2+ cluster.38  Drs. 

Selby and Roland proved that hydrogen-bonding interactions were occurring both between inner 

sphere and outer sphere H2Os, making a complex integrated network in the solid state.  The 

Lewis acidity allows for easier deprotonation of cluster-bound H2O, making two hydroxide 

ligands that balance out the cluster’s 2+ charge forming a molecular species.  Though this 

compound has only been fundamentally evaluated, its close derivative, K4[Re6Se8(OH)6]·8H2O 

has been evaluated by Choy and coworkers for its cellular uptake capabilities and for the use of 
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its luminescence for diagnostic agents in medical treatments.46  It was found that the 

aforementioned cluster species is internalized into human cervical adenocarcinoma HeLa cells 

mediated by energy-dependent endocytosis.  Interestingly, the cluster did not exhibit acute 

cytotoxic effects up to 50 µM, which proves such cluster complexes are promising potential 

candidates for medical purposes.  Such research was expanded on a few years later when 

Ramírez-Tagle and colleagues evaluated the hexaiodo complex mentioned earlier, [Re6(µ3-

Se)8I6]
3-, as a metal-based anticancer agent.47  Results revealed that clusters were taken into the 

cells’ nuclei and cytotoxicity was highest in tumor cells and lowest in non-tumor primary 

endothelial cells.  DNA laddering experiments from this work also suggested that the cause of 

cell death was apoptotic-like and overall the research is promising for the future of such cluster-

based chemotherapy agents. 

Though bioactivity-related research of the cluster is of interest the fundamental research 

focus has been in the formulation of hybrid materials48-69 and the evolution of chemical 

transformations.70-77  On the hybrids front, incorporation of the [Re6(µ3-Se)8]
2+ cluster into such 

materials as polymers, dendrimers, and supramolecular frameworks has been heavily 

investigated.  Dr. Tu previously synthesized a variety of frameworks made from intermolecular 

interactions such as hydrogen bonding48,53-56 or with the use of multitopic ligands through 

coordination to secondary transition metal cations.53,55  One particular, highly symmetric 

structure centered around the water soluble ligand 1,3,5-triaza-7-phosphaadamantane (TPA). 

Upon reflux of the CH3CN cluster solvates with TPA in a chlorobenzene solution, the 

phosphorus atom of the ligand binds to the labile Re sites, leaving all N atoms of the ligand open 

for coordination to secondary metal ions.  Such work was performed with metals Cu2+, Zn2+, 

Hg2+, and Ag+, and is unusual in that the N atoms of the TPA ligand rarely show coordination to  
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Figure 1.2. The structural motifs of the two types of repeating units in the crystal structure of {Ag2{trans-
[Re6(µ3-Se)8(PEt3)4(PTA)2]}(CH3CN)2}(SbF6)4, forming a honeycomb-like 2-D coordination polymer.53  
Counterions and phosphine ethyl groups are excluded for clarity. 

 

Figure 1.3. (Top left) Two orientations of trans-Re6Se8(TBP)4(OH)2 and its representation of 
immobilization on a Si(111) surface via acid-base reaction.68  (Top right) Synthesis of a heptacluster 
dendrimer.63  (Bottom) Synthesis of polymerizable cluster complexes with methyl methacrylate.66 
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Lewis acids, typical coordination is only through the P atom.78-82  Upon coordination to one of 

these secondary transition metal ions, as shown in Figure 1.2 with Ag+, unique structural motifs  

are generated that lead to high symmetry frameworks.  With the Ag+ only two nitrogens of the 

TPA ligand coordinate, forming a 2-D honeycomb-like structure containing two ring types that 

overall stack in an ABC sheet pattern.53  

A second method studied for cluster integration into hybrid materials crosses the molecular 

and bulk research fields.  Cordier and colleagues, for example, have covalently anchored the 

[Re6Se8]
2+ cluster core to modified p- and n-type Si(111) surfaces,68 shown in the top left of 

Figure 1.3.  The previously reported trans-Re6Se8(TBP)4(OH)2 is first synthesized, giving four 

TBP ligands in apical positions and two OH- ligands that balance the cluster core’s 2+ charge, 

forming a molecular complex.83  The cluster is then grafted onto the Si surface as a monolayer 

via an acid base reaction between the cluster-bound OH- and a Si-bound alkyl-COOH, 

eliminating water and forming a stable Re-O carboxylate bond.  Other grafting immobilization 

procedures were once attempted using a hexanuclear Mo cluster, but as mentioned earlier such 

clusters were air sensitive and further problems were encountered with incomplete charge 

balance using triflate ions.84-85  Electronic properties of the cluster cores were then studied as a 

function of their coverage ranging from 1 x 1013 to 6 x 1013 cm-2, and analytical characterization 

data indicates various levels of cluster density present on the Si surface and that the LUMO of 

the Re6Se8 cluster is very close to the Si conduction band.  

The presence of multiple metal sites on a single cluster unit leads to the potential for 

multicluster arrays, which can contain some very fascinating magnetic, electrochemical, and 

luminescent properties.  A variety of multitopic ligands, such as 4,4′-dipyridyl, 2,4,6-tri-4-

pyridyl-1,3,5-triazine, and 5,10,15,20-tetra(4-pyridyl)-21H,23H-porphine have been used with 



24 
 

the [Re6(μ3-Se)8(PEt3)5MeCN]2+ cluster isomer,52,61 forming complexes that may have useful 

properties such as two-photon absorption86 and second-order nonlinear optics.87-88  However, the 

hexasubstituted cluster solvate can also be used as a hexatopic Lewis acid; when refluxed with 

six equivalents of the pentaphosphine cluster containing a ditopic ligand, a heptacluster 

octahedral structure is created,63 shown in the top right of Figure 1.3.  These redox-active 

clusters’ electrochemical potential can perhaps be tuned by manipulating coordination 

environments.  Each redox species also displays significantly different absorption characteristics 

in the UV, and since both species are luminescent they may be viewed as potential molecular 

electronic and optical devices.89  Dr. Roland and coworkers found that when nonconjugated 

ligands were used, specifically 4,4′-trimethylenedipyridine  and 1,2-bis(4-pyridyl)ethane, single 

clusters behave independently from one another within the dendritic structure; however, when a 

conjugated ligand is used such as (E)-1,2-bis(4-pyridyl)ethane, cluster units are considerably 

coupled.  Nonconjugated systems only allow through-space interactions to affect the central 

cluster, while conjugated systems allow both through-space and through-bond interactions to 

occur, resulting in two separate observed potentials.  Cyclic voltammetry (CV) data were 

acquired with an EG & G Instruments 283 potentiostat, using a 500-μm diameter Pt working 

electrode, a freshly prepared Ag/AgCl reference electrode, and a Pt counter electrode. The area 

of the first oxidation occurs at 0.73 V and corresponds to 5.8 e-, which is due to the six periphery 

clusters, and the second potential occurs at 0.88 V and corresponds to 1.1 e-, the center cluster 

unit.63 Communication between clusters is clearly responsible from the dendritic nonconjugated 

structure, and control/manipulation of such structure may provide tunability of electrochemical 

behavior needed for specific applications. 

With the numerous ligands that can be bonded to the [Re6(µ3-Se)8]
2+ cluster core, the 
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potential with polymers has been slightly assessed. Coordination of a ligand that can act as a 

polymerizable monomer is easily possible, and incorporation of such clusters has been 

established in poly(methyl methacrylate) (PMMA), shown at the bottom of Figure 1.3.  The 

complex [Re6Se8(PEt3)5(PyBr)](SbF6)2 is first easily synthesized from substitution of cluster-

bound CH3CN for pyridin-4-ylmethyl-2-bromo-2-methylpropanoate under reflux conditions,64  

and this complex was used as the initiator in a radical polymerization with MMA using 2,2′-

dipyridyl, Cu(I), and DMF.  A control experiment was used using the free ligand as initiator for 

the same polymerization.  SEC and 1H NMR analysis of the non-cluster polymer shows a 10,309 

amu number-averaged molecular weight (Mn) while the cluster-containing polymer had two 

separate fractions, one with a high Mn value of 24,416 amu and one with a significantly lower 

7,930 amu weight.  Using a UV detector proved that only the lower molecular weight fraction 

contained the cluster core, suggesting that the electronic effects of the Lewis acidity of the core 

is hindering the polymerization process or competition is occurring between the cluster-bound 

initiator and other Lewis basic ligands in solution, such as dipyridyl and DMF.66  Substitution of 

2,2′-dipyridyl for pentamethyldiethylenetriamine and DMF for CH3CN resulted in significant 

polymerization improvement with an Mn value of 11,366 amu.  It is evident that the 

incorporation of the [Re6(µ3-Se)8]
2+ cluster into hybrid structures is possible, and prospective 

applications include phosphorescent LEDs,90 radiographic contrast agents,91 and redox-active 

liquid crystals.92 

Though cluster-cluster metallodendrimers have been investigated, as discussed previously, 

the cluster core has also been a platform for building large bulky hybrid inorganic-organic 

dendrimers. Dr. Wang, a previous group member, used pyridine-based dendrons containing 

alkoxy phenyl groups to replace six CH3CN ligands on the [Re6(µ3-Se)8]
2+ core, shown in Figure 
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1.4.60 Refluxing of the dendron in a chlorobenzene solution with [Re6Se8(CH3CN)6](SbF6)2 for 

12 hours and purification with alumina column chromatography yields the product complexes in 

excellent yields. The solubility of the starting CH3CN complex and its dendron analogue have 

drastically different solubilities due to the organic nature of the dendritic ligands themselves. 

Both complexes are 2+ charged, but the small CH3CN ligands make for a polar complex soluble 

in polar organic solvents and insoluble in hydrocarbons. The dendritic cluster system, however, 

has very limited solubility in polar organic solvents and fully soluble in hydrocarbons. Small 

structural changes on the dendrons leads to extreme color changes of the cluster complexes, 

which may be useful for material purposes. Red-orange powders are obtained using the dendritic 

ligands 3 and 5 while use of dendritic ligands 2 and 4 yielded emerald-green powders. UV-Vis 

data also confirm that absorption maxima are heavily shifted with minor structural changes. Such 

simple syntheses and tunability of complexes allows absorption wavelength modification that 

have great potential in optical devices. 

The combination of these clusters with nanochemistry has also been attempted. Aubert and 

colleagues used a microemulsion process to embed different forms of the hexarhenium cluster 

into silica nanoparticles. The results of such research revealed 30 nm nanoparticles with good 

monodispersity and a perfectly spherical shape, and [Re6S8(OH)6]
4- cluster units were 

homogeneously dispersed inside the nanoparticles, as shown in Figure 1.5.69 The cluster shows 

no loss of its luminescence properties after the embedding process is complete, which is a 

possibility due to oxygen present in solution. Such materials, with their near-IR luminescence, 

are ideal candidates for the field of biotechnology, where tissue penetration is maximized while 

tissue damage is minimized. Toxicology studies must first be performed to analyze if any 

negative effects of the cluster core are felt through the silica shell. 



27 

 

 

Figure 1.4. Synthesis of metallodendrimers using the [Re6(µ3-Se)8]2+ core as a platform. UV-Vis absorption data on the right is provided to show 
the dependence of structure on λmax shifts. A clear new absorption peak at 624 nm is seen, indicative of a LMCT transition between the dendritic 
ligand and the cluster core.60   

Figure 1.5. FE-SEM pictures of 
K4[Re6S8(OH)6]@SiO2 nanoparticles 
(left) and those same particles with 
discrete cluster units, shown as 
bright spots (middle). Aqueous 
solution of [Re6S8(OH)6]4- clusters 
(a) before and (b) after embedding in 
silica nanoparticles, daylight and 
under UV irradiation at 365 nm.69
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The second major potential application investigated using the [Re6(µ3-Se)8]
2+ cluster is 

chemical transformations and catalysis.  With six separate Re sites, multiple reactions are 

possible in one complex compared to a typical mononuclear metal complex.  Cluster-bound 

ligands are activated towards different forms of chemical attack due to the Lewis acidity present 

in the cluster core; transformation reactions can be performed in polar organic solvents and 

addition of a nonpolar organic solvent precipitates the cluster catalyst, leaving any organic 

product uncontaminated and the cluster catalyst easily separable for recycling.  With these 

advantageous properties in mind, much work has gone into identifying the different types of 

transformations possible using the [Re6(µ3-Se)8]
2+ cluster as a platform. Simple unsaturated 

molecules are common starting points used for establishing the activation of cluster-bound 

ligands.  One such ligand, acetonitrile, has received a great deal of attention in this aspect due to 

its availability and simple Lewis basicity properties.  Two specific nucleophile types have been 

introduced to CH3CN cluster-solvates, alcohols and azides. The C-N triple bond is activated, 

making an electrophilic species.  Azides have electron-rich atoms with lone pairs present and 

serve as great nucleophilic species, as shown in the top of Figure 1.6.  Szczepura and colleagues 

that, dissolved in acetone, the azide anion “clicks” with the C-N triple bond of CH3CN, forming 

the N1 (top) isomer in 78% yield in 5 minutes.74,94  Longer stirring or higher temperatures causes 

isomerization to occur from the N1 isomer to the N2 isomer, most likely due to sterics of the –

CH3 group and the cluster core.95  The removal of these types of ligands has been observed using 

methyl iodide, benzyl bromide (BnBr), and strong acid in CH3CN.  Using CH3I or BnBr, the 

tetrazolate lone pair that is bound to the cluster combines with the organic group added (CH3
+ or 

Bn+), forming the neutral tetrazole and leaving the halogen anion bound to the cluster in its 

place.  Both 2-methyl-5-phenyltetrazole and 1-methyl-5-phenyltetrazole form from the reaction  
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Figure 1.6. (Top) Synthesis of cluster-tetrazole complexes from [Re6(μ3-Se)8(PEt3)5(CH3CN)]2+ and 
NaN3.74,93 The chemistry is similar to the “clicks” seen between alkynes and azides. (Bottom) Proposed 
mechanism for the formation of imino complexes from reaction of cluster-bound CH3CN with organic 
azides.74,76 

 

 

Figure 1.7. Synthesis of cluster-bound triazoles via click chemistry between activated N3
- and dimethyl 

acetylenedicarboxylate.74.94 The electron withdrawing groups on the alkyne are needed for the click to 
occur. Though cluster-bound CH3CN clicks with N3

-, reaction between cluster-bound N3
- and free nitriles 

is not observed.94   
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with CH3I in 80% and 20% yield, respectively.  Similar results are observed for the benzyl 

derivative, with 1-benzyl-5-phenyltetrazole present in 91% and the 2-benzyl-5-phenyltetrazole 

isomer in 9% yield.  Two isomeric products are present due to linkage isomerization that has 

been previously reported.96,97  The organic group off the heterocyclic ring also play a role when 

using acid to remove the ligand from the cluster core.  Using HBF4, the 2,5-phenyltetrazolate 

was removed from the cluster in CD3CN in 30 minutes at 100°C.  However, 1,5-

methyltetrazolate took over 12 hours under the same conditions.  This difference arises from the 

methyl group derivative having greater Lewis basicity than the phenyl derivative, making it more 

difficult to remove from the cluster core.  Both reactions require high temperatures to perform, as 

experiments at room temperature showed no conversion over time. 

Further studies with cluster-bound CH3CN were completed with organic azides by Dr. Tu 

which produced some very unexpected results.  Organic azides, due to their lack of an overall 

negative charge and bulky organic group, have been shown to require reflux temperatures over 

the course of 30 hours for substitution of cluster-bound CH3CN.76  Instead of the expected 

tetrazolate, imino products were obtained.  The proposed mechanism for this reaction is provided 

in the bottom of Figure 1.6.  Migration of the phenyl group after substitution of CH3CN releases 

N2(g), leaving an imide and carbocation right next to each other.  The reaction completes after 

the lone pair movement from the N to form the imine double bond.  The irreversible loss of 

N2(g) is what drives the reaction, since the cluster-azido intermediate equilibrium favors the 

nitrile complex.76    

Thus far CH3CN has been the only unsaturated cluster-bound ligand in discussion, but azide 

has also been coordinated to the [Re6(µ3-Se)8]
2+ cluster core and studied with both free nitriles 

and alkynes.94  The synthesis of the azide complex is a two-step process; direct substitution of 
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the CH3CN cluster solvate is not possible due to tetrazolate formation mentioned earlier.  

Cluster-bound CH3CN is first substituted by pyridine, and this unreactive ligand is then 

substituted by the N3
- ligand.  Attempts by Dr. Szczepura, mentioned earlier, at clicking the azide 

ligand with free CH3CN to form the tetrazolate proved unsuccessful, even with reflux 

temperatures for 24 hours.  Activated alkynes such as dimethylaceteylenedicarboxylate (DMAD) 

and methyl 4-hydroxyhex-2-yneoate, however, clicked with the azide complex to form a 

triazolate ligand, shown in Figure 1.7.94  In these reactions, the alkyne acts as the electrophile 

and the cluster-bound N3
- actually acts as the nucleophile, which is a surprising and interesting 

observation.  When combined with alkynes that contain electron-donating groups no reaction 

was observed.  Similar observations were seen when electron-rich alkenes were used.  Similar to 

the cluster-tetrazolate chemistry discussed earlier, addition of electrophilic reagents CH3I and 

BnBr removes the coordinated triazole in its neutral alkylated state and the cluster-halide 

complex forms.  The cluster-halide complexes can be remade into the CH3CN solvate complex, 

to which the recyclability of the catalyst is preserved. 

Chemical transformations have also been evaluated on CO, a very common organometallic 

ligand commonly seen in synthetic inorganic chemistry. Dr. Orto, previously in this group, 

synthesized the CO complexes of all the [Re6(µ3-Se)8]
2+ cluster core isomers.73,74 Based on 

Mulliken population computational calculations, a negative charge is observed on the Re that is 

bonded to the CO of the pentaphosphine isomer; all other Re atoms in the cluster have a positive 

charge. A mechanism was proposed that involved cluster-to-CO backbonding, as shown in 

Figure 1.8.73 The Se atom donates electron density to the Re atom, which then donates to the CO 

ligand antibonding orbitals via the d-2π* interaction. This then increases the σ donation ability of 

the CO ligand to the Re atom. The combined Se and CO donation to the Re overcomes the back- 
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Figure 1.8. (Left)Summary of proposed cluster-to-CO backbonding mechanism:(1) Se donates electron 
density to Re; (2) with enhanced electron density, Re backdonates to 2π* orbital of CO; (3) backdonation 
from Re increases donor ability of CO synergistically; (4) insufficient backbond strength, when coupled 
with combined Se and CO donation, results in buildup of negative charge on Re.73 (Right) Synergistic 
mechanism involving d-2π* backdonation (left) and 5σ donation (right). Color legend: Re (purple), C 
(gray), O (red).73 

 

 

 

 

 

Figure 1.9. (Left) Crystal structure of the cationic acyl complex [Re6(μ3-Se)8(PEt3)5Cl]2+ isolated from the 
reaction of [Re6(μ3-Se)8(PEt3)5(CO)](SbF6)2 in CH2Cl2 under photolytic conditions. The cluster core is 
formally oxidized by one electron to be [Re6(μ3-Se)8]3+.74 (right) Crystal structure of the cationic acyl 
complex [Re6(μ3-Se)8(PEt3)5(COCH3)]+ prepared by reacting [Re6(μ3-Se)8(PEt3)5(CO)](SbF6)2 with 
CH3Li.74 
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-donation ability, leaving an overall negative charge on the Re atom. When such CO cluster 

complexes are irradiated with UV light in a CH2Cl2, the crystal structure of the product obtained 

shows a Cl- ligand bound to the cluster core, shown on the left of Figure 1.9.74 The presence of 

two outer sphere anions, combined with the bound Cl- ligand, indicates the Re cluster was 

formally oxidized to a 3+ formal charge. With the hope of making a precursor to forming 

carbenes, CH3I was added to the pentaphosphine complex [Re6(μ3-Se)8(PEt3)CO]2+, forming the 

acyl complex [Re6(μ3-Se)8(PEt3)5(COCH3)]
+, whose crystal structure is shown on the right of 

Figure 1.9.74 A very unusual 31P spectrum is produced from this compound. The typical 4:1 ratio 

of peaks is still seen due to the symmetry of the phosphines, but the monophosphine peak is far 

more downfield than the tetraphosphine peak. This has never been seen before and indicates a 

drastic electronic structure change present within the cluster core. 

Cluster-activated CH3CN is not only activated towards nucleophilic attack from negatively 

charged ligands like azide, but also towards neutral species such as alcohols.  Orto and 

coworkers demonstrated CH3OH adds to the C-N triple bond of acetonitrile, where the methoxy 

bonds to the carbon and the methanolic H is bonded to the nitrogen, forming a neutrally-bound 

imino ester complex, a variety of which are shown in Figure 1.10.74.75 A mixture of 

stereochemistries was observed in the 31P and 1H NMR spectra, but a clear preference for the Z 

isomer was observed. A stabilizing bifurcated hydrogen-bonding interaction was proposed to 

account for this isomeric preference. The newly formed imino ester ligand was removed using 

UV light irradiation in the presence of CH3CN, reforming the initial cluster solvate and thus 

making a recyclable catalyst. Though enough organic product to obtain a crystal was not 

obtained, GC-MS analysis revealed the imino ester ion peak, along with the acetamide 

hydrolysis product. An expansion of this chemistry is included in this work. 
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Figure 1.10. (Top Left)  Proposed photocatalytic generation of imino esters using the [Re6(μ3-Se)8]2+ as a Lewis acidic catalyst. (Middle right) 
Crystal structures of cationic cluster moieties of a) {Re6(μ3-Se)8(PEt3)5[HN=C(OCH3)-(CH3)]}(SbF6)2 b) {Re6(μ3-Se)8(PEt3)5[HN=C(OCH2CH3)-
(CH3)]}(SbF6)2, c) trans-{Re6(μ3-Se)8(PEt3)4[Z-HN=C-(OCH3)(CH3)]2}(SbF6)2 and d) {Re6(μ3-Se)8[Z-HN=C(OCH3)-(CH3)]2[E-
HN=C(OCH3)(CH3)]4}(SbF6)2. Structure d) has two trans disposed Z-configured and four E-configured imino ester ligands. (Bottom left) Proposed 

bifurcated hydrogen bonding involving the methanol OH group and two Se atoms of the cluster at the initial stage of then nucleophilic addition.74,75



35 

 

1.2 THESIS WORK OUTLINE 

The remaining chapters herein discuss the attempts and success to develop new chemistry using 

the [Re6(μ3-Se)8]
2+ as a platform for both chemical transformations and structural materials.  The 

following chapter entails the synthesis and characterization of cluster complexes that have the 

capability of being used as inorganic/organic hybrid linkers for the construction of Lewis acidic 

MOFs.  Chapters 3 and 4 entail the chemical transformations possible through the [Re6(μ3-Se)8]
2+ 

cluster-activated CH3CN with both N-based nucleophiles and O-based nucleophiles, 

respectively.  Though the O-based nucleophiles have been previously explored within this group, 

some aspects of the research have remained elusive and uncharacterized, specifically the cis-P4 

and hexasubstituted CH3CN solvates with CH3OH.  Using N-based nucleophiles has been 

completely unstudied and represents a more efficient and facile reaction pathway to the 

formation of synthetically-relevant organic species.  Chapter 5 completes the dissertation with 

optimistic outlooks of using the chemistry proven in chapters 3 and 4 for the incorporation or use 

of the [Re6(μ3-Se)8]
2+ cluster core into MOFs to develop materials for various important 

applications, including heavy metal sequestration and catalysis through both secondary catalytic 

metal ions and Lewis acidic framework structures. 
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CHAPTER 2. [Re6(μ3-Se)8]2+ CORE-CONTAINING CLUSTER COMPLEXES WITH 

ISONICOTINIC ACID: SYNTHESIS, STRUCTURAL CHARACTERIZATION, AND 

HYDROGEN-BODED ASSEMBLIES 

 

2.1 INTRODUCTION 

Transition metal clusters are a unique class of compounds that possess desirable properties for 

functional materials.  One particular cluster motif that has received increasing attention in recent 

literature is the [Re6(μ3-Se)8]
2+ cluster core.  Structurally resembling the building units in 

Chevrel phases,1-2 this core has six Re atoms metal-metal bonded to form a perfect octahedron, 

with each of its triangular faces capped by a triply bridging Se atom.  Thus, the cluster can 

alternatively be viewed as a perfect octahedron of Re atoms being encased in a perfect cube 

formed by the Se atoms.  The presence of multiple metal sites allows the cluster to be 

functionalized with judiciously chosen ligands with which property modification and 

stereochemical control can be achieved.3  Protecting ligands, such as triethylphosphine, are used 

to stabilize the cluster core’s reactive sites and provide a route to site-specific isomers that can be 

used for additional studies.4-6  The Lewis acidity of the core activates cluster-bound ligands and 

thus provides a pathway for possible further chemical transformations of the ligand.7-12  These 

fundamental properties of the cluster have been well established and current research aims at 

assessing both the catalytic capabilities of the cluster complexes and using its unique physical 

and chemical properties for the development of functional materials. 

Many coordination polymers including framework structures containing the [Re6(μ3-Se)8]
2+ 

cluster core have been reported.13-14  Several of these compounds utilize [Re6(μ3-Se)8(CN)6]
4- as 
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a linker to build polymeric arrays with direct coordination to secondary metal ions.15-23  Other 

efforts involve incorporating cluster systems into polymers,24 nanoparticles,25 self-assembly 

structures,26-28 and surfaces,29 all for the purpose of integrating the red/near-infrared 

luminescence and redox properties of the cluster for functional materials.  Multi-cluster 

supramolecular assemblies have also been constructed by using cluster complexes with ligands 

capable of hydrogen bonding as building blocks,30-33 and ligands such as isonicotinamide and 

3,5-pyridinedicarboxylic acid have been used in such studies.34-.6  Depending on the 

stereochemistry of the starting cluster compound, various degrees of hydrogen bonding can 

occur, resulting in cluster-supported frameworks with definitive pore sizes and volumes. 

Herein, the syntheses and structural determination by single crystal X-ray diffraction of three 

new cluster complexes of the [Re6(μ3-Se)8]
2+ core with isonicotinic acid (INA) are reported.  The 

cluster-bound isonicotinic acid ligands have been shown to engage in extensive inter-cluster 

complex hydrogen bonding interactions, affording linear and zigzag polymeric assemblies of the 

cluster complex units.  Ongoing efforts include the exploratory use of such complexes, in 

combination with metal-based building blocks such as Zn4O
6+ 37 and Cu2(H2O)2

4+,38 as uniquely 

structured dicarboxylate ligands for the construction of framework structures that are not easily 

achieved when organic dicarboxylate ligands are used.   

 

2.2 EXPERIMENTAL DESIGN 

Preparation of Compounds.  

The starting cluster complexes and cluster acetonitrile solvates were synthesized by following 

literature procedures.5,39  All reagents and solvents were obtained from commercial sources and 

used as received.  1H and 31P (carbon and proton decoupled) NMR spectra were recorded on a 
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Bruker Avance-III 400 MHz spectrometer, with 85% H3PO4 the external reference in the latter 

experiments.  High resolution mass spectra (HR-MS) were recorded on a Bruker 9.4 T Apex-Qh 

Hybrid Fourier Transfer Ion-Cyclotron Resonance (FT-ICR) instrument using the electrospray 

ionization (ESI) method. Scheme 2.1 shows the general reaction for the synthesized compounds. 

Synthesis of [Re6(μ3-Se)8(PEt3)5INA](SbF6)2 (P5INA) 

 

A mixture of [Re6(μ3-Se)8(PEt3)5MeCN](SbF6)2 (110 mg, 0.040 mmol) and excess INA (95 mg, 

0.771 mmol) was charged to a 50-mL round bottom flask equipped with a stir bar.  Next, 25 mL 

of 1:1 CH3NO2/chlorobenzene was added and the flask was placed in a heating mantle and 

sealed with a condenser and N2 gas adapter.  Solution was allowed to reflux for one hour.  The 

flask was then cooled in an ice bath to precipitate excess INA.  The mixture was then centrifuged 

to remove the INA, and the supernatant was rotovapped to dryness.  The residue was dissolved in 

a small amount of DCM, and extracted with deionized water three times.  The organic phase was 

dried over anhydrous MgSO4, filtered, and rotovapped.  The orange solid obtained was then 

recrystallized from DCM and diethyl ether.  Yield: 81mg, 0.028 mmol, 71%.  HR-MS 

Theoretical m/z: 1232.27661.  Found: 1232.27235. Theoretical 1H NMR: δ 1.12 (m, 9H), 1.19 

(m, 36H), 2.14 (m, 6H), 2.28 (m, 24H), 7.84 (d, 2H), 9.38 (d, 2H). Experimental 1H NMR 

(CD2Cl2): δ 1.12-1.19 (m, 54.26H), 2.14 (m, 7.18H), 2.28 (m, 27.58H), 7.84 (d, 2.00H), 9.38 (d, 

2.00H).  31P NMR (CD2Cl2): δ -26.56 (s); -30.14 (s). 
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trans-[Re6(μ3-Se)8(PEt3)4(INA)2](SbF6)2 (trans-P4(INA)2) 

This compound was prepared by adopting the procedure for P5INA, but using trans-[Re6(µ3-

Se)8(PEt3)4(CH3CN)2](BF4)2 (110 mg, 0.040 mmol) as the starting complex and excess INA (98 

mg, 0.793 mmol).  The orange solid obtained was then recrystallized from DCM and diethyl 

ether.  Yield: 76 mg, 0.026 mmol, 65%.  HR-MS Theoretical m/z: 1234.74706.  Found: 

1234.76520. Theoretical 1H NMR (CD3OD): δ 1.23 (m, 36H), 2.42 (m, 24H), 7.63 (d, 4H), 9.28 

(d, 4H). 31P NMR (CD3OD): δ -23.14 (s). Experimental 1H NMR (CD3OD): δ 1.23 (m, 36.46H), 

2.42 (m, 24.32H), 7.63 (d, 4.01H), 9.28 (d, 4.00H). 31P NMR (CD3OD): δ -23.14 (s). 

cis-[Re6(μ3-Se)8(PEt3)4(INA)2](SbF6)2 (cis-P4(INA)2)  

 

This compound was prepared by adopting the procedure for P5DEAA, but using cis-[Re6(µ3-

Se)8(PEt3)4(CH3CN)2](BF4)2 (200 mg, 0.072 mmol) as the starting complex and excess INA (177 

mg, 1.441 mmol).  The orange solid obtained was then recrystallized from DCM/CH3CN and 

diethyl ether.  Yield: 176 mg, 0.060 mmol, 83%.  HR-MS Theoretical m/z: 1233.74725.  Found: 
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1233.74655.  Theoretical 1H NMR (CD2Cl2): δ 1.14-1.20 (m, 36H); 2.20 (m, 12H); 2.32 (m, 

12H); 7.77 (d, 4H); 9.26 (d, 4H). 31P NMR (CD2Cl2): δ -24.40 (s); -27.26 (s). Experimental 1H 

NMR (CD2Cl2): δ 1.14-1.20 (m, 38.20H); 2.20 (m, 12.37H); 2.32 (m, 12.38H); 7.77 (d, 4.02H); 

9.26 (d, 4.00H). 31P NMR (CD2Cl2): δ -24.40 (s); -27.26 (s). 

Single Crystal Structure Determination  

Single crystals were mounted on a 0.15-mm micromount with paratone oil.  All data collection 

was performed at 100 K under a stream of N2 gas.  Data collection was performed on a Bruker 

APEX II Duo X-ray Diffractometer with graphite-monochromated Mo Kα radiation (λ = 0.71073 

Å).  Data were integrated using SAINT software and absorption corrections were applied using 

program SADABS.40  The structures were solved by direct methods and refined by full-matrix 

least squares using SHELXTL in Olex2.41-42  Table 2.1 provides the crystal data refine 

parameters for each compound. 

Hydrogens were placed geometrically and refined using a riding model.  For trans-P4(INA)2, 

two different crystal structures were obtained.  The first of these has fully protonated INA 

ligands and the second has only one protonated INA.  The fully-protonated structure had no 

refinement issues.  In the half-protonated structure there is a large peak next to Sb(1), which also 

sits in a hole measuring approximately 3 electrons.  This likely corresponds to disorder of the 

anion; however, it could not be satisfactorily modelled. The occupancy of the major site refines 

to about 92%. For P5INA, there is a large peak close to Sb(2), again suggestive of anion disorder; 

however, there are no further peaks corresponding to the fluorine atoms of the second disorder 

component.  The anion was thus modelled as ordered, with no serious impact on refinement 

residuals.  The O atoms of the carboxylates exhibit elongated ellipsoids consistent with disorder,
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Scheme 2.1. Synthesis of P5INA, trans-P4(INA)2, and cis-P4(INA)2
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but a disorder model did not improve refinement outcome.  Finally, for cis-P4(INA)2, the Sb site 

lies in a large hole of around 16 electrons and a significant peak of around 6 electrons is close by.  

However, there are no residual peaks which would correspond to fluorine atoms in a disorder 

model of the SbF6
- anion.  It was thus modelled as ordered.  The carboxylic acid group 

containing O(3) and O(4) was controlled using displacement ellipsoid similarity, distance 

similarity, and flat restraints.  The PEt3 containing P(4) was restrained to have geometry similar 

to that of the PEt3 containing P(2).  Though this structure is not ideal, it is clearly suitable for the 

purpose of confirming connectivity and overall crystal packing arrangements. 

 

2.3 RESULTS AND DISCUSSION 

Synthesis and NMR Spectroscopic Characterizations of Compounds  

The synthesis of the prior compounds from their respective CH3CN solvates is facile.  The 

CH3CN ligand attached to the cluster core is labile, thus under reflux it is replaced by a stronger 

incoming ligand; in the present case, the pyridyl group of INA can readily displace cluster-bound 

CH3CN.   The substitution of the nitrile ligand is easily confirmed by examining the 1H spectra in 

Figure 2.1.  The cluster-bound nitrile shows a resonance at ~ 2.8 ppm, downfield shifted with 

respect to the chemical shift of free CH3CN due to the activation by the Lewis acidic cluster 

core.5 Upon completion of the reaction, the cluster-bound nitrile resonance is absent and the 

resonances attributable to the pyridyl protons of the incoming INA are clearly visible in the 

downfield region as a set of two doublets. The chemical shifts of these two doublets are shifted 

with respect to free INA. A CD3OD solution of pure isonicotinic acid has pyridyl chemical shift 

values of 8.75 ppm and 7.97 ppm for the ortho and meta hydrogen atoms, respectively.  
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Table 2.1. Crystal data and refinement parameters for INA complexes. 

Compound trans-P4(INA)2 
trans-P4(INA)2half 

protonated 
cis-P4(INA)2 half protonated P5INA 

 

Formula 

Formula weight 

Crystal system 

Space group 

V/Å3 

Z 

ρcalc mg/mm3 

a/Å 

b/Å 

c/Å 

α/° 

β/° 

γ/° 

T / K 

µ(Mo Kα)/mm-1 

Wavelength/Å 

GOF on F2 

R1, wR2 

 

 

C36H70F12N2O4P4Re6Sb2Se8 

2769.33 

Monoclinic 

P21/c 

3552.8(9) 

2 

2.906 

12.0762(18) 

15.105(2) 

20.363(3) 

90 

106.961(4) 

90 

100.0 

15.331 

0.71073 

1.034 

R1 = 0.0345, wR2 = 0.0747 

 

C36H69F6N2O4P4Re6SbSe8 

2702.37 

Monoclinic 

P21/n 

6737.2(12) 

4 

2.781 

17.6734(18) 

18.792(2) 

20.4444(19) 

90 

97.146(3) 

90 

100.0 

15.709 

0.71073 

1.036 

R1 = 0.0433, wR2 = 0.0965 

 

C36H69F6N2O4P4Re6SbSe8 

2702.44 

Monoclinic 

P21/n 

6329.9(6) 

4 

2.836 

13.1402(6) 

28.0049(15) 

18.0932(9) 

90 

108.064(2) 

90 

100.0 

16.599 

0.71073 

1.026 

R1 = 0.0880, wR2 = 0.2441 

 

C72H159F18N2O4P10Re12Sb3Se16 

5631.7 

Triclinic 

P-1 

6722.0(11) 

2 

2.866 

13.9138(12) 

19.6099(18) 

26.180(3) 

71.203(3) 

83.764(3) 

88.527(3) 

100.0 

15.938 

0.71073 

1.052 

R1 = 0.0473, wR2 = 0.1081 

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

2 – Fc
2)2] / Σ[w(Fo

2)2]}1/2.  
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Table 2.2. Selected bond lengths (Å) and bond angles (°) of INA complexes. 

trans-P4(INA)2  (1a) trans-P4(INA)2 half protonated  (1b) 
    

Re(3)‒N(3) 2.217(7) Re(1)‒N(1) 2.20(2) 

O(1)‒C(18) 1.283(11) Re(2)‒N(2) 2.18(3) 

O(2)‒C(18) 1.223(10) O(1)‒C(6) 1.19(5) 

  O(2)‒C(6) 1.23(5) 

  O(3)‒C(12) 1.29(5) 

  O(3ʹ)‒C(12ʹ) 1.30(5) 

  O(4)‒C(12) 1.28(5) 

N(3)‒Re‒Se Range: 90.64(18)‒92.73(18) N(1)‒Re‒Se Range: 90.7(5)‒92.7(5) 

Mean: 91.9 Mean: 91.7 

N(3)‒Re‒Re Range: 133.83(18)‒135.95(18) N(2)‒Re‒Se 

 

Range: 90.4(6)‒93.0(6) 

Mean: 134.9 Mean: 91.7 

  N(1)‒Re‒Re 

 

Range: 133.8(6)‒135.9(6) 

  Mean: 134.9 

  N(2)‒Re‒Re Range: 133.4(7)‒136.4(7) 

  Mean: 134.8 

O(2)‒C(18)‒O(1) 124.7(8) O(1)‒C(6)‒O(2) 127(4) 

  O(4)‒C(12)‒O(3) 118(4) 
    

P5INA  (1c) cis-P4(INA)2 half protonated  (1d) 
    

Re(5)‒N(1) 2.208(11) Re(1)‒N(1) 2.225(9) 

Re(11)‒N(2) 2.215(11) Re(6)‒N(2) 2.222(9) 

O(1)‒C(6) 1.220(9) O(3)‒C(7) 1.212(15) 

O(2)‒C(6) 1.246(9) O(4)‒C(7) 1.310(15) 

O(3)‒C(42) 1.246(8) O(2)‒C(1) 1.220(14) 

O(4)‒C(42) 1.246(8) O(1)‒C(1) 1.296(14) 

N(1)‒Re‒Se Range: 91.5(3) ‒ 92.3(3) N(1)‒Re‒Se Range: 90.7(3)‒93.7(3) 

 Mean: 91.9 Mean: 92.1 

N(2)‒Re‒Se Range: 91.0(3)‒92.8(3) N(2)‒Re‒Se Range: 90.9(3)‒92.9(3) 

 Mean: 91.9 Mean: 92.2 

N(1)‒Re‒Re Range: 134.3(3)‒135.6(3) N(1)‒Re‒Re Range: 133.9(2)‒136.5(2) 

 Mean: 134.9 Mean: 135.1 

N(2)‒Re‒Re Range: 133.4(3)‒136.2(3) N(2)‒Re‒Re Range: 134.1(2)‒135.7(2) 

 Mean: 134.9 Mean: 135.0 

O(1)‒C(6)‒O(2) 113(2) O(2)‒C(1)‒O(1) 127.5(10) 

O(4)‒C(42)‒O(3) 126.2(14) O(3)‒C(7)‒O(4) 126.2(10) 
 

 

Table 2.3. Selected metrical parameters indicating hydrogen-bonding interactions. 

 

Complex 
 

D–H•••A  
 

d(O–H) (Å) 
 

d(OH•••H) (Å) 
 

d(O•••O) (Å) 
 

OHO (deg) 
 

1a 
 

O1–H1•••O2 
 

0.91(11) 
 

1.74(11) 
 

2.633(9) 
 

168(11) 

1b 
O3–H3•••O2 

O3–H3•••O1 
0.841 

2.132 

2.186 

2.620 

3.001 

116.71 

163.29 

1c 
O1–H1•••O2 

O4–H4A•••O4 

1.28 

1.23 

1.31 

1.23 

2.59(3) 

2.451(19) 

176.6 

180.0 

1d 
 

O4–H4A•••O1 
 

0.84 
 

1.63 
 

2.456(11) 
 

167.4 
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Once coordinated to the cluster core, the ortho values shift downfield to 9.2-9.3 ppm and the 

meta values shift upfield to 7.6-7.8 ppm.  The exchange of the nitrile ligand for INA is also 

reflected in the chemical shift changes in 31P NMR spectra.  An upfield shift with respect to the 

starting solvate complex is observed, which is expected since the INA ligand is a better electron 

donor than the nitrile. This extra electron density supplied to the core is distributed to the 

surrounding PEt3 ligands, shifting them upfield. The overall ppm value of each peak is 

determined by the proximity of the INA ligand to the PEt3. 

Crystal Structure Determination.  

The structures of the three compounds presented were established by single-crystal X-ray 

diffraction.  The compounds crystallized in different space groups: P1̅ for P5INA, P21/c for the 

fully protonated trans-P4(INA)2, and P21/n for both the half-protonated trans-P4(INA)2 and cis-

P4(INA)2.  Solvent molecules were included in all structures.  The [Re6(μ3-Se)8]
2+ cluster cores in 

all complexes have a 2+ charge and all counterions are SbF6
-. 

The cationic cluster moieties of the four compounds are shown in Fig. 2.2 and key bond 

lengths and angles are provided in Table 2.2.43  The intermolecular hydrogen bonding 

interactions observed in the crystal-packing of the compounds are provided in Figure 2.3 and 

selected metrical parameters indicating such hydrogen bonding interactions are given in Table 

2.3.  The dimensions of the cluster core agree with those of previously reported structures.  For 

all complexes the Re-P distances range between 2.47 Å to 2.48 Å, consistent with previously 

reported structures.5  The Re-N bonds between the cluster and INA ligands range from 2.18(3) Å 

to 2.225(9) Å.  Previous cluster compounds with similar pyridyl ligands, such as pyrazine,44 4,4′-

bipyridine,44 and isonicotinamide34 have consistent Re-N bond lengths of 2.22 Å.  The Re-N  
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Figure 2.1. 1H NMR spectra (left) and 31P NMR spectra (right) of trans-P4(INA)2 (*CD3OD), cis-P4(INA)2 

(*CD2Cl2), and P5INA (*CD2Cl2). *Solvent signal 
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bonds with the shorter 2.20 Å and 2.18 Å lengths appear majorly in structures that have mixed 

protonation states, specifically in 1b and 1c.  These shorter lengths correspond to the INA 

ligands that are protonated.  This observation entails that the bond strength of the protonated INA 

ligands is actually stronger than the deprotonated INA.  This is a rather unusual feature since a 

negatively charged ligand would be expected to coordinate more strongly to the cationic cluster 

than a neutral ligand due to coulombic attraction.  The C-O bond lengths of the carboxylic acid 

groups do not necessarily show delocalization on deprotonation.  The overall charge on the 

cluster complex unit can be inferred from the number of counterions in the structure.  Compound 

1a has two SbF6
- anions, indicating a 2+ charge on the cluster moiety.  Thus, all the cluster-

bound INA ligands remain protonated and neutral.  In 1b and 1d, there exist only one SbF6
-, 

which suggests that the cluster complex unit is mono-positively charged and that one of the INA 

ligands is deprotonated.   

The crystal packing of these compounds is also suggestive of the assumed deprotonation.  If 

both INA ligands were protonated, as in 1a, the dimerization of neighboring acid groups would 

be expected with torsion angles ~ 180°. However, in 1b, the torsion angle between the 

neighboring acid groups is 111.76°, clearly showing a deviation from the dimer format.  This is 

expected since only one hydrogen bond is occurring, thus the O atoms not involved in the 

bonding must turn away from each other to minimize steric and electrostatic repulsion.  Similar 

observations are made for 1d, where the torsion angle is 57.06°.  Visually, the two acid groups 

are almost perpendicular to each other with the single hydrogen bond between H(4A) and O(1) at 

1.63 Å.  More complex hydrogen bonding features than the other complexes are observed in the 

structure of 1c.  This compound has two different P5INA units in the asymmetric unit, one 

remaining protonated and associated with its symmetry equivalent, similar to 1a, and the other  
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Figure 2.2. The cationic cluster moieties of trans-P4(INA)2 (1a), cis-P4(INA)2 (1b), P5INA (1c), and half-
protonated trans-P4(INA)2 (1d).  Two asymmetric cluster units are observed in 1c.  Counterions, hydrogen 
atoms, and solvent molecules are omitted for clarity.  Anisotropic displacement ellipsoids are drawn at the 
50% probability level. 
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deprotonated; the symmetry equivalent of the latter cluster unit is flipped 180° and the carboxylic 

groups share a proton in the center.  The distance between the oxygen and proton is too long to 

be a formal O-H bond; however, it is much shorter than a typical hydrogen bond.  Since there is 

no formal O-H bond in this cluster it is assumed that this INA ligand is deprotonated and thus the 

total charge of the two cluster system is 3+.  The three SbF6
- anions present in the asymmetric 

unit supports this analysis. 

Overall, 1a and 1d show pairwise cluster linking through hydrogen bonds that generate infinite 

1-D chains, 1b has a zigzag hydrogen-bonded topology due to the cis stereochemistry of the 

cluster, and 1c has polar cores where four acid groups coincide, leaving the nonpolar solvent 

molecules and counterions to pack with the nonpolar ethyl groups of PEt3.  These types of 

packing are quite similar to our previously reported cluster analogues with isonicotinamide.34 

The differences arise from the INA complexes capability to deprotonate.  Deprotonation of an 

INA causes the acid group to shift away from the typical dimer format, such as in 1b and 1d, and 

removes a SbF6
- anion.  Compared to isonicotinamide, the acid group of INA contains only one 

H that is already involved in hydrogen bonding, thus no weak hydrogen bonds to F atoms on the 

counterions can occur.  

Attempts were made to use these complexes as hybrid inorganic/organic linkers for the 

preparation of MOF construction.  P5INA was combined with Zn(NO3)2 in DMF and refluxed to 

form the molecular species of the MOF centered around Zn4O
6+ with six P5INA ligands 

coordinated in an octahedral arrangement, as shown in Figure 2.4.  No characterizable solid was 

obtained, so the same reaction was performed solvothermally in a Teflon bomb at 120°C for 

three days.  This too gave no positive results.  Similar techniques were performed using the 

Cu2(H2O)2
4+ metal node, and efforts were also made to use a simple ligand-exchange process of  



50 
 

 

 

 

 

Figure 2.3. Intermolecular hydrogen-bonding (blue lines) observed in the crystal packing of 1a-1d, top to 
bottom, respectively. Only the structures of the cationic cluster moieties are shown. Counterions, ethyl 
groups of the phosphine ligands, and solvent molecules are omitted for clarity. Anisotropic displacement 
ellipsoids are drawn at the 50% probability level. 

 



51 
 

copper(II) acetate with the INA complexes via slow diffusion of the two reactant solutions.  As 

before, no crystals or proof of reaction completion were acquired. 

The results described above can be explained by a variety of possible reasons.  First, the 

Lewis acidity of the [Re6(μ3-Se)8]
2+ cluster core clearly affects the INA ligand based on the 

downfield 1H pyridyl shifts seen earlier.  The result is even more evident in the crystal structures 

obtained, with some ligands deprotonated.  Thus, the high acidity of the INA carboxylic acid 

leads to a poor Lewis base, which may not have the donating ability to adequately bond to the 

Zn/Cu metal nodes.  Secondly, whether or not the INA complexes are deprotonated, they still 

overall have a neutral to 2+ charge.  When attempting to combine with one of the positively-

charged metal nodes, coulombic repulsions can occur resulting in a lack of coordination.  

Finally, assuming the cluster-INA complexes do coordinate to the metal nodes, a highly-charged 

species is formed and may precipitate out of solution do to the high coulombic attraction of the 

complex and the SbF6
-/BF4

- anions present.  This would be a 12:1 ratio of anion/complex for 

using [Zn4O]6+ and an 8:1 ratio of anion/complex using [Cu2(H2O)2]
2+.  

To perhaps correct the problems discussed above, the [Re6(μ3-Se)8]
2+ cluster could be made 

with more negatively charged ligands attached, such as I-, that would give the complex an overall 

negative charge rather than a positive one.  Though perhaps not giving the INA ligand much 

more donating ability, the complex and metal nodes would be coulombically attracted to one 

another, allowing coordination to occur much more efficiently. 
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Figure 2.4. Theoretical chemical structure of (Zn4O){[Re6(μ3-Se)8(PEt3)5INA]}6
12+ with counterions of 

either SbF6
- or BF4

-. The carboxylates of the INA ligands bridge two Zn atoms on the Zn4O core, forming 
an overall highly charged octahedral system. 
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2.4 SUMMARY 

Three new complexes of the [Re6(μ3-Se)8]
2+ cluster core with isonicotinic acid ligands have been 

synthesized and structurally characterized.  Various degrees of deprotonation are observed on the 

carboxylic acid functional groups of the cluster-bound ligands.  The crystal structure of each 

compound indicates this observation: P5INA shows a proton shared between two cluster-INA 

acid groups and dimerization between another two cluster-INAs; trans-P4(INA)2 has two crystal 

forms, one form with both INA ligands protonated clearly demonstrating intermolecular 

hydrogen bonding dimerization and a second form with only one ligand protonated; and cis-

P4(INA)2 has only one INA ligand protonated.  These observations can be rationalized in terms 

of the ligand-activation by the Lewis acidic cluster core.  Such metal cluster complexes have the 

potential to act as expanded inorganic/organic linkers for the construction of novel framework 

structures, and attempts were made in this direction using the metal nodes Zn4O
6+ and 

Cu2(H2O)2
4+.  However, no products were obtained using either of these nodes with cluster 

isomers.  Such results can possibly be attributed to the poor donor ability of the cluster-bound 

carboxylate ligand, the coulombic repulsion between the positively charged cluster complex and 

positively charged nodes, or the high coulombic attraction between the molecular complex 

formed and its twelve counteranions, forming an insoluble precipitate. 

 

 

 

 



54 
 

CHAPTER 3. QUANTITATIVE SYNTHESIS OF STEREOSPECIFIC ACETAMIDINES 

USING [Re6(µ3-Se)8]2+ ACTIVATED CH3CN 

3.1 INTRODUCTION 

Lewis acid catalysts are an important class of compounds that play major roles in both inorganic 

and organic chemistry.  However, most Lewis acid catalysts are either air or moisture sensitive, 

requiring stringent reactions conditions.1-5  Separation of catalyst from product in a homogenous 

mixture can sometimes prove difficult, increasing chances of both product contamination and 

purification expenses.  Thus, catalysts that have exceptional aerobic stability and separation 

properties are desired. 

Metal cations are intrinsically Lewis acidic, and the reactivity and catalytic transformations 

possible with mononuclear metal-bound nitriles has been investigated deeply in the past.6-14  The 

C-N triple bond of acetonitrile is clearly activated toward a variety of reactions including 

hydrolysis,15-19 alcohol coupling,20-24 oxime coupling,25-27 and an assortment of other additions.  

However, stringent reaction conditions or precious metals are sometimes necessary.  For 

example, in the situation for ammonia addition, such conditions have included NH3(l) solvent at -

76°C8 or the need for rhodium11 or platinum.12-13  Such reactions have the potential to yield both 

Z and E amidine isomers, similar to those in organic chemistry, depending on the identity and 

orientation of other ligands bonded to the metal.  For instance, the complex trans-

[PtCl2(CH3CN)2] in DCM with a 5x excess of NH2CH3 at -10°C yields the diamidine complex 

trans-[PtCl2{N(H)=C(NHCH3)-CH3}2] with Z stereochemistry due to intramolecular hydrogen 

bonds between the Cl- ligand and amino proton, yielding a favored six-membered ring.6,12  In the 

cis complex, however, such an intramolecular interaction is not possible; thus the complex only
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Figure  3.1. Comparison of E-Z Notation of Geometric Isomers in an organic sense (top) and inorganic sense (bottom). Cahn-Ingold-Prelog (CIP) 
rules are used to determine the priorities of the groups attached to the double-bonded atoms, and the higher the atomic number, the higher the 
priority.  If the higher priority group on each  atom is on the same side of the double bond, a Z isomer is present. If the high priority groups are on 
opposite sides of the double bond, an E isomer is present. 
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contains E amidines, the most energetically favorable confirmation due to steric factors.6,13 A 

comparison of Z vs. E is shown in Figure 3.1. Other metal complexes can kinetically yield the Z 

isomer, but the thermodynamically-favored E isomer forms over time.24  With no stereochemical 

control and difficult reaction conditions, efficient Lewis acid catalysts have been investigated for 

amidine formation, which are of interest due to their use in medicinal chemistry,28-30 CO2/CS2 

sequestration,31-32 and the formation of synthetically-relevant species.33-40 

One particular Lewis acidic system that has been of recent interest for catalytic and materials 

purposes is the [Re6(µ3-Se)8]
2+ cluster core.  This system is aerobically stable and can withstand 

vigorous synthetic conditions.  With labile terminal ligands, site differentiation is achieved using 

protecting groups such as PEt3.  Six metal sites are available for functionalization, thus property 

modification can be tuned with a carefully chosen set of ligands.41-44  The Lewis acidity present 

in the core activates unsaturated cluster-bound ligands to various mechanisms of nucleophilic 

attack.45-50  In our previous work we have investigated such reactivity, for example, alcohols and 

organic azides mixed with cluster-bound CH3CN yield imino esters and imines, respectively, and 

CH3Li mixed with cluster-bound CO yields an acyl group.45,47,51  Such organic transformations 

may prove useful for producing synthetically-relevant organic compounds such as amidines. 

In order to test the reactivity scope of cluster-bound CH3CN, attempts were made to use N-

based nucleophiles to provide clean and facile reactions that form acetamidines.  The 

stereochemistry of the amidines formed after reaction depends heavily on the sterics of the 

nucleophile, with low/high sterics giving one particular stereochemistry while intermediate 

sterics give mixed stereochemical systems.  These ligands, with an appropriate non-coordinating 

acid, can then be removed from the cluster in the presence of CH3CN to produce the organic 

product salt and regenerate the CH3CN complex, which can be used for further transformations. 
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3.2 EXPERIMENTAL DESIGN 

Materials and General Methods 

Cluster solvate complexes used as starting materials were synthesized according to literature 

procedures.43  All solvents and reagents were obtained from commercial sources and used 

without further purification.  Reactions were performed in aerobic conditions.  1H and 31P 

(carbon and proton decoupled) NMR spectra was obtained using a Bruker Avance-III 400 MHz 

spectrometer, with 85% H3PO4 as the reference in the later experiments. 

Preparation of [Re6(µ3-Se)8(PEt3)5AA](BF4)2 (P5AA) 

 

[Re6(µ3-Se)8(PEt3)5(CH3CN)](BF4)2 (53 mg, 0.021 mmol) was dissolved in 5 mL of CH2Cl2 in a 

20-mL scintillation vial with a stir bar.  Next, NH3(g) was bubbled into the solution for 15 

minutes.  The vial was then capped and allowed to stir for an hour.  The solution was then 

rotovapped to dryness, providing quantitative yield (53 mg) of an orange product.  X-ray quality 

crystals were obtained from ether diffusion into a CH2Cl2 solution of the crude product.  

Theoretical 1H NMR (CD2Cl2): δ 1.09-1.16 (m, 45H), 2.13-2.22 (m, 30H), 2.37 (s, 3H), 5.00 (s, 

1H), 6.44 (s, 1H), 7.12 (s, 1H). Experimental 1H NMR (CD2Cl2): δ 1.09-1.16 (m, 69.65H), 2.13-

2.22 (m, 47.46H), 2.37 (s, 3.09H), 5.00 (s, 1.02H), 6.44 (s, 1.00H), 7.12 (s, 1.00H).  31P NMR 

(CD2Cl2): δ -29.32 (s), -30.52 (s).  Anal. Found: C, 15.09; H, 3.12; N, 1.17.  Calcd: C, 14.95; H, 

3.18; N, 1.09. 
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Preparation of trans-[Re6(µ3-Se)8(PEt3)4(AA)2](BF4)2 (trans-P4(AA)2) 

 

This compound was prepared by adopting the procedure for P5AA, but using trans-[Re6(µ3-

Se)8(PEt3)4(CH3CN)2](BF4)2 (128 mg, 0.052 mmol) as the starting complex.  The product was 

obtained as an orange solid in quantitative yield (130 mg).  Theoretical 1H NMR (CD2Cl2): δ 

1.16-1.20 (m, 36H), 2.25 (m, 24H), 2.34 (s, 6H), 4.98 (s, 2H), 6.29 (s, 2H), 7.03 (s, 2H). 

Experimental 1H NMR (CD2Cl2): δ 1.16-1.20 (m, 43.61H), 2.25 (m, 28.75H), 2.34 (s, 6.08H), 

4.98 (s, 2.01H), 6.29 (s, 2.02H), 7.03 (s, 2.00H).  31P NMR (CD2Cl2): δ -28.49 (s).  Anal. Found: 

C, 13.46; H, 2.73; N, 2.34.  Calcd: C, 13.39; H, 2.89; N, 2.23. 

Preparation of cis-[Re6(µ3-Se)8(PEt3)4(AA)2](BF4)2 (cis-P4(AA)2) 

 

This compound was prepared by adopting the procedure for P5AA, but using cis-[Re6(µ3-

Se)8(PEt3)4(CH3CN)2](BF4)2 (58 mg, 0.023 mmol) as the starting complex.  The product was 

obtained as an orange solid in quantitative yield (58 mg). Theoretical 1H NMR (CD2Cl2): δ 1.15 

(m, 36H), 2.17-2.23 (m, 24H), 2.36 (s, 6H), 5.16 (s, 2H), 6.71 (s, 2H), 6.79 (s, 2H). Experimental 
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1H NMR (CD2Cl2): δ 1.15 (m, 54.32H), 2.17-2.23 (m, 36.82H), 2.36 (s, 6.07H), 5.16 (s, 2.00H), 

6.71 (s, 2.02H), 6.79 (s, 2.02H).  31P NMR (CD2Cl2): δ -28.56 (s), -29.36 (s).  Anal. Found: C, 

13.41; H, 2.82; N, 2.28.  Calcd: C, 13.39; H, 2.89; N, 2.23. 

Preparation of [Re6(µ3-Se)8(PEt3)5DEAA](BF4)2 (P5DEAA) 

 

[Re6(µ3-Se)8(PEt3)5(CH3CN)](BF4)2 (65 mg, 0.025 mmol) was dissolved in 2 mL of CH3CN in a 

20-mL scintillation vial with a stir bar.  Next, 2 mL of diethylamine (DEA) was added to the 

solution and vial was capped and allowed to stir for one hour.  Solution was then rotovapped to 

dryness providing quantitative yield (65 mg) of an orange product.  X-ray quality crystals were 

obtained through ether diffusion into a CH2Cl2 solution of the crude product.  Theoretical 1H 

NMR (CD2Cl2): δ 1.09-1.19 (m, 51H), 2.13-2.23 (m, 33H), 3.39 (q, 4H), 5.89 (s, 1H). 

Experimental 1H NMR (CD2Cl2): δ 1.09-1.19 (m, 83.15H, ether present in integration), 2.13-2.23 

(m, 53.05H), 3.39 (q, 4.05H), 5.89 (s, 1.00H).  31P NMR (CD2Cl2): δ -28.66 (s), -30.49 (s).  Anal. 

Found: C, 16.63; H, 3.25; N, 1.13.  Calcd: C, 16.46; H, 3.26; N, 1.07. 

Preparation of trans-[Re6(µ3-Se)8(PEt3)4(DEAA)2](BF4)2 (trans-P4(DEAA)2) 
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This compound was prepared by adopting the procedure for P5DEAA, but using trans-[Re6(µ3-

Se)8(PEt3)4(CH3CN)2](BF4)2 (50 mg, 0.020 mmol) as the starting complex.  The product was 

obtained as an orange solid in quantitative yield (51 mg).  Theoretical 1H NMR (CD2Cl2): δ 1.19 

(m, 48H), 2.14 (s, 6H), 2.27 (m, 24H), 3.37 (q, 8H), 5.84 (s, 2H). Experimental 1H NMR 

(CD2Cl2): δ 1.19 (m, 70.42H), 2.14 (s, 6.01H), 2.27 (m, 35.32H), 3.37 (q, 8.00H), 5.84 (s, 

2.00H).  31P NMR (CD2Cl2): δ -26.95 (s).  Anal. Found: C, 16.54; H, 3.25; N, 2.09.  Calcd: C, 

16.48; H, 3.38; N, 2.14.  

Preparation of cis-[Re6(µ3-Se)8(PEt3)4(DEAA)2](BF4)2 (cis-P4(DEAA)2) 

 

This compound was prepared by adopting the procedure for P5DEAA, but using cis-[Re6(µ3-

Se)8(PEt3)4(CH3CN)2](BF4)2 (50 mg, 0.020 mmol) as the starting complex.  The product was 

obtained as an orange solid in quantitative yield (51 mg). Theoretical 1H NMR (CDCl3): δ 1.14-

1.23 (m, 48H), 2.16- 2.26 (m, 30H), 3.44 (q, 8H), 5.99 (s, 2H). Experimental 1H NMR (CDCl3): 

δ 1.14-1.23 (m, 49.10H), 2.16- 2.26 (m, 30.55H), 3.44 (q, 8.04H), 5.99 (s, 2.00H).  31P NMR 

(CDCl3): δ -27.49 (s), -28.89 (s).  Anal. Found: C, 16.84; H, 3.19; N, 2.23.  Calcd: C, 16.48; H, 

3.38; N, 2.14. 
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Single Crystal Structure Determination 

The synthesis of the listed complexes is shown in Scheme 3.1.  Single crystals suitable for X-

ray diffraction studies were grown from vapor diffusion of diethyl ether into CH2Cl2 product 

solutions.  Single crystals were mounted on a 0.15-mm micromount with paratone oil.  Data 

collection was performed at 100 K under a stream of N2 gas on a Bruker APEX II Duo X-ray 

Diffractometer with graphite-monochromated Mo Κα radiation (λ = 0.71073 Å).  Data was 

integrated using SAINT software, and absorption corrections were applied using the program 

SADABS.52  The structures were solved by direct methods and refined by full matrix least 

squares using SHELXTL in Olex2.53-54  Experimental and refinement parameters are 

summarized in Table 3.1.  H atoms not observed in data collection were placed geometrically 

and refined using a riding model.  

For P5AA, one of the BF4
- anions was modelled as entirely disordered over two sites.  The 

geometry of each disorder component was restrained to be similar to the geometry of the ordered 

BF4
-.  For trans-P4(AA)2, the BF4

- anion was modelled over two sites. F1 and F1′ were 

constrained to have the same coordinates and displacement ellipsoid parameters.  The geometry 

of the minor component was restrained to be similar to that of the major component.  

Displacement ellipsoid restraints were used on the minor component boron atom. For cis-

P4(AA)2, N-bound H atoms were observed in a difference Fourier map then refined as riding 

with distance restraints.  Displacement ellipsoid restraints were used on some methyl C atoms, 

which exhibit enlarged ellipsoids consistent with the motion of terminal alkanes; it was not 

thought worth considering a disorder model. For P5DEAA, one ethyl group (C7/8) was modelled 

as disordered over two sites, with distance and displacement ellipsoid restraints applied. Both 

counterions were modelled as disordered over two sites. Both parts of the counterion  
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Scheme 3.1. Synthetic route for the formation of acetamidines from cluster-bound CH3CN.
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containing B1 were modelled anisotropically and the geometry of the minor component was 

restrained to be similar to that of the major component.  The counterion containing B2 was 

modelled isotropically as disordered over two sites, with the geometry of both components 

restrained to be similar to that of the fragment containing B1.  For trans-P4(DEAA)2, one ethyl 

group was modelled as disordered over two sites, as indicated by peaks in a difference map; the 

minor component was refined using an isotropic model with bond distance similarity restraints.  

For cis-P4(DEAA)2, a molecule of solvent CH2Cl2 was identified per asymmetric unit but could 

not be modelled easily using discrete atoms.  It appeared that the molecule was disordered along 

a ridge of electron density, which was handled with the solvent masking routine in Olex2.  One 

ethyl group was refined over two sites with distance similarity restraints, as indicated be residual 

peaks in a difference map.  The minor component was refined using an isotropic model. 

 

3.3 RESULTS AND DISCUSSION 

Synthesis and NMR Characterization 

The synthesis of the product complexes proved very simple, efficient, and swift.  Due to their 

high volatility, removal of solvent and excess amine was easily achieved under vacuum.  The 

yield of all complexes proved to be quantitative, with full conversion from the CH3CN complex 

to the amidine within one hour.  NMR spectra of the products, shown in Figure 3.2, clearly show 

reaction completion.  In all starting complexes, cluster-bound CH3CN has a 2.8-2.9 ppm 

chemical shift seen in the 1H NMR.  The Lewis acidity of the [Re6(µ3-Se)8]
2+ cluster core is the 

cause of the downfield shift compared to free CH3CN.  The only other peaks observed are the H 

atoms seen from the PEt3 groups, which are unaffected during the reaction.  After addition of 
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amine, the CH3CN peak is absent and new acetamidine peaks are observed that correspond to the 

formation of an acetamidine ligand. 

The NMR spectra for these novel compounds show some very distinct features.  In the AA 

complexes, the 1H spectra have three small singlets downfield that correspond to the hydrogens 

bonded to the N heteroatoms.  The observation that these three peaks integrate to one H each 

implies that all the Hs are chemically inequivalent.  The CH3 group of the AA ligand has shifted 

upfield ~ 0.5 ppm with respect to the acetonitrile due to the extra electron density associated with 

the newly bound NH2 group.  Similarly, the 31P spectra all show an upfield shift of peaks 

compared to the starting solvate complexes.  Since the AA ligand is a better electron donor than 

a nitrile, the cluster core gains more electron density and thus distributes it to the five PEt3 

ligands, shifting their chemical shifts upfield.  The DEAA complexes’ spectra show analogous 

features. Only one heteroatom H peak is present in all spectra, which corresponds to the imine H. 

The CH3 groups of the DEAA ligand is shifted even more upfield than the AA compounds due to 

the ethyl groups contributing more e- density to the ligand.  Interestingly, the upfield shift in the 

31P NMR is not as significant as the AA shift.  This is unusual since the DEAA ligand should 

supply more e- density to the cluster core than the AA ligand, thus having a greater effect on the 

PEt3 chemical shifts.  In our previous work with alcohol addition to cluster activated CH3CN, a 

mixture of Z/E isomers was observed, with a heavy preference for the Z isomer; these 

observations were clearly shown with two sets of peaks in the 31P and 1H NMR spectra.51  These 

amidine complexes, however, seem to be selective to a specific isomer.  For the P5 compounds, 

there are only two possibilities, Z or E.  The When two sites are available, as in the case for the 

trans and cis isomers, there are three isomer types possible: Z/Z, Z/E, and E/E.  All NMR spectra 

for the newly synthesized compounds using NH3 and DEA show a resonance attributable to a  
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Figure 3.2. 1H NMR spectra (left) and 31P NMR spectra (right) of synthesized acetamidine compounds. 
*Solvent signal 
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single product; however, a mixture of products is observed when the use of ethanolamine or para 

phenylenediamine (PPD) was explored. 

NMR spectra reveal the presence of all possible stereoisomer products when ethanolamine or 

PPD are combined with CH3CN cluster solvates, though to different degrees.  The P5 isomers of 

both amines show two sets of 31P 4:1 resonances, indicative of P5 Z and E isomers mentioned 

earlier.  Using ethanolamine the ratio of the two sets of peaks is roughly 3:1 while the ratio of the 

peaks using PPD is roughly 3:2.  Based on these observations there is clearly an isomer that is 

more preferred than another, similar to what has been observed in the formation of cluster-bound 

imino esters.51  However, reacting trans-P4N2 with ethanolamine gave a surprising result.  The 

expected three products are present in the 31P NMR, but the ratio of these peaks is 3:3:1.  This is 

interesting since there are two products with equal intensity.  To determine the specific 

stereoisomers present for all complexes, the crystal structures of the products were obtained. 

Crystallographic Analysis 

The crystal structures and isomeric structures of all compounds are shown in Figure 3.3 and 

selected bond distances and angles are shown in Table 3.1.  The structures of all AA complexes 

show Z stereochemistry for the AA ligand, while all structures for the DEAA complexes show E 

stereochemistry.  These differences arise from the H-bonding capabilities of the ligands to the Se 

atoms of the cluster core, and from the steric repulsion associated with the alkyl groups of the 

nucleophile, respectively.  All ligands are planar along the N-C-N angle, shown in Figure 3.4, 

indicative of delocalization of pi electrons through the p orbitals.  All structures have two BF4
- 

anions present, signifying all ligands on the cluster are neutrally charged.  Re-N bond distances 

for all complexes range from 2.119(9) ‒ 2.158(4).  These bond lengths slightly increase as the 
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number of reactive sites increase, and even further when steric crowding is involved.  For most 

complexes there is a clear difference in the two C-N bond distances in the ligand, one indicative 

of a single bond and the other a double bond.  This observation, combined with the AA 

structures having two Hs on the free amine group of the amidine, proves the ligand is in a 

nonprotonated form.  The free amine is perpendicular to the face of the cluster core, with one 

hydrogen pointing toward the cluster face and the other hydrogen pointing away from the cluster.  

The H lies directly between the two Se atoms on the edge of the cluster and is in hydrogen-

bonding distance. 

Three crystal structures were also determined using the ethanolamine nucleophile, forming 

ethanolamineacetamidine (EAAA).  Firstly, trans-P4(EAAA)2 with outer sphere Cl- anions was 

determined.  This was highly unusual since the anions in the starting P5N complex were BF4
-. 

The only chlorine source present was the solvent, which was a mixture of DCM and CH3CN. 

However, ethanolammonium chloride can form with a mixture of ethanolamine and DCM, so 

this reaction may possibly be the cause of the anion exchange of BF4
- for Cl-. For this reason, the 

reaction was reperformed using only CH3CN as the solvent and the resulting structure obtained 

indeed contains only BF4
- anions.  As expected, the structure shows the –NH2 group of 

ethanolamine was the stronger nucleophile, with the amidine forming and the –OH group H-

bonding to an ether molecule present within the lattice.  Both amidines have Z stereochemistry 

which is slightly unexpected due to the bulky but flexible ethanol group off of the amidine.  

Similarly, the P5EAAA structure determined is also the Z isomer.  The intermediate but flexible 

groups represent the competition between the mechanism of addition and steric hindrance.  
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Figure 3.3. The cationic cluster moieties and isomeric structure of Z-P5(AA) (a), Z/Z-trans-P4(AA)2 (b), 
Z/Z-cis-P4(AA)2 (c), E-P5(DEAA) (d), E/E-trans-P4(DEAA)2 (e), and E/E-cis-P4(DEAA)2. Counterions, alkyl 
hydrogen atoms, and solvent molecules are omitted for clarity. Anisotropic displacement ellipsoids are 
drawn at the 50% probability level. 
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Figure 3.4. (Top) AA complexes and (Bottom) DEAA complexes showing ligand planarity and orientation 
with respect to the cluster core. AA complexes have –NH2 - - - Se distances provided. From left to right: 
P5, trans-P4, cis-P4. 
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Table 3.1. Selected bond lengths (Å) and bond angles (°) for cluster-bound acetamidines. 

P5(AA) trans-P4(AA)2 cis-P4(AA)2 

   
Re(6)‒N(1) 2.119(9) Re(3)‒N(2) 2.131(5) Re(5)‒N(1) 2.145(8) 

    Re(6)‒N(3) 2.131(8) 
N(1)‒C(31) 1.228(15 N(2)‒C(13) 1.300(8) N(1)‒C(25) 1.303(12) 

    N(3)‒C(27) 1.319(13) 

C(31)‒N(2) 1.330(17) C(13)‒N(3) 1.356(9) C(25)‒N(2) 1.306(14) 
    C(27)‒N(4) 1.319(14) 

C(31)‒C(32) 1.503(17) C(13)‒C(14) 1.481(9) C(25)‒C(26) 1.504(13) 
    C(27)‒C(28) 1.491(14) 

N(1)‒Re‒Se Range: 89.2(2)‒94.6(2) N(2)‒Re‒Se Range: 88.95(14)‒

94.93(14) 

N‒Re‒Se Range: 89.6(2)‒

93.9(2) 
 Mean: 91.88  Mean: 91.97  Mean: 91.89 

N(1)‒Re‒Re Range: 131.9(3)‒
137.9(3) 

N(2)‒Re‒Re Range: 131.16(14)‒
138.84(14) 

N‒Re‒Re Range: 132.5(2)‒
137.4(2) 

 Mean: 134.83  Mean: 134.95  Mean: 134.91 

N(1)‒C(31)‒N(2) 123.5(11) N(2)‒C(13)‒N(3) 120.5(6) N(1)‒C(25)‒N(2) 123.4(9) 
    N(3)‒C(27)‒N(4) 120.6(9) 

N(1)‒C(31)‒C(32) 120.9(12) N(2)‒C(13)‒C(14) 123.3(6) N(1)‒C(25)‒C(26) 120.8(9) 
    N(3)‒C(27)‒C(28) 121.7(9) 

      

P5(DEAA) trans-P4(DEAA)2 cis-P4(DEAA)2 

   

Re(6)‒N(1) 2.154(9) Re(3)‒N(1) 2.140(4) Re(5)‒N(1) 2.158(4) 

    Re(6)-N(3) 2.171(4) 
N(1)‒C(31) 1.294(14) N(1)‒C(13) 1.269(8) N(1)‒C(25) 1.312(7) 

    N(3)‒C(31) 1.306(6) 
C(31)‒N(2) 1.368(14) C(13)‒N(2) 1.325(8) C(25)‒N(2) 1.332(6) 

    C(31)‒N(4) 1.363(6) 

C(31)‒C(32) 1.492(17) C(13)‒C(14) 1.522(9) C(25)‒C(26) 1.503(7) 
    C(31)‒C(32) 1.502(7) 

N(1)‒Re‒Se Range: 88.1(3)‒95.9(3) N(1)‒Re‒Se Range: 89.01(13)‒

95.08(13) 

N‒Re‒Se Range: 88.35(11)‒

96.41(11) 
 Mean: 92.0  Mean:92.01  Mean: 92.11 

N(1)‒Re‒Re Range: 131.5(3)‒
138.2(3) 

N(1)‒Re‒Re Range: 131.08(14)‒
138.97(14) 

N‒Re‒Re Range: 131.33(11)‒
138.93(11) 

 Mean: 134.9  Mean: 134.96  Mean:134.97 

N(1)‒C(31)‒N(2) 122.0(12) N(1)‒C(13)‒N(2) 124.8(7) N(1)‒C(25)‒N(2) 123.4(5) 
    N(3)‒C(31)‒N(4) 122.6(5) 

N(1)‒C(31)‒C(32) 121(1) N(1)‒C(13)‒C(14) 117.9(6) N(1)‒C(25)‒C(26) 118.7(4) 
    N(3)‒C(31)‒C(32) 121.1(5) 
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Ligand Removal and Cluster Solvate Regeneration 

With the successful and facile transformation of the CH3CN into acetamidine ligands our 

next goal was to find a viable method of removing the newly formed ligand in the presence of 

CH3CN, thus establishing a reusable catalyst for the generation of amidines.  Various techniques 

were attempted to remove the amidine ligand, which is difficult due to the stable soft-soft nature 

of the Re-N bond.  With CH3CN used as the solvent methods of reflux, sonication, and UV light 

irradiation were attempted but unsuccessful based on NMR analysis.  With the understanding of 

an amidine’s basicity, attempts were then made using acid-base chemistry to remove the ligand. 

The acidic hydrogen was expected to protonate the amidine at the imine nitrogen, removing 

the ligand from coordination and allowing resonance to remain between the two amine groups.  

If protonation occurred at the amine nitrogen no resonance would be possible.  Anhydrous 

HCl(g) was bubbled through a CH3CN solution containing trans-P4(AA)2 for 15 minutes, 

followed by rotary evaporation, aqueous workup to separate the unobtainable micromolar 

amount of acetamidinium chloride product from the trans-P4N2, and NMR analysis.  The trans 

isomer was chosen due to the simplicity of the NMR analysis, e.g. a single peak per cluster 

species. 

Three different resonances were observed in the 31P NMR spectrum of the DCM organic 

layer, indicating three different products were obtained.  The 1H NMR spectrum also supports 

this claim and provides further evidence of the said observation.  Both spectra are shown in 

Figure 3.5.  Bubbling HCl(g) through a CH3CN solution of the cluster provides only two 

possible ligands for bonding once the amidinium salt is removed, CH3CN and Cl-.  It was 

assumed that with bulk solvent only the CH3CN would coordinate, but this was not observed.   
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Instead, three different cluster species corresponding to the three different compounds possible 

with two ligands and two coordination sites was observed, trans-P4N2, trans-P4(N)Cl, and trans-

P4Cl2.  The 31P chemical shift corresponding to the diacetonitrile complex resides at -22.49 ppm 

and the dichloride resides at -27.23 ppm with the divided species residing in the middle at -25.05 

ppm.  This fits perfectly with the trend that better sigma donors provide more e- density to the 

cluster core, which then interacts with the phosphines and produces an upfield chemical shift.  

The 1H NMR corresponds with the predictions seen in the 31P spectra with examination of 

the cluster-bound CH3CN resonances between 2.8-2.9 ppm.  Two peaks are present, which fits 

appropriately with two different trans cluster-acetonitrile species due to symmetry.  Similar to 

the 31P analysis, the downfield peak at 2.85 ppm matches with the diacetonitrile complex, and the 

peak at 2.82 ppm matches with the monoacetonitrile complex.  Overall, this method was proven 

to be successful but not practical due to the Re-Cl bonding, which once formed is irremovable, 

lowering the reusability of the cluster core for chemical transformations. 

The data obtained in the aforementioned attempt to remove the ligand proved that the acid-

base method is viable, but a non-coordinating acid would be more useful, allowing only CH3CN 

to bond back to the cluster core.  Efforts along this line were successful by using an excess of a 

non-coordinating organic acid, trifluoroacetic acid (TFA), with the amidine-cluster complex in 

CH3CN. In a typical reaction, the amidine-cluster complex was dissolved in 2 mL of CH3CN, to 

which 2 mL of TFA was added.  Acetamidinium trifluoroacetate (AATFA) is formed after 1 

hour and separated from the CH3CN cluster-complex through a simple aqueous extraction.  31P 

and 1H NMR of the organic phase shows identical resonances for P5N, shown in Figure 3.6; 19F 

and 1H NMR spectra of the water phase in CD3OD indicate the presence of the TFA anion and a 

singlet at ~ 2.2 ppm, respectively.  Due to proton exchange between the deuterated solvent and 
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Figure 3.5. 31P NMR (top) and 1H NMR (bottom) of the organic layer recovered from the reaction of 
HCl(g) with trans-P4(AA)2 in CH3CN. *CD2Cl2 solvent 
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cluster-bound amidines, the N-H peaks broaden out and disappear, so the only expected visible 

peak is the CH3 group of the ligand.  The chemical shift of this peak is almost exactly the same 

as that of the CH3 singlet produced in all of the cluster-amidine complexes synthesized.  This 

evidence suggests that the amidine was indeed removed, since the lone peak is present in the 

aqueous phase and not present in the organic phase, which is expected with the salt’s high 

polarity and intermolecular forces with H2O. 

The recovered cluster acetonitrile complexes were subjected to a second reaction with 

NH3(g) to determine the reusability of the system. The same procedure was used as mentioned 

earlier and all cluster systems shown similar NMR spectra to the first-synthesized materials.  

 

3.4 SUMMARY 

[Re6(µ3-Se)8]
2+ cluster core-activated CH3CN can be converted to acetamidines in quantitative 

yield using N-based nucleophiles.  These ligands have varying stereochemistry depending on the 

sterics of the nucleophile.  The lack of steric hindrance in the NH3 nucleophile allows a 

stabilizing bifurcated hydrogen bond between an NH3 hydrogen and two Se atoms of the cluster, 

forming the Z isomer selectively in all AA cluster complexes.  The two ethyl groups on DEA, 

however, provide too much steric hindrance for the Z isomer to form, thus the E isomer 

selectively forms for all DEAA complexes.  Intermediately steric nucleophiles ethanolamine and 

PPD show similar behaviour to the formation of imino esters producing a mix of stereochemical 

products.  Based on the crystal structures determined for the EAAA complexes, the Z isomers are 

the most abundant isomer present.  Considering ethanolamine is somewhat bulky, predominance 

of the Z isomer is expected, but its flexibility does allow for some E isomer formation. 
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Figure 3.6. 31P NMR (left) and 1H NMR (right) of starting P5N cluster complex, it’s P5AA product after 
reaction with NH3(g), and the reformed P5N recovered in organic phase after reaction with TFA in CH3CN.  
P5N 31P peaks are in identical positions, and the cluster-bound CH3CN resonance re-emerges at ~2.89 
ppm. 
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Scheme 3.2. Two step catalytic cycle for the synthesis of P5(AA) and removal of acetamidinium trifluoroacetate (AATFA), reforming P5(CH3CN).  
trans-P4(AA)2 and cis-P4(AA)2 work similarly, yielding two equivalents of AATFA. 
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Crystal structures of the amidine complexes reveal bifurcated intramolecular H-bonding 

present between the AA amine hydrogen and two Se atoms on the edge of the cluster core.Imine 

hydrogens on all complexes are also in H-bonding distance between two Se atoms, though not as 

close as amine hydrogens.  Ligand removal was attempted by a variety of methods, but the only 

successful method proved to be cation formation using anhydrous acid in CH3CN.  Bubbling 

HCl(g) through the  amidine complex solutions produces both cluster solvate and cluster-

chloride compounds, lowering the reusability of the cluster-core.  Using the non-coordinating 

organic acid, TFA, in a CH3CN solution reforms the starting cluster complex completely, which 

shows to have no loss in reactivity toward a second addition of NH3(g), forming a recyclable 

catalyst for the generation of acetamidines.  
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CHAPTER 4. IMINO ESTER LIGAND FORMATION FROM [Re6(µ3-Se)8]2+ CLUSTER 

ACTIVATED CH3CN WITH SIMPLE ALIPHATIC ALCOHOLS 

4.1 INTRODUCTION 

Lewis acid catalysts, as introduced earlier, are a very important group of compounds that 

help promote otherwise inert reactions.  These catalysts’ electrophilic nature are the driving force 

for this behavior, and much work has gone into creating new compounds to aid in the 

transformation of common unsaturated compounds, such as nitriles,  to the materials needed for a 

range of various applications.  A multitude of functional groups can be made depending on the 

nucleophile chosen to react with the activated nitrile, and reviews have been published 

specifying such work, specifically using metal cations.1-3  With their positive charges metal 

cations are fundamentally Lewis acidic and form coordination complexes with Lewis basic 

ligands easily.  

A particular synthetic intermediate of synthetic-

organic interest are imino esters.4 Imino esters have 

been shown to be excellent starting materials for the 

generation of β-lactams, which themselves are 

important precursors to antibiotics.5  The synthesis of such compounds has been slightly 

developed using both Lewis-acidic organic6-8 and metal catalysts.1-3,8-19  These functional groups 

play a very important role in the formation of cyclic compounds.  For example, copper has been 

used in cycloadditions reactions to make exo’-bicyclic [3+2] compounds20 and silver has been 

used with isocyanoacetates to form oxazole-imidazolines, which can be transformed into highly 

functionalized α,β-diamino esters andimidazolinium salts in high diastereo- and enantiopurity.21  



79 
 

Addition, alkylation, and reduction reactions have also been performed on these functional 

groups to further synthesize useful derivatives.22-25 

As previously described, the Lewis acidic [Re6(µ3-Se)8]
2+ cluster-core has been investigated 

for its use in hybrid materials and chemical transformations.  The expanded atom-like structure 

has six Re sites available for coordination to a carefully selected group of ligands, providing 

property modification necessary for selective applications.26-28  Protecting group ligands such as 

PEt3 can also be used to block and stabilize Re sites if necessary.26,29  With interesting 

photophysical and Lewis acidic properties, this metal cluster has been the focus of heavy study 

for its luminescence30 and its ability to activate unsaturated organic ligands, such as nitriles, to 

nucleophilic attack.  For example, cluster-bound CH3CN can be combined with the inorganic 

azide anion N3
- to form a tetrazolate-bound ligand that can then be removed by CH3I to form the 

free methyl tetrazole and the cluster-iodide complex, which can be re-made into the CH3CN 

complex for similar reactions.31  

In order to fully understand the scope of this Lewis acid-catalyzed process our endeavors 

turned to complete the cluster series using CH3OH as a nucleophile.  Similar to the previously 

reported P5 and trans-P4 methyl imino esters analogues, a mixture of stereochemical products 

was obtained.  NMR analysis on the cis-P4 crude material shows a complex mixture of products 

where the Z/Z isomer was determined to be the most abundant.  The presence of the Z/E isomer 

was also extracted with the Z/Z, allowing complicated NMR spectra to be further simplified and 

reasonable deductions thus allowed to be made.  The crude material for the hexasubstituted 

cluster species has a plethora of possible stereoisomers, and the spectra reflect such a 

complicated mixture; however, analysis of the spectra indicates more of the Z imino ester present 

than the E, which conflicts with results previously seen in the group for this specific cluster 
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species.  Only reaction with CH3OH is essentially useful; reaction with any other larger alcohol 

gives lower yields and requires more stringent reaction conditions. 

 

4.2 EXPERIMENTAL DESIGN 

Cluster solvate complexes used as starting materials were synthesized according to literature 

procedures.28 All solvents and reagents were obtained from commercial sources and used 

without further purification.  Reactions were performed under N2 gas to prevent possible cluster 

oxidation.  1H and 31P (carbon and proton decoupled) NMR spectra was obtained on a Bruker 

Avance-III 400 MHz spectrometer, with 85% H3PO4 as the reference in the later experiments.  

P5MIE and trans-P4(MIE)2 have been previously synthesized, thus only cis-P4(MIE)2 and (MIE)6 

were synthesized here. 

Preparation of cis-[Re6(µ3-Se)8(PEt3)4(MIE)2](BF4)2 (cis-P4(MIE)2)  

 

cis-[Re6(µ3-Se)8(PEt3)4(CH3CN)2](BF4)2 (373 mg, 0.150 mmol) was dissolved in 2.5 mL of 

CH3CN and diluted up to 25 mL with CH3OH in a 50 mL round bottom flask with a stir bar.  

Flask was placed in a heating mantle and sealed with a condenser and N2 gas adapter and 

refluxed for 32 hours.  Flask was then rotovapped to dryness to give quantitative yield of an 

orange solid that is a mixture of Z/Z, Z/E, and E/E isomers.  This solid was dissolved in DCM 



81 
 

and flash chromatography performed using 6:1:1 DCM/Acetone/CH3CN to elute the first 

fraction and 3:1 DCM/CH3OH to elute the second fraction. Theoretical 1H NMR for Z/Z isomer 

(CDCl3): δ 1.13 (m, 36H), 2.13-2.22 (m, 24H), 2.60 (s, 6H), 3.99, (s, 6H), 8.76 (s, 2H). 

Experimental 1H NMR of Z/Z isomer (CDCl3): δ 1.13 (m, 74.79H), 2.13-2.22 (m, 49.44H), 2.60 

(s, 6.14H), 3.99, (s, 6.01H), 8.76 (s, 2.00H). 31P NMR of Z/Z isomer (CDCl3): δ -27.57 (s), -

29.64 (s). Theoretical 1H NMR of Z/E isomer Imino Ester Resonances (CDCl3): δ 2.19 (s, 3H, 

buried under PEt3 methylene peaks), 2.29 (s, 3H), 3.95 (s, 3H), 3.96 (s, 3H), 8.01 (s, 1H), 9.15 (s, 

1H). Experimental 1H NMR of Z/E isomer Imino Ester Resonances (CDCl3): δ 2.19 (under 

multiplet), 2.29 (s, 3.06H), 3.95 (s, 3.02H), 3.96 (s, 3.01H), 8.01 (s, 1.00H), 9.15 (s, 1.03H). 31P 

NMR (CDCl3): δ -27.09 (s), -28.88 (s), -28.92 (s). 

Preparation of [Re6(µ3-Se)8(MIE)6](BF4)2 ((MIE)6) 

 

[Re6(µ3-Se)8(CH3CN)6](BF4)2 (150 mg, 0.069 mmol) was dissolved in 5 mL of CH3CN and 

diluted up to 25 mL with CH3OH in a 50 mL round bottom flask with a stir bar.  Flask was then 

placed in a heating mantle and sealed with a condenser and N2 gas adapter and refluxed for 1 

day.  Flask was then rotovapped to dryness to give a yellow-orange solid.  This solid is a mixture 

of the desired product and decomposition products which proved to be insoluble in all solvents.
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Scheme 4.1. Synthetic route for the formation of imino esters from cluster-bound CH3CN.
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4.3 RESULTS AND DISCUSSION 

Synthesis and NMR Characterization 

The formation of the methyl imino ester ligand is not as facile as that of its amidine counterparts. 

The reaction between cis-P4N2 and CH3OH was monitored by 1H NMR and after 16 hours of 

refluxing the spectrum still displayed a cluster-bound CH3CN peak, indicating the reaction was 

incomplete.  After a total of 32 hours refluxing, however, this peak disappeared and downfield 

peaks indicative of N-H resonances were observed.  The crude spectra of this reaction, shown at 

the top of Figure 4.1, clearly shows a mixture of products, indicative of the three possible 

stereoisomers: Z/Z, Z/E, and E/E. In a completely pure system there would be an expected seven 

31P resonances, two each in a 1:1 ratio for the Z/Z and E/E due to the symmetry of the 

phosphines, and three for the Z/E in a 2:1:1 ratio.  The Z/E stereochemistry makes the phosphines 

trans to each imino ester ligand inequivalent, breaking the symmetry and splitting the peak.  

After determining a solvent system for the separation of the crude material using TLC 

analysis, Fraction 1 was eluted using 6:1:1 DCM/Acetone/CH3CN, shown in the middle of 

Figure 4.1, and Fraction 2 was eluted using 3:1 DCM/CH3OH.  Based on the 31P NMR spectrum 

of Fraction 1, two of the isomers were isolated, the Z/Z isomer with resonance at -27.60 and -

29.65 ppm, and the Z/E isomer with resonances at -27.09, -28.88, and -28.92 ppm.  The 

structures of these isomers are provided in Figure 4.2. Integrations of the 31P NMR Z/Z peaks 

show a 1:1 ratio, expected for a symmetric cis isomer, and integrations of the Z/E peaks show a 

2:1:1 ratio, expected for a cis asymmetric isomer.  Integration comparison of the relative amount 

of Z/Z to Z/E isomer is 2:1, respectively.  When examining the resonance locations from the 

crude mixture to the Fraction 1, the most abundant peaks in the crude are the same of those seen  
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Figure 4.1. 31P NMR (left) and the imine region of the 1H NMR (right) of the stepwise purification of the 
cis-P4(MIE)2 Z/Z stereoisomer.  1H NMR range corresponds to N-H resonances of imino ester ligand.  
Fraction 1 of the crude material yield the Z/Z and Z/E isomers based on 31P analysis.  Crystals obtained 

from this solution show significant improvement in purity, and what peaks correspond to each isomer.  

 

 

Figure 4.2. Structures of the Z/Z and Z/E cis-P4(MIE)2 isomers isolated via column chromatography. 
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present in Fraction 1. This observation, combined with the crystals obtained for Fraction 1, that 

give rise to the Z/Z isomer identity.  Crystals acquired for the first fraction gave the same unit 

cell parameters as the Z/Z isomer structure previously determined in the Zheng group. 

The 1H spectra of the purification process of the crude cis-P4(MIE)2, shown in Figure 4.1, 

support the analysis discussed previously.  Though only the N-H peak range is provided in 

Figure 4.1, -OCH3 and –CH3 peaks with matching integrations for the Z/Z and Z/E isomers are 

present.  There is a large resonance present throughout the purification process corresponding to 

the N-H peaks of the Z/Z isomer.  Two smaller peaks are also present in the spectra of Fraction 1 

and crystal smaples and these match to the two inequivalent N-H peaks inherent for the Z/E 

isomer.  All resonances shift between the crude and fraction 1 samples due to the solvents 

present in the NMR sample; only DCM is present in the crude sample, but there is residual 

CH3CN present in the last two that can shift the N-H resonances due to hydrogen-bonding 

interactions. 

The preparation of (MIE)6 never fully went to completion with similar reaction times as the 

cis isomer. Also, there are a total 10 different products that can arise with full acetonitrile 

conversion to imino ester; combining this with possible unreacted cluster-bound CH3CN gives 

rise to many, many different types of compounds.  Figure 4.3 presents such a mixture.  A single 

peak at 2.73 ppm in the top spectrum represents the methyl group of cluster-bound CH3CN, and 

this is the only peak present other than solvents.  The 24-hour reflux sample with CH3OH has 

multiple peaks present in both the imine, methoxy, and methyl regions of the 1H NMR spectrum 

indicating partial conversion of some ligands.  However, singlets at 2.93, 2.81, and possibly 2.72 

ppm indicate remaining cluster-bound CH3CN. Different chemical shifts arise for these 

unreacted ligands from the presence of imino ester ligands that lower the symmetry of individual  
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Figure 4.3. (Top) 1H NMR spectrum of pure [Re6(µ3-Se)8(CH3CN)6]2+ starting material with cluster-bound 
CH3CN peak labeled.  (Bottom) 1H NMR spectrum of product mixture after 24 hours of reflux in 5:1 
CH3OH/CH3CN. *CD3CN 
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cluster species.  Z isomer peaks have been shown to appear slightly more downfield than their E 

counterparts.  Thus, the group of peaks centered around 4.02 ppm are Z –OCH3 groups and those 

at 3.84 ppm are the E –OCH3.  Similarly, 2.72 ppm corresponds to the Z –CH3 peaks and 2.47 

ppm relates to the E –CH3 peaks.  Though attempted, no crystals were obtained, just precipitate. 

Though no quantitative data can be obtained from such a mixture, it is interesting that there is 

more Z isomer present than E.  The synthesis of this compound has been previously attempted in 

this group and those results showed more E present than Z.  In fact, the only crystal structure 

obtained for that mixture contained four E MIE ligands and two Z MIE ligands trans to each 

other, giving an overall 33% Z formation.  Previously reported P5MIE and trans-P4(MIE)2 both 

had over 90% Z formation from their reaction, and the cis isomer spectra and Z/Z structure seems 

to agree with that observation as well.  Perhaps there is a thermodynamic effect that plays a role 

here; for example, if refluxing was continued more E isomer formation may arise.  The 

mechanism of nucleophilic attack also has an effect here.  Shown in Scheme 4.2, mechanisms of 

trans addition (Z formation) and cis addition (E formation) have been previously proposed.  Cis 

addition adds one CH3OH molecule to the same side of the C-N triple bond, forming the E 

isomer.  Trans addition, however, has a stabilizing bifurcated H-bonding interaction between the 

alcoholic hydrogen and two Se atoms on the edge of the cluster core.  This stabilization allows 

for more Z isomer formation, since the cis addition has no such stabilizing effect. 

With promising results for the CH3OH additions, EtOH was also attempted with all cluster 

isomers These reactions, however, proved to be very slow and overall reaction completion was 

never observed even with long refluxing times.  The steric length of the nucleophilic alcohol 

plays a major role, and CH3OH seems to be the only viable nucleophile, limiting the practicality 

of an otherwise potentially useful system. 
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Scheme 4.2. Proposed stereochemical mechanism of alcohol addition to cluster-bound CH3CN. Cis 
addition involves one CH3OH molecule and produces the E isomer, the most sterically stable isomer. 
Trans addition, which involves two CH3OH molecules, is stabilized by a bifurcated hydrogen bond 
between the nucleophilic hydroxyl group and two Se atoms on the cluster edge. This stability produces 
the Z isomer predominantly, though the steric aspect is not as favorable. 
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4.4 SUMMARY 

Two [Re6(µ3-Se)8]
2+ cluster CH3CN solvates were dissolved in CH3OH and refluxed to form 

methyl imino ester ligands via nucleophilic attack.  Formation of cis-P4(MIE)2 and (MIE)6 was 

observed based on 31P and 1H NMR resonances.  The cis cluster isomer produced a mixture of 

Z/Z, Z/E and E/E isomers.  After purification of the mixture via column chromatography, the Z/Z 

and Z/E isomers were cleanly separated, and crystallization of this mixture gave Z/Z crystals. 

These results help simplify the analysis of NMR peaks in the crude mixture and supports the 

previously proposed bifurcated hydrogen-bonding mechanism of alcohol addition to CH3CN to 

form the Z methyl imino ester. The presence of the Z/E isomer is also clearly apparent, but 

crystals of this compound remain elusive.  

Synthesis of (MIE)6 provided a very complicated mixture of products after 24 hours, and the 

reaction does not go to completion. This observation is determined by the multiple singlets 

between 2.72-2.93, indicative of cluster-bound CH3CN.  Such reactivity could be due to both the 

mechanism of addition and the sterics around the cluster core.  Based on a qualitative analysis of 

the 1H NMR spectrum of the crude material there is more of the Z isomer present than the E 

isomer, which is expected based on results obtained for the other isomers but conflicts with data 

obtained for this compound previously performed in the group.  

Ethanol was attempted using the same methods as CH3OH, but these reactions never went to 

completion and are not nearly as facile. Refluxing temperatures and unpractical excessive 

periods of time are needed to get any form of ligand conversion.  The steric bulk of the alkyl 

group on the alcohol seems to play an important role for reactivity, with previously reported 

isopropanol and n-butanol showing no conversion into the corresponding imino ester derivatives. 
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CHAPTER 5. FUTURE DIRECTIONS AND OTHER PENDING PROJECTS 

5.1 Closing Statements and Future Directions 

With the results obtained in the previous chapters of this work, new materials with interesting 

properties can be envisioned.  Though attempts at incorporating the [Re6(µ3-Se)8]
2+ cluster core 

into MOFs via coordination have proven unsuccessful, the new chemistry that has been 

determined could prove useful for such purposes.  Instead of trying to use the cluster core as an 

inorganic/organic hybrid linker with Zn4O
6+ or Cu2(H2O)2

4+ metal nodes, post-synthetic 

modifications may be used to covalently bond the cluster to existing organic linkers previously 

synthesized.  Such linkers would require an –NH2 group off the aromatic ring, and the linker 

itself would have to be quite large to incorporate the nearly 1 nm size cluster core. This 

technique should allow the formation of a [Re6(µ3-Se)8]
2+ cluster-bound MOF, with an 

acetamidine ligand as the bridge between the cluster core and the MOF organic linker, as shown 

in Figure 5.1.  Though the amidine is not covalently bound to the cluster core, the soft-soft nature 

of the Re-N bond makes for very stable coordination, as established earlier.  This material would 

be expected to exhibit some very interesting luminescent and perhaps catalytic properties due to 

the Lewis acidity present within the MOF structure. 

Preparation of such a material should be rather easy.  Stirring a CH3CN solution of P5N with 

the solid MOF in a heterogeneous fashion should be all that is needed for the nucleophilic attack 

of the MOF-NH2 to occur.  Such a reaction can be observed qualitatively, as the orange color of 

solubilized P5N should disappear leaving a colorless solution.  The color of the MOF itself may 

change as well. The material can be studied for its catalytic and luminescent properties, which 

are expected to change dramatically with Lewis acidic cluster cores covalently bonded in a conj- 
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Figure 5.1. Theoretical formation of [Re6(µ3-Se)8(PEt3)5(amidine)]2+ cluster-bound MOF from nucleophilic 

attack of the MOF–NH2 group to the electron deficient cluster-bound CH3CN.  

 

 

Figure 5.2. Removal of P5N from MOF structure using TFA in the presence of CH3CN.  Pure P5N can be 
obtained after filtration away from MOF and removal of solvent.  The free base amidine can be achieved 
with addition of a base.  
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-ugated fashion.  Considering each cluster can have a one electron oxidation, communication 

between cluster cores could be tested via cyclic voltammetry and the redox properties of the 

overall framework could lead to some very interesting catalytic reductions.  

Evaluating the fundamental properties of a [Re6(µ3-Se)8]
2+-containing MOF is not the only 

endeavour possible with the novel amidine chemistry established.  In the previous example, the 

purpose was to include the cluster core and see how its properties affect the MOF unit as a 

whole.  The cluster core can also be used for the addition of extra functional groups via post-

synthetic modification.  Similar to the last process, the cluster can be covalently bound to the 

MOF using the nucleophilic attack process of a MOF-NH2 group to cluster-bound CH3CN.  

After this step, TFA could be added in an CH3CN solution, reforming P5N and forming the 

protonated acetamidine.  The P5N is merely an intermediate for the transformation of the amine 

to the amidine and is easily separated and recycled in this process.  Addition of a base can then 

yield the free base amidine, which attached to the MOF can lead to many different applications 

such as chemical sensors, metal sequestration, and catalysis. The N-C-N arrangement of an 

amidine provides a perfect chelation opportunity for metals, similar to a carboxylate.  Since the 

nitrogens in amidines are soft compared to the oxygens in carboxylates, coordination of heavy, 

soft metals is a promising possibility.  Such chemistry could be used for the sequestration of 

toxic heavy metals or to coordination catalytic metals such as Pd, Pt, or Rh to the MOF, allowing 

heterogeneous catalysis to be performed and easy separation of catalyst and product solution. 

With the vast array of catalyses known with 4d and 5d metals, many different opportunities can 

be envisioned with amidine-containing MOFs. 

Similar chemistry can be imagined with the imino ester compounds, though they have 

potential problems.  Firstly, an aromatic alcohol has poor Lewis basicity due to the resonance  
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Scheme 5.1. Coordination of catalytic metal ion M+ and general catalytic capabilities possible with labile 
solvent molecules present. Product goes into solution and catalytic site remains MOF-bound, allowing 
easy separation of catalyst and product. 
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stability present, lowering the reactivity of the nucleophilic attack to the cluster-bound CH3CN. 

Secondly, previous work in the group has established that reactivity severely drops with the 

steric of the alcohol group, with ethanol needing reflux temperatures and iso-propyl and n-butyl 

alcohol showing no reactivity.  Though no studies have been performed with aromatic alcohols, 

it may be possible to form cluster-bound imino esters.  If so, addition of TFA in CH3CN would 

remove the cluster and hydrolyze the imino ester bond, reforming the aromatic alcohol on the 

MOF and forming an amide product.  With CH3CN, acetamide would form, but if the R group on 

the nitrile was altered then other aliphatic amides may be realized.  Using this formulation would 

recycle both the MOF and [Re6(µ3-Se)8]
2+ cluster core for further chemical transformations, 

intensifying its use as a recyclable and green catalyst. 
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APPENDIX A. MULTINUCLEAR NMR SPECTRA 
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CHAPTER 2.  

 

 

A2.1. 31P NMR (top) and 1H NMR (bottom) of [Re6(μ3-Se)8(PEt3)5(INA)](SbF6)2 in CD2Cl2. 
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A2.2 31P NMR (top) and 1H NMR (bottom) of trans-[Re6(μ3-Se)8(PEt3)4(INA)2](SbF6)2 in 

CD3OD. 
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A2.3. 31P NMR (top) and 1H NMR (bottom) of cis-[Re6(μ3-Se)8(PEt3)4(INA)2](SbF6)2 in CD2Cl2. 
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CHAPTER 3 

 

 

A3.1. 31P NMR (top) and 1H NMR (bottom) of [Re6(μ3-Se)8(PEt3)5(AA)](BF4)2 in CD2Cl2. 
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A3.2. 31P NMR (top) and 1H NMR (bottom) of trans-[Re6(μ3-Se)8(PEt3)4(AA)2](BF4)2 in 

CD2Cl2. 
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A3.3. 31P NMR (top) and 1H NMR (bottom) of cis-[Re6(μ3-Se)8(PEt3)4(AA)2](BF4)2 in CD2Cl2. 
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A3.4. 31P NMR (top) and 1H NMR (bottom) of [Re6(μ3-Se)8(PEt3)5(DEAA)](BF4)2 in CD2Cl2. 



103 
 

 

 

A3.5. 31P NMR (top) and 1H NMR (bottom) of trans-[Re6(μ3-Se)8(PEt3)4(DEAA)2](BF4)2 in 

CD2Cl2. 
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A3.6. 31P NMR (top) and 1H NMR (bottom) of cis-[Re6(μ3-Se)8(PEt3)4(DEAA)2](BF4)2 in 

CDCl3. 
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A3.7. 1H NMR of crude [Re6(μ3-Se)8(DEAA)6](BF4)2 in CD3CN after a 1 hour reaction time. 
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A3.8. 31P NMR (top) and 1H NMR (bottom) of [Re6(μ3-Se)8(PEt3)5(EAAA)](BF4)2 in CD2Cl2. 
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A3.9. 31P NMR (top) and 1H NMR (bottom) of trans-[Re6(μ3-Se)8(PEt3)4(EAAA)2](BF4)2 in 

CD2Cl2. 
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A3.10. 31P NMR (top) and 1H NMR (bottom) of [Re6(μ3-Se)8(PEt3)5(APAA)](BF4)2 in CD2Cl2. 
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A3.11. 31P NMR (top) and 1H NMR (bottom) of the organic layer recovered from the reaction of 

HCl(g) with trans-P4(AA)2 in CH3CN. *CD2Cl2 
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A3.12. 19F NMR (top) and 1H NMR (bottom) of AATFA recovered from aqueous layer 

extraction from reaction of P5(AA) with TFA in CH3CN. *CD3OD 
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A3.13. 31P NMR (top) and 1H NMR (bottom) of P5N recovered from organic layer extraction 

from reaction of P5(AA) with TFA in CH3CN. *CD2Cl2 
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A3.14. 19F NMR (top) and 1H NMR (bottom) of AATFA recovered from trans-P4(AA)2 with 

TFA in CH3CN. *CD3OD 
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A3.15. 31P NMR (top) and 1H NMR (bottom) of trans-P4N2 recovered from trans-P4(AA)2 with 

TFA in CH3CN. *CD2Cl2 
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A3.16. 19F NMR (top) and 1H NMR (bottom) of AATFA recovered from cis-P4(AA)2 with TFA 

in CH3CN. *CD3OD 
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A3.17. 31P NMR (top) and 1H NMR (bottom) of cis-P4N2 recovered from cis-P4(AA)2 with TFA 

in CH3CN. *CD2Cl2 
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Chapter 4 

 

 

A4.1. 31P NMR (top) and 1H NMR (bottom) of crude cis-P4(MIE)2 mixture of isomers. *CDCl3 
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A4.2. 31P NMR (top) and 1H NMR (bottom) of cis-P4(MIE)2 fraction 1 eluted with 6:1:1 

DCM/acetone/acetonitrile.  Z/Z and Z/E stereoisomers present according to 31P NMR. *CDCl3 
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A4.3. 31P NMR (top) and 1H NMR (bottom) of cis-P4(MIE)2 fraction 1 crystals.  Integrations 

based on major product N-H resonance at 8.76 ppm.  Z/Z is major product and Z/E is minor 

product. *CDCl3 



119 
 

 

 

A4.4. (Top) 1H NMR spectrum of pure [Re6(µ3-Se)8(CH3CN)6]
2+ starting material with cluster-

bound CH3CN peak labeled.  (Bottom) 1H NMR spectrum of product mixture after 24 hours of 

reflux in 5:1 CH3OH/CH3CN.  *CD3CN  
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APPENDIX B. SINGLE CRYSTAL X-RAY DIFFRACTION DATA  
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CHAPTER 2 

B2.1. Crystal data and structure refinement for 1a. 

Identification code trans-P4(INA)2 fully protonated 

Empirical formula C38H74Cl4F12N2O4P4Re6Sb2Se8 

Formula weight 3109.05 

Temperature/K 100.0 

Crystal system monoclinic 

Space group P21/c 

a/Å 12.0762(18) 

b/Å 15.105(2) 

c/Å 20.363(3) 

α/° 90 

β/° 106.961(4) 

γ/° 90 

Volume/Å3 3552.8(9) 

Z 2 

ρcalcg/cm3 2.906 

μ/mm-1 15.331 

F(000) 2816.0 

Crystal size/mm3 0.096 × 0.09 × 0.053 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 3.412 to 52.802 

Index ranges -15 ≤ h ≤ 15, -18 ≤ k ≤ 18, -25 ≤ l ≤ 25 

Reflections collected 29416 

Independent reflections 7286 [Rint = 0.0476, Rsigma = 0.0483] 

Data/restraints/parameters 7286/9/370 

Goodness-of-fit on F2 1.034 

Final R indexes [I>=2σ (I)] R1 = 0.0345, wR2 = 0.0747 

Final R indexes [all data] R1 = 0.0550, wR2 = 0.0813 

Largest diff. peak/hole / e Å-3 2.82/-2.38 

CCDC Number 998950 
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B2.2. Crystal data and structure refinement for 1b. 

Identification code trans-P4(INA)2 half protonated 

Empirical formula C37.39H71.79Cl2.79F6N2O4P4Re6SbSe8 

Formula weight 2820.84 

Temperature/K 100.0 

Crystal system monoclinic 

Space group P21/n 

a/Å 17.6734(18) 

b/Å 18.792(2) 

c/Å 20.4444(19) 

α/° 90 

β/° 97.146(3) 

γ/° 90 

Volume/Å3 6737.2(12) 

Z 4 

ρcalcg/cm3 2.781 

μ/mm-1 15.709 

F(000) 5106.0 

Crystal size/mm3 0.295 × 0.112 × 0.075 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 2.874 to 50 

Index ranges -22 ≤ h ≤ 22, -24 ≤ k ≤ 12, -15 ≤ l ≤ 26 

Reflections collected 31703 

Independent reflections 11851 [Rint = 0.0451, Rsigma = 0.0733] 

Data/restraints/parameters 11851/251/633 

Goodness-of-fit on F2 1.036 

Final R indexes [I>=2σ (I)] R1 = 0.0433, wR2 = 0.0965 

Final R indexes [all data] R1 = 0.0665, wR2 = 0.1068 

Largest diff. peak/hole / e Å-3 8.14/-4.43 

CCDC Number 998951 
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B2.3. Crystal data and structure refinement for 1c. 

Identification code P5(INA) 

Empirical formula C74H163Cl4F18N2O4P10Re12Sb3Se16 

Formula weight 5801.56 

Temperature/K 100.0 

Crystal system triclinic 

Space group P-1 

a/Å 13.9138(12) 

b/Å 19.6099(18) 

c/Å 26.180(3) 

α/° 71.203(3) 

β/° 83.764(3) 

γ/° 88.527(3) 

Volume/Å3 6722.0(11) 

Z 2 

ρcalcg/cm3 2.866 

μ/mm-1 15.938 

F(000) 5260.0 

Crystal size/mm3 0.355 × 0.119 × 0.068 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 2.944 to 49.858 

Index ranges -16 ≤ h ≤ 16, -23 ≤ k ≤ 23, -31 ≤ l ≤ 30 

Reflections collected 91228 

Independent reflections 23436 [Rint = 0.0446, Rsigma = 0.0429] 

Data/restraints/parameters 23436/557/1303 

Goodness-of-fit on F2 1.052 

Final R indexes [I>=2σ (I)] R1 = 0.0473, wR2 = 0.1081 

Final R indexes [all data] R1 = 0.0690, wR2 = 0.1184 

Largest diff. peak/hole / e Å-3 7.41/-3.54 

CCDC Number 998953 
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B2.4. Crystal data and structure refinement for 1d. 

Identification code cis-P4(INA)2 half protonated 

Empirical formula C36H69F6N2O4P4Re6SbSe8 

Formula weight 2702.44 

Temperature/K 100 

Crystal system monoclinic 

Space group P21/n 

a/Å 13.1402(6) 

b/Å 28.0049(15) 

c/Å 18.0932(9) 

α/° 90 

β/° 108.064(2) 

γ/° 90 

Volume/Å3 6329.9(6) 

Z 4 

ρcalcg/cm3 2.836 

μ/mm-1 16.599 

F(000) 4872.0 

Crystal size/mm3 0.198 × 0.077 × 0.072 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 2.778 to 51.334 

Index ranges -15 ≤ h ≤ 15, -34 ≤ k ≤ 29, -21 ≤ l ≤ 22 

Reflections collected 40282 

Independent reflections 11901 [Rint = 0.0602, Rsigma = 0.0816] 

Data/restraints/parameters 11901/596/566 

Goodness-of-fit on F2 1.026 

Final R indexes [I>=2σ (I)] R1 = 0.0880, wR2 = 0.2441 

Final R indexes [all data] R1 = 0.1485, wR2 = 0.2953 

Largest diff. peak/hole / e Å-3 6.28/-16.41 

CCDC Number 998952 
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Chapter 3 

B3.1. Crystal data and structure refinement of P5(AA). 

Identification code P5(AA) 

Empirical formula C32H81B2F8N2P5Re6Se8 

Formula weight 2571.33 

Temperature/K 100.0 

Crystal system monoclinic 

Space group P21/n 

a/Å 13.8033(8) 

b/Å 20.8117(12) 

c/Å 21.2736(11) 

α/° 90 

β/° 104.897(2) 

γ/° 90 

Volume/Å3 5905.9(6) 

Z 4 

ρcalcg/cm3 2.892 

μ/mm-1 17.367 

F(000) 4664.0 

Crystal size/mm3 0.235 × 0.182 × 0.163 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 2.784 to 54.306 

Index ranges -17 ≤ h ≤ 17, -26 ≤ k ≤ 26, -26 ≤ l ≤ 21 

Reflections collected 71297 

Independent reflections 13034 [Rint = 0.0520, Rsigma = 0.0361] 

Data/restraints/parameters 13034/111/639 

Goodness-of-fit on F2 1.084 

Final R indexes [I>=2σ (I)] R1 = 0.0403, wR2 = 0.0872 

Final R indexes [all data] R1 = 0.0599, wR2 = 0.0953 

Largest diff. peak/hole / e Å-3 2.73/-1.84 

CCDC Number 1034324 
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B3.2. Crystal data and structure refinement of trans-P4(AA)2. 

Identification code trans-P4(AA)2 

Empirical formula C28H72B2F8N4P4Re6Se8 

Formula weight 2511.27 

Temperature/K 100.0 

Crystal system monoclinic 

Space group P21/c 

a/Å 10.7462(8) 

b/Å 20.1379(16) 

c/Å 12.7725(8) 

α/° 90 

β/° 96.037(3) 

γ/° 90 

Volume/Å3 2748.7(3) 

Z 2 

ρcalcg/cm3 3.034 

μ/mm-1 18.626 

F(000) 2264.0 

Crystal size/mm3 0.15 × 0.108 × 0.08 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 3.812 to 52.038 

Index ranges -13 ≤ h ≤ 13, -24 ≤ k ≤ 24, -10 ≤ l ≤ 15 

Reflections collected 38390 

Independent reflections 5421 [Rint = 0.0443, Rsigma = 0.0246] 

Data/restraints/parameters 5421/32/325 

Goodness-of-fit on F2 1.170 

Final R indexes [I>=2σ (I)] R1 = 0.0231, wR2 = 0.0476 

Final R indexes [all data] R1 = 0.0272, wR2 = 0.0486 

Largest diff. peak/hole / e Å-3 1.05/-1.05 

CCDC Number 1034325 
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B3.3. Crystal data and structure refinement of cis-P4(AA)2. 

Identification code cis-P4(AA)2 

Empirical formula C29.5H75B2Cl3F8N4P4Re6Se8 

Formula weight 2638.66 

Temperature/K 100.0 

Crystal system monoclinic 

Space group P21/n 

a/Å 12.2832(5) 

b/Å 17.9598(8) 

c/Å 27.4523(12) 

α/° 90 

β/° 92.5739(17) 

γ/° 90 

Volume/Å3 6050.0(5) 

Z 4 

ρcalcg/cm3 2.897 

μ/mm-1 17.061 

F(000) 4780.0 

Crystal size/mm3 0.211 × 0.106 × 0.087 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 2.71 to 52.744 

Index ranges -15 ≤ h ≤ 15, -22 ≤ k ≤ 22, -34 ≤ l ≤ 34 

Reflections collected 92970 

Independent reflections 12371 [Rint = 0.0486, Rsigma = 0.0283] 

Data/restraints/parameters 12371/18/618 

Goodness-of-fit on F2 1.115 

Final R indexes [I>=2σ (I)] R1 = 0.0365, wR2 = 0.0795 

Final R indexes [all data] R1 = 0.0484, wR2 = 0.0840 

Largest diff. peak/hole / e Å-3 2.69/-1.44 

CCDC Number 1034326 
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B3.4. Crystal data and structure refinement of P5DEAA 

Identification code  P5(DEAA)  

Empirical formula  C37H91B2Cl2F8N2P5Re6Se8  

Formula weight  2712.36  

Temperature/K  100.0  

Crystal system  monoclinic  

Space group  P21/c  

a/Å  22.1262(14)  

b/Å  14.3076(8)  

c/Å  22.9442(15)  

α/°  90  

β/°  110.333(3)  

γ/°  90  

Volume/Å3  6810.9(7)  

Z  4  

ρcalcg/cm3  2.645  

μ/mm-1  15.142  

F(000)  4960.0  

Crystal size/mm3  0.501 × 0.263 × 0.076  

Radiation  MoKα (λ = 0.71073)  

2Θ range for data collection/°  3.418 to 56.652  

Index ranges  -29 ≤ h ≤ 29, -11 ≤ k ≤ 19, -30 ≤ l ≤ 30  

Reflections collected  99722  

Independent reflections  16948 [Rint = 0.0549, Rsigma = 0.0408]  

Data/restraints/parameters  16948/128/707  

Goodness-of-fit on F2  1.090  

Final R indexes [I>=2σ (I)]  R1 = 0.0463, wR2 = 0.0903  

Final R indexes [all data]  R1 = 0.0722, wR2 = 0.1032  

Largest diff. peak/hole / e Å-3  2.50/-3.08  

CCDC Number  
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B3.5. Crystal data and structure refinement of trans-P4(DEAA)2. 

Identification code trans-P4(DEAA)2 

Empirical formula C36H88B2F8N4P4Re6Se8 

Formula weight 2623.48 

Temperature/K 100.0 

Crystal system monoclinic 

Space group P21/c 

a/Å 12.2605(7) 

b/Å 18.2231(9) 

c/Å 14.6918(7) 

α/° 90 

β/° 103.7197(19) 

γ/° 90 

Volume/Å3 3188.8(3) 

Z 2 

ρcalcg/cm3 2.732 

μ/mm-1 16.062 

F(000) 2392.0 

Crystal size/mm3 0.155 × 0.076 × 0.043 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 3.42 to 52.044 

Index ranges -15 ≤ h ≤ 15, -21 ≤ k ≤ 22, -18 ≤ l ≤ 18 

Reflections collected 36661 

Independent reflections 6287 [Rint = 0.0398, Rsigma = 0.0273] 

Data/restraints/parameters 6287/7/327 

Goodness-of-fit on F2 1.023 

Final R indexes [I>=2σ (I)] R1 = 0.0236, wR2 = 0.0546 

Final R indexes [all data] R1 = 0.0320, wR2 = 0.0579 

Largest diff. peak/hole / e Å-3 1.15/-1.10 

CCDC Number  
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B3.6. Crystal data and structure refinement for cis-P4(DEAA)2 

Identification code cis-P4(DEAA)2 

Empirical formula C38H92B2Cl4F8N4P4Re6Se8 

Formula weight 2793.33 

Temperature/K 100.00 

Crystal system monoclinic 

Space group C2/c 

a/Å 41.620(2) 

b/Å 16.0641(9) 

c/Å 21.8917(11) 

α/° 90 

β/° 97.032(2) 

γ/° 90 

Volume/Å3 14526.5(13) 

Z 8 

ρcalcg/cm3 2.554 

μ/mm-1 14.254 

F(000) 10240.0 

Crystal size/mm3 0.264 × 0.132 × 0.132 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 3.75 to 52.044 

Index ranges -51 ≤ h ≤ 47, -19 ≤ k ≤ 19, -27 ≤ l ≤ 24 

Reflections collected 83383 

Independent reflections 14318 [Rint = 0.0453, Rsigma = 0.0312] 

Data/restraints/parameters 14318/10/674 

Goodness-of-fit on F2 1.052 

Final R indexes [I>=2σ (I)] R1 = 0.0235, wR2 = 0.0526 

Final R indexes [all data] R1 = 0.0346, wR2 = 0.0549 

Largest diff. peak/hole / e Å-3 1.31/-0.9 

CCDC Number  
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B3.7. Crystal data and structure refinement for P5(EAAA) 

Identification code  P5(EAAA)  

Empirical formula  C34H85B2Cl0.5F8N2OP5Re6Se8  

Formula weight  2633.11  

Temperature/K  99.94  

Crystal system  triclinic  

Space group  P-1  

a/Å  12.9863(7)  

b/Å  13.7615(8)  

c/Å  21.3715(13)  

α/°  73.7855(15)  

β/°  83.0182(15)  

γ/°  68.0159(14)  

Volume/Å3  3400.1(3)  

Z  2  

ρcalcg/cm3  2.572  

μ/mm-1  15.106  

F(000)  2397.0  

Crystal size/mm3  ? × ? × ?  

Radiation  MoKα (λ = 0.71073)  

2Θ range for data collection/°  3.3 to 52.04  

Index ranges  -16 ≤ h ≤ 16, -16 ≤ k ≤ 16, -26 ≤ l ≤ 26  

Reflections collected  69273  

Independent reflections  13376 [Rint = 0.0478, Rsigma = 0.0387]  

Data/restraints/parameters  13376/0/656  

Goodness-of-fit on F2  0.968  

Final R indexes [I>=2σ (I)]  R1 = 0.0473, wR2 = 0.1238  

Final R indexes [all data]  R1 = 0.0690, wR2 = 0.1438  

Largest diff. peak/hole / e Å-3  5.11/-2.61  
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B3.8. Crystal data and structure refinement for trans-P4(EAAA)2 

Identification code  trans-P4(EAAA)2  

Empirical formula  C40H104B2F8N4O6P4Re6Se8  

Formula weight  2783.65  

Temperature/K  100.0  

Crystal system  monoclinic  

Space group  C2/c  

a/Å  22.331(2)  

b/Å  15.0128(16)  

c/Å  23.115(3)  

α/°  90  

β/°  109.214(5)  

γ/°  90  

Volume/Å3  7317.6(13)  

Z  4  

ρcalcg/cm3  2.527  

μ/mm-1  14.012  

F(000)  5136.0  

Crystal size/mm3  0.264 × 0.243 × 0.142  

Radiation  MoKα (λ = 0.71073)  

2Θ range for data collection/°  3.33 to 52.042  

Index ranges  -27 ≤ h ≤ 22, -18 ≤ k ≤ 18, -28 ≤ l ≤ 28  

Reflections collected  41592  

Independent reflections  7217 [Rint = 0.0349, Rsigma = 0.0240]  

Data/restraints/parameters  7217/2/384  

Goodness-of-fit on F2  1.069  

Final R indexes [I>=2σ (I)]  R1 = 0.0219, wR2 = 0.0492  

Final R indexes [all data]  R1 = 0.0282, wR2 = 0.0519  

Largest diff. peak/hole / e Å-3  1.37/-0.87 
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APPENDIX C: HIGH RESOLUTION MASS SPECTRA
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C2.1 High resolution mass spectra of cis-P4(INA)2 (top), trans-P4(INA)2 (middle), and P5INA (bottom). 
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C2.2. Zoomed high resolution mass spectra of cis-P4(INA)2 (top), trans-P4(INA)2 (middle), and P5INA(bottom).
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C2.3. Theoretical high resolution mass spectra of P5INA. 
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C2.4. Theoretical high resolution mass spectra of cis-P4(INA)2 and trans-P4(INA)2. 
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Accurate Mass Determination 

Instrument: Bruker 9.4 T Apex-Qh Hybrid Fourier Transfer Ion-Cyclotron Resonance (FT-ICR) instrument 

Ionization: Electrospray ionization (ESI) at 100 K, spray voltage 4500 V, spray solvent MeOH/MeCN, infusion flow rate 3μL/min. 

Sample ID Ion  Charge Measured m/z Theoretical m/z Error (mDa) Relative Error (ppm) 

cis-P4(INA)2 

M - H 1 2466.48166 2466.48723 5.57 2.258272385 

M +2 2 1233.74655 1233.747253 -0.703 -0.569808766 

2M - H 3 1644.66106 1644.6645 -3.44 -2.091611998 

       

trans-P4(INA)2 

M - H 1 2466.48612 2466.48723 1.11 0.450032738 

M +2 2 1233.74615 1233.747253 -1.103 -0.89402428 

2M - H 3 1644.66106 1644.66593 -4.87 -2.961087666 

       

P5INA 

M - H 1 2461.547665 2461.546329 -1.336 -0.542747971 

M +2 2 1231.2731 1231.276803 -3.703 -3.007447221 

2M - H 3 1642.039013 1642.0364 2.613 1.591316733 

M + SbF6- 1 2699.448345 2699.43926 9.085 3.36551377 

C2.5. Mass spectrometer parameters and spectral data. 
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47. Tu, X.; Truong, H.; Muñoz-Castro, A.; Arratia-Pérez, R.; Nichol, G.S.; Zheng, Z. Inorg. 

Chem. 2010, 49, 380. 
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