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ABSTRACT 

 

 Investigations of small molecules activated through ligation to the Lewis acidic 

[Re6(μ3-Se)8]2+ cluster core are detailed herein for the purpose of the development of 

unrealized organometallic and catalytic applications. An introduction is provided 

including the background needed to comprehend access to the solution chemistry, the 

general properties, and the current state of development of the [Re6(μ3-Se)8]2+ cluster 

core. Activation of nitriles is examined, specifically focusing on the site-differentiated 

cluster acetonitrile solvates of the general form [Re6(μ3-Se)8(PEt3)6-n(MeCN)n](SbF6)2 (n 

= 1,2) and the hexaacetonitrile solvate [Re6(μ3-Se)8(MeCN)6](SbF6)2. Coordination of 

acetonitrile to the cluster core yields susceptibility of the nitrile carbon to nucleophilic 

attack; thus, the formation of the alcohol adducts of these molecules, the stereochemical 

features, and the reactivity of the resulting imino ester complexes is established. 

Bifurcated hydrogen bonding between two selenium atoms of the core and the hydrogen 

atom of an approaching alcohol is proposed to explain the stereoselectivity. Furthermore, 

the synthesis, characterization, computational analysis, and reactivity of the first 

organometallic compounds of the [Re6(μ3-Se)8]2+ cluster core, that of the cluster 

carbonyls [Re6(μ3-Se)8(PEt3)6-n(CO)n](SbF6)2 (n = 1,2), are presented. Spectroscopic, 

electrochemical, structural, and computational studies verify that backbonding between 

the [Re6(μ3-Se)8]2+ cluster core and CO exists, that electronic distinction is inherent 

between cis and trans sites (despite overall delocalization), and that the Se atoms actively 

contribute to the Re bonding capabilities. Substantiation of the high air, water, thermal, 
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and UV light stability of the carbonyl complexes led to derivatives of the carbonyl 

compounds, that of the oxidized cluster complex [Re6(μ3-Se)8(PEt3)5Cl](SbF6)2 and the 

known fused-cluster dimer [Re12Se16(PEt3)10](SbF6)4, demonstrating the reactivity of the 

cluster carbonyls. Electrophilicty of coordinated CO is exemplified through the synthesis 

of an acyl complex {Re6(μ3-Se)8(PEt3)5[C(O)(CH3)]}I, an unexpectedly stable product in 

the pursuit a cluster carbene. Initial investigations of this complex suggest thorough 

transference of the acyl negative charge to the cluster core prohibiting successive 

electrophilic addition. The putative acetone solvate and its reactivity to alcohols is briefly 

examined with aspects that merit further research, including full characterization of the 

catalytic cycle to liberate free imino esters, exploitation of the proposed hydrogen 

bonding to generate a carbene compound, and hydrogen storage/activation. 
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CHAPTER 1. FUNDAMENTAL PROPERTIES AND THE SOLUTION 

CHEMISTRY OF THE [Re6(μ3-Se)8]2+ CLUSTER CORE: A REVIEW OF THE 

CURRENT KNOWLEDGE BASE, INCLUDING ANALYSIS OF OTHER 

CLUSTER AND RHENIUM-BASED SYSTEMS, WITH FUTURE POTENTIAL 

 

1.1 INTRODUCTION 

 At the onset of the research presented herein, there existed a void of thorough 

accounts investigating the ability of the [Re6(μ3-Se)8]2+ cluster core to activate small 

molecules towards concomitant ligand transformation and ensuing liberation to effect 

definitive catalytic cycles. Currently, this lack continues despite the assertions of various 

authorities in the field regarding the immense potential and advantages characteristics 

inherent to the [Re6(μ3-Se)8]2+ cluster core, many of which should serve as a boon to 

those seeking to optimize catalytic and other such practical applications. Thus, a genuine 

need prevailed for exploratory studies in this vein. Through an informed process of 

selection and experimentation, at least tow systems were found to be sufficiently 

amenable under typical laboratory conditions and to yield sufficient progress in either the 

establishment of novel catalytic systems or the improvement of existing ones. These, and 

other more briefly explored pathways, allowed for the discovery of new chemistry as a 

natural consequence of the work. All of this has assisted in steering the [Re6(μ3-Se)8]2+ 

cluster core away from the arena of exclusively, and frequently serendipitously driven, 

supramolecular and materials chemistry in which the cluster itself often resides in a 

position of secondary interest to the actual ligands. The cluster in this manner serves as 
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merely a building block, support, or junction of a larger construct – which is, however, a 

function to which the cluster seems well-suited. Nevertheless, it is the overriding theme 

of this discourse to provide evidence that proves the [Re6(μ3-Se)8]2+ cluster core to be 

interesting and utilitarian in its own right, a fact which will hopefully spur studies that 

will build on the results contained herein. 

 Before continuing, it is essential to present some basic features of the [Re6(μ3-

Se)8]2+ cluster core-containing derivatives and how these features set it apart from other 

metal clusters. As shown in Figure 1.1, the cluster consists of an octahedral core of 

rhenium atoms capped on all faces by selenium, thus forming a cube of selenium which 

encapsulates the octahedral rhenium core. Meanwhile, all vertices of the rhenium core are 

terminated by a ligand of variable identity (L). Usually, the selenium atoms are 

considered as “inner” ligands of the rhenium atoms whereas the terminal ligands L are 

named “outer” ligands.1 This designation proves suitable owing to the fact that, under 

most reaction conditions utilized in the laboratory, the unit formed by the rhenium 

octahedron inscribed inside the selenium cube is robust and inert to substitution, 

maintaining its integrity while the “outer” ligands may be more freely exchanged.2 

 As a consequence of the overall architecture of the [Re6(μ3-Se)8]2+ cluster core, 

many desirable properties can be exploited. First, the individual terminal sites are 

physically isolated spatially, which presumably allows independent reactions to occur 

simultaneously at each site. This could serve to enhance the turnover rate of catalytic 

processes significantly versus catalysts with only single active sites. Next, the  
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Figure 1.1 General form of the [Re6(μ3-Se)8]2+ cluster core and its derivatives. Green 
spheres denote the individual ReIII centers; orange spheres are the “inner” ligands, each 
an Se2- ion capping a face of the Re6 octahedron; purple sphere are the exchangeable 
“outer” ligands. 
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stereochemistry of isomers, obtained through passivation of various terminal sites, is 

fixed. This allows for separation of individual isomers for studies of the interaction 

between rhenium sites, owing to their direct connectivity through metal-metal bonds, and 

the effects this has on enantiomeric selection. In addition, the larger size of the cluster, 

comparative to mononuclear metal compounds, as well as the net charge allows the 

cluster derivatives to be reasonably soluble in most polar, organic solvents while they are 

generally insoluble in most non-polar organic solvents.1,3 Such a condition yields the 

possibility for the cluster to be utilized as both a homogeneous or heterogeneous catalyst, 

and be easily recoverable from a solution containing the cluster via precipitation. Finally, 

the thermal4 and excited state5 outer ligand lability inherent to the cluster core provides 

two routes for the promotion of ligand substitution, necessary for continuation of any 

catalytic cycle. Rarely does one find all of these beneficial properties present in the 

[Re6(μ3-Se)8]2+ cluster core in any one molecular species. 

 

1.2 JUSTIFICATION 

 It stands as a reasonable beginning to first furnish an overview of the use of metal 

clusters in catalysis with some emphasis towards the advantages of rhenium. In one 

regard, clusters can serve simply as model species for the processes that occur on more 

widely used bulk heterogeneous catalysts, whose activities are beholden to their surface 

area and surface attributes and which exploit the advantages of cooperative metal atom 

interactions and coordinative unsaturation. Thus, the clusters may be synthesized with 

appropriate ligands such that the binding properties of substrates to these clusters – and 
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therefore to surfaces – can be probed and better understood. This may also lead to more 

complete comprehension of reaction mechanisms that can allow for more rational design 

of future catalysts. Nevertheless, this application does not speak for the advantages of the 

clusters as catalysts in their own right.6 What cluster species can truly promise is the high 

selectivity, reaction control, and activity that can be realized with appropriate ligand 

design in homogeneous catalysts while maintaining the reusability of the catalyst and 

ease of separation of desired products from the catalytic compound that can be achieved 

with heterogeneous catalysis.7 Furthermore, they can often provide high thermal stability 

and/or air stability as discrete entities or when anchored to various supports allowing for 

higher temperature syntheses appropriate to large scale industrial or bulk chemical 

processes.7b 

 Many avenues have been pursued in the diverse endeavor sharing the aim of 

harnessing the desirable features of metal clusters for use as ideal catalysts. To this end, 

many monometallic, homogeneous cluster compounds, especially cluster carbonyls, have 

found niches in hydrogenation reactions, hydroformylation, the water-gas shift reaction, 

and in activation of C-H bonds or in C-C bond formation8,9 (Scheme 1.1). All of these 

processes have proven invaluable to various chemical enterprises, notable among which 

are the industries of petrochemicals, food preparation, cosmetics and others. Meanwhile, 

bimetallic clusters have been pursued in that often the mixture of the metals in a single 

compound presents characteristics superior to those of compounds of either metal alone,  
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Scheme 1.1. Examples of reactions catalyzed by cluster carbonyls, as adapted from 
reference 8. 
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a feature commonly termed “synergism.”10 Employment of this effect has led to various 

crucial purposes for catalysts generated from mixed-metal clusters. Prominent examples 

include 1) high activity petroleum reforming materials involving Pt-Re cluster units11 2) 

automobile catalytic converters featuring Pt-Rh nanoparticles10a,12  and 3) Pt-Ru alloys in 

Direct Methanol Fuel Cells.10a,13 Some of the catalysts developed using monometallic or 

bimetallic systems also reside in the category of supported metal cluster catalysts. 

As stated previously, supported metal clusters have considerable benefits, not the 

least of which is their ease of separation from products. Generally speaking, the materials 

are first formed by means of permeating a porous solid with a solution containing the 

cluster of interest.14 After this, several sequences may ensue: 1) adsorption of the cluster 

may occur; 2) reaction of a ligand or the cluster with a group on surface results in 

binding; 3) cluster species or mononuclear complexes are imbued into the material upon 

which heating in an inert or oxgenated atmosphere promotes deligation and possibly 

aggregation.7b,12,14 For all of theses processes leading to supported clusters, mononuclear 

and cluster carbonyls have proven to be satisfactory precursors. 7b,12,15 A common support 

medium for clusters consists of metal oxide surfaces,7b,12,16 which often serve as catalysts 

in their own right,16b,17 and may serve to help promote the activity of the catalyst.13 Other 

support materials include zeolites which deliver such assets as tailored limited cluster 

size, substrate selectivity, product selectivity, and greater catalyst stability.12,14 Besides 

those applications already discussed for bimetallic catalysts, alkene hydrogenation, 

alkane hydrogenolysis, high aromatic selectivity hydrocarbon reforming (via Pt or Ir 
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clusters)7b,14 as well as CO oxidation, hydrochlorination of ethyne, and hydrogenation of 

α, β unsaturated aldehydes (supported Au compounds)18 are purposes worthy of attention. 

 In a broad sense, rhenium is easily overlooked in the search for metals which 

form catalytic species either in compounds or alone. This can be attributed to the fact that 

– as a middle, non-noble, 3rd row transition metal – one would assume that the tendency 

of Re is to form coordinatively saturated compounds, with strong metal-ligand bonds, 

that adhere to the 18-electron rule.19 One would not be mistaken in this assessment nor in 

the conclusion that these properties do not usually make efficient or effective catalysts. 

Yet, Re catalysts (mononuclear and cluster-based) do exist and in fact have many 

advantages and are implicated in numerous vital reactions.7c First of all, Re has a wide 

range of stable oxidation states, 7c allowing the compounds to be tailored for greater or 

lesser electron richness and thus variable Lewis acidity. Furthermore, Re catalysts are 

often stable to air, water, or light (usually some combination thereof) and are readily 

regenerated for use in multiple cycles.20 In many reactions, only mild conditions (e.g. 

room temperature, 1 atm pressure) are necessary to produce reactions with high yield, 

satisfactory turnover, and excellent selectivity with reagents that are also in many cases 

more practical, efficient, convenient, better performing, or reusable than alternatives.21,22 

The oxophilic nature of Re also makes it a suitable candidate for anchoring to oxide 

supports.23 Perhaps the most commonly known and versatile Re-based catalyst is 

methyltrioxorhenium(VII) often abbreviated MTO.7c,21b,24 This compound has found 

widespread use for catalytic oxidation, especially olefin epoxidation in the presence of 

the environmentally sound reagent H2O2, proving MTO to be a candidate for “green 
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chemistry;” but, oxidation of alkynes, aromatics, phosphines, amines, halides, and C-H 

bonds are possible as well.7c,21b,24,25 Additionaly, this catalyst and related compounds 

have found additional applications in olefin metathesis (particularly when supported on 

Al2O3 or other oxides and zeolites),21b,22a,c,25,26 aldehyde olefination,27 and NO 

reduction.28 Meanwhile, catalysts derived from Re in other valence states have also been 

implicated olefin metathesis29 and a multitude of other reactions including 

dehydrocoupling of amine-boranes,19a methane reforming,19b alkene hydrogenation,23 C-

H/C-C bond activation,11b,25c,30 hydrosilation,31 aromatic propargylation,20b photocatalytic 

CO2 reduction,32 and oxygen atom transfer.27b 

 Returning to the discussion of clusters, many outstanding problems remain 

unresolved regardless of the method in which clusters are utilized in catalysis. These 

issues may be summarized as follows: 1) establishing that catalysis indeed proceeds by 

means of an intact cluster species, not a lower nuclearity derivative or higher nuclearity 

aggregate (e.g. colloid or nanoparticle)8,33 2) avoiding the typically reduced 

activity/turnover versus mononuclear compounds10a 3) thermal degradation of cluster 

species 4) isolation from  products and/or recyclability of the catalyst. The [Re6(μ3-

Se)8]2+ cluster presents many innate solutions to these fundamental problems. Since the 

integrity of the core itself is stable up to at least 600°C, it proves unambiguous that any 

active catalytic activity presumed to arise from the [Re6(μ3-Se)8]2+ core would be indeed 

cluster-mediated.4b Aggregation or fusion of the clusters may occur at higher 

temperatures; yet, the discrete nature of the cluster motif would still be preserved.4 With 

structural integrity maintained during higher temperature reactions and lability enhanced 
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via UV irradiation, the [Re6(μ3-Se)8]2+ cluster core should likewise serve to avoid the 

pitfalls of poor activity or turnover, as access to higher energy excited states for use in the 

catalytic process is possible. Finally, the robust nature of the cluster core, and the ability 

to isolate its derivatives via precipitation with nonpolar organic solvents, promises ease 

of separation for extended catalytic use. 

 Up to the present date, there has been a dearth of research into the conceivable 

small molecule activation and catalytic applications of the [Re6(μ3-Se)8]2+ cluster core 

itself, as opposed to that of peripheral groups anchored to it. Despite this fact, reports are 

available which describe the catalytic activity of related discrete hexanuclear systems.34 

For example, as early as 1986, a short article portrays various mixed-metal hexanuclear 

chalcogenide Chevrel phase analogs as catalysts for oxygen reduction as utilized in fuel 

cells.35 More recently, Mo6S8 cluster-containing materials were employed in the selective 

generation of  methanethiol (a mercaptan) from methanol.11a Several different, highly 

thermally stable halide clusters of comparable structural morphology to the [Re6(μ3-

Se)8]2+ cluster core have also been applied towards and proven successful in catalyzing a 

wide range of reactions.27a,34,36 Yet, the [Re6(μ3-Se)8]2+ cluster in this regard has been 

conspicuously underrepresented in the literature, heedless of the implication that Re 

should be considerably more highly active towards promoting catalysis in such a cluster 

form.34b In fact, only one publication was located which included a hexanuclear rhenium 

chalcogenide as the unequivocal catalytic species, without need for speculative 

evidence.37 Hence, there exists a prodigious need for further inquest into the untapped 

potential of the [Re6(μ3-Se)8]2+ cluster core. 
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1.3 BACKGROUND 

 In many respects, cluster chemistry as a whole is a young science. Much of what 

is now known about cluster-based systems emerged from the last half-century of 

concerted studies aimed at demystifying the chemical and physical properties of clusters. 

While all clusters need not be metal-based, transition metal clusters were of particular 

interest owing to the undeniable presence of metal-metal bonds.38 The confirmation of 

such bonding revolutionized our current understanding of chemical bonding and the 

possibilities which exist therein.39 Efforts to characterize the nature of this bond have 

advanced the state of knowledge of molecular orbital theory, with its emphasis on 

bonding through electron delocalization.40 Electron counting rules were developed for 

clusters which build off of those established for mononuclear transition metal systems 

which have proven instrumental in predicting reactivity.40 The availability of multiple 

metal sites on a single species has allowed for unique reactivity and novel catalysis which 

has proven invaluable in industry and has furthered comprehension of clusters found in 

enzymes.41  

Yet, much work which is worthy of merit remains underdeveloped. One such 

category is that of hexanuclear rhenium chalcogenide clusters, the history of which 

extends back approximately 30 years when the first rhenium sulfide clusters containing 

[Re6S8] structural units were produced as halides or alkali metal salts covalently linked to 

each other through, respectively, halide or sulfide bridging “ligands.”42 These materials 

manifested as aggregates in complex and extended, yet ultimately intractable, 3-

dimentional arrays as is now known to be typical of such π-donor ligand clusters.40,42 
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Furthermore, high-temperature (800°C) solid-state reactions, in H2S atmosphere, between 

elemental rhenium and the carbonates of the alkali metals were required to achieve these 

cluster-containing complexes.42  Nevertheless, interest attracted to these clusters as they 

were of unexpected form and served as analogs of the Chevrel phases [Mo6S8] which 

display superconducting properties.43 Numerous reports followed detailing similar 

syntheses of other hexanuclear rhenium chalcogenides, as summarized elsewhere,44 over 

the course of which the cluster unit was confirmed to have a valence electron count of 24 

and the Re atoms were identified as being in the 3+ oxidation state. As these materials 

were constrained to the solid state, this left much of the unexplored territory of these 

clusters to the wanderlust of physicists, preventing further inquiry by practitioners of 

other disciplines with different perspectives and techniques. A soluble cluster, through 

which the unique properties of the [Re6Q8]2+ (Q = S, Se, Te) core could be more 

thoroughly examined, did not arrive until 1987 when K[Re6Se5Cl9] was first prepared.45 

In addition, a facile and generalized method by which to access the solution chemistry of 

[Re6Q8]2+ (Q = S, Se, Te) clusters, and thereby unlock the door to true synthetic 

manipulation, required until 1995 to emerge.46  

Prior to this point, isolation of discrete molecular units was largely dependent on  

lower-temperature reactions, subsequent to initial high-temperature synthesis, with 

reagents and ligands which were intended to excise the cluster bridges.47 Often these 

reactions were performed with the cluster-containing solid suspended in a solution 

containing a suitable ligand and were reliant on the ability of the ligand to penetrate into 

the solid.47 Yet, with the advent of the dimensional reduction protocol (Scheme 1.2), the 
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Scheme 1.2. A schematic representation of dimensional reduction. Systematic additions 

of excess halide will produce solids of progressively lower dimensionality. The discrete 

“zero dimensional” cluster species are the most likely to prove soluble. 
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terminal rhenium sites could be instead occupied with substitutionally labile halide ions 

to form specific discrete clusters in high yield after the solid-state synthesis, without the 

need for further excision.46,48 This allowed for the fabrication of the previously unrealized 

compound Cs4[Re6(μ3-Se)8I6], one of various possible “zero dimensional,” single-cluster 

species. The reaction proceeds via a solid-state reaction of a stoichiometric mixture of 

elemental Re and Se, CsI, and I2 in a sealed, evacuated quartz tube.48 The reaction 

requires a reaction time of 6000 minutes at 850°C following a 2°C/minute ramp from 

room temperature and a cooling rate of 0.2°C/minute to 500°C, after which the product 

can be allowed to return naturally to room temperature.48 To achieve a form of this 

material which proves more soluble in organic media, cation exchange must follow 

through dissolution of Cs4[Re6(μ3-Se)8I6] in 1 M HI and addition of excess (Bu4N)I. After 

work-up, one then can isolate the dark green crystalline material (Bu4N)3[ReIII
5ReIV(μ3-

Se)8I6], oxidized by one electron,49 and henceforth abbreviated as I6 (Scheme 1.3). The 

compound I6 may be then utilized directly or derivatized to form site-differentiated, 

substitutional isomers by means of reaction with appropriate passivating/protecting 

ligands.2,50 In the case of this dissertation, the ligand chosen was triethylphosphine (PEt3) 

and the preparation methodologies established in the literature, consisting of a 72 hour 

reaction of I6 in N2 degassed dimethylformamide with excess PEt3, were used to 

synthesize the starting materials of the general form [Re6(μ3-Se)8(PEt3)nI6-n](n-4)+, where n 

= 4, 5 (Scheme 1.3).4a During the course of this reaction, the cluster core is reduced by 

one electron, thus manifesting henceforth with a 2+ overall charge. The yields of all of 

the isomers are satisfactory and isolation is fairly 
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Scheme 1.3. A representation of the oxidized, 23-electron cluster (Bu4N)3[ReIII
5ReIV(μ3-

Se)8I6], abbreviated as I6, is displayed on the left where the black spheres are Re and the 

green spheres are Se. This compound is utilized as the starting material for the reaction 

with triethylphosphine which results in various site differentiated stereoisomers via 

protection of Re axial sites. The more commonly utilized isomers [Re6(μ3-Se)8(PEt3)5I]I 

and cis/trans-[Re6(μ3-Se)8(PEt3)4I2] are shown as the products. 
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straightforward, consisting of column chromatography with silica gel followed by rapid 

identification as verified through observation of the 31P NMR spectra. The major selling 

points of the cluster and the substitutional isomers prove to reside in their extended 

dimensions, allowing for manipulation of separate sites without interference from others 

on the same cluster, and the lack of stereochemical scrambling. This latter provision 

provides certainty that isomeric conversion does not occur once a particular isomer has 

been isolated. Therefore, the interrelationship of individual sites or the advantages of 

particular isomers can be definitively probed. 

These iodo derivatives serve as the basis for some of the research detailed in 

subsequent chapters; but, other pathways necessitate further substitution of the remaining 

reactive sites. Fortunately, the methodology is straightforward and well-established.4a For 

this particular dissertation, the further derivitization required consists only of replacing 

the residual iodo groups with acetonitrile (MeCN, bonded through N), although other 

nitriles may have been used with comparable effects. In this fashion, the species I6 may 

be converted to the solvate [Re6(μ3-Se)8(MeCN)6](SbF6)2 (also called N6), as may the 

derivatives [Re6(μ3-Se)8(PEt3)nI6-n](n-4)+, in the presence of MeCN (and absence of other 

coordinating media) via addition of an excess AgSbF6 which causes precipitation of AgI, 

creates vacant coordination sites, and again reduces the cluster core by one electron 

(Scheme 1.4).4a Synthesis of this type has close parallels to halide abstraction, with 

various reports being available which describe the utilization of this technique.  In 

general these entail (1) the usage of silver salts to eventually remove the halide via 

precipitation of AgX (where X = Cl and I), thus replacing it with a coordinating anion, an 
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Scheme 1.4. The synthetic methodology for the generation of the acetonitrile solvates. 

Usage of the silver salt AgSbF6 promotes the precipitation of AgI and formation of a 

vacant site. 
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added ligand, or inducing condensation;51 (2) antimony(V) chlorides acting as Lewis 

acids in coordinating solvents (e.g. MeCN, dimethylformamide, dimethylsulfoxide, etc.) 

to abstract halides and replace them with solvent molecules;52 or (3) basic ethanol 

solutions of hydroxypyridines or mercaptopyridines.53  In a similar fashion, a silver saltof 

the weak, non-coordinating conjugate base (SbF6
-) of the superacid HF-SbF5 is utilized 

herein such that a AgI precipitate immediately forms, driving the reaction forward to free 

the Re(III) site, and allow coordination of any available ligand. The reaction is nearly 

immediate, requires mild conditions (ambient), and is not particularly sensitive to air or 

moisture, although they are routinely excluded as a precautionary measure. 

At this point, some of the basic chemistry leading to the materials utilized herein 

has been presented, but much of the physical properties have been left undisclosed. As 

mentioned above, hexanuclear chalcogenide clusters are more traditionally the domain of 

physicists and solid state chemists.54 Nevertheless, collaborative efforts between the 

physical and chemical domains have lead to elucidation of various general electronic 

features of the [Re6(μ3-Se)8]2+ cluster system. The initial efforts at probing the electronic 

structure of hexanuclear chalcogenide clusters concentrated on the Chevrel phases or 

close analogs – derivatives of the [Mo6Q8] core where Q = S, Se, Te, Cl, Br or I – which 

bear many fundamental similarities to those of [Re6Q8]2+, where Q = S, Se, Te.55,56 Many 

conclusions arose from these studies, perhaps the most presently relevant of which 

include the nature of the frontier orbitals of the Mo6S8
4- core (with terminal ligands 

excluded).  
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The collective consensus posits that the HOMO of the cluster is of eg symmetry 

while the LUMO is also eg but is proximally close, energetically, to a t1u set as well.55,57 

This has several ramifications for the bonding picture for the terminal sites available for 

ligand binding. First, as the LUMOs (eg and t1u) are primarily of σ symmetry, with some 

π character, strong σ/π donor ligands prove ideal for binding to the cluster core.55,57 Such 

a condition explains why this class of cluster displays a genuine affinity for halide 

ligands, pseduohalides (e.g. CN-), and similar species such as OH-.1,3,40,54-59 Not only are 

such ligands suitable for coordination by symmetry; but, their innate charge also provides 

electrostatic attraction to those cluster cores with overall net positive charge (such as the 

[Re6Q8]2+ cluster system). Conversely, the HOMOs prove more prohibitive in the types 

of interactions in which it can engage. The symmetry of the eg HOMOs with regard to 

any incoming ligand are δ in nature, and any filled orbitals of π symmetry are somewhat 

energetically distant (Figure 1.2).55,57 Therefore, backbonding interactions to π acceptor 

ligands, such as CO, should be diminished, diminutive, or not present at all (Figure 1.2). 

However, all of these arguments exclude the electronic perturbations that arise 

when the identity of the inner ligand Q is altered (to a different chalcogenide, for 

example) or when outer ligand is attached. Considering a less complicated situation 

where either all of the inner or outer ligands are altered simultaneously to the same 

species, several features become apparent. First, once outer ligands are added to the 

cluster, the occupied orbitals lying directly below the HOMO, primarily of t2g, t2u or t1u 

symmetry, tend to shift towards higher energies (i.e. closer energetically to the HOMO) 

while the HOMO eg set is largely unaffected (Figure 1.3).55-57 This seems to be the case 
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Figure 1.2. Approximate ordering and energy levels of various frontier orbitals of 

[Re(μ3-Se)8]2+ as adapted from reference 57. The molecular orbital diagrams display the 

following orbitals as generated via Fenske-Hall molecular orbital calculations61:  LUMO 

eg orbitals (top), HOMO eg orbitals (middle), a t2u orbital (bottom left), a t2g orbital 

(bottom center), and a t1u orbital (bottom right). The green spheres denote Re and the 

orange, Se. 
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Figure 1.3. Top: The energetic effect on select orbitals of the [Re6(μ3-Se)8]2+ cluster upon 

addition of donor ligands as adapted from reference 57. Bottom: The one core-ligand 

antibonding t1u (left) and eg (right) orbital of [Re6(μ3-Se)8I6]4- as generated from Fenske-

Hall molecular orbital calculations.61 The purple spheres denote I and the orange, Se. 
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regardless of the ligand identity but proves definitely true in the case of σ or σ/π donor 

ligands. Since all of the triply degenerate orbitals mentioned have some measure of π 

symmetry with respect to incoming ligands, and predominant metal character,55-57 

increasing the energy of these orbitals through the binding of strong donor ligands such 

as trialkyl phosphines should enhance the backbonding capabilities of the cluster core. 

The LUMO and other unoccupied orbitals are destabilized in this context as well; but, 

their energy reorganization proves more relevant with regard to luminescence and 

lability.5,56,57,59  

 Correspondingly, the trend observed for the outer ligands seems to hold true with 

the HOMOs, and adjacent occupied orbitals, upon exchanging the chalcogenide down the 

group from S to Se (and likely to Te).59a,b,60 Though few studies are available, hindering 

generalizability of the absolute differences between the chalcogenides with respect to 

their effect on orbital arrangement and energies, at least one recent report attests to the 

fact that the orbitals below the HOMO in the [Re6Q8]2+ cluster system may surpass the eg 

orbitals in energy upon exchanging S for Se.60 This would presumably bolster the 

strength of any π donor interactions between the cluster and a suitable π acceptor ligand. 

Meanwhile, the effect on the LUMOs is less certain due to disagreement amongst 

sources.59a,b,e,f,60  

Notwithstanding, the possibilities for the types of ligands that may coordinate to 

the cluster are diverse.1-3,54,58 The only readily apparent limitations should be imposed by 

the steric repulsion between the cluster and any large peripheral groups of the ligand in 

addition to the 3-dimentional constraints of the cluster itself. This latter point concerns 
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the cuboidal shape of the cluster core; this presents physical barriers which make 

chelation difficult (though not impossible),1 essentially restricting the ligand variety to 

those which are smaller and need only bind through a single site. Altogether, these 

boundaries, together with the inherent properties the [Re6(μ3-Se)8]2+ cluster core, present 

an ideal platform by which to activate small molecules. While the 2+ charge provides 

Lewis acidity for activation of bound ligands towards nucleophiles, the chalcogenide 

identity of Se versus S pushes the orbitals capable of backbonding towards a more 

appropriate energy regime, enhancing backdonation and possibly activating bound 

ligands towards electrophiles. Despite the fact that the metal centers themselves are in a 

3+ oxidation state, core electron richness can be enhanced, if necessary, through apt 

choice of passivating ligands. Futhermore, a convenient, ingrained route to ligand 

expulsion exists through the usage of UV irradiation. Such an observation arose from the 

work of various groups which established the luminescence and radiant lability of the 

Chevrel phases and related clusters.5,57,59,62 

If one inspects the frontier orbitals of [Re6(μ3-Se)8I6]4- as a representative 

hexanuclear chalcogenide cluster (Figure 1.3), it becomes apparent that the most 

plausible source of absorption of the cluster should arise from excitation of an electron 

from the eg HOMO to the first orbital allowed by the Laporte (parity) selection rule 

consisting of the t1u.57,60 Subsequent phosphorescence should transpire via relaxation to 

the LUMO (which should be gerade despite the exact identity)57,59a,60  and then to the 

HOMO, a forbidden transition which accounts for the long lifetime of the emission5,62 

Recent studies have confirmed the eg→t1u transition to be the largest contributor to the 
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overall absorption;57 yet, the nature of this transition was under some measure of debate. 

It was originally attributed to a LMCT (i.e. halide-to-cluster charge transfer)5a,56,59a,c 

although substitution of the terminal ligand ultimately proved to affect the nature of the 

absorbance little.1,5c Further studies thus affirmed that the absorption must occur from a 

primarily metal based – or at least cluster core localized – orbital to an unoccupied orbital 

that is also mostly composed of metal/cluster core orbital contributions.57 Nevertheless, it 

is of paramount importance to realize that the t1u orbital is largely ligand-cluster 

antibonding in nature, at least with respect to cluster compounds terminated with halides 

or closely associated ligands (Figure 1.3).57 Therefore, excitation of an electron to this 

orbital, which occurs via irradiation with UV light, should cause efficient destabilization 

of the bond between the cluster core and the terminal ligand. 

 

1.4 EXPERIMENTAL DESIGN 

 In the chapters that follow, the attempts to realize the organometallic and catalytic 

potential of the [Re6(μ3-Se)8]2+ cluster core will be expatiated. The next chapter will 

describe the activation of cluster-bound acetonitrile towards nucleophiles, the proposed 

model which accounts for the observed isomeric preferences, and the subsequent progress 

towards producing a photocatalytic cycle. Working from these initial insights, Chapter 3 

delineates the synthesis of novel [Re6(μ3-Se)8]2+ cluster core-based carbonyl compounds. 

These unique species are produced, working with a classical and well-understood 

organometallic ligand, so as to gain further insight into the bonding characteristics of the 

cluster and to fully comprehend any differences or communication between the 
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individual terminal (outer) binding sites. Chapter 4 discloses the investigation into the 

reactivity of the bound carbonyls towards nucleophilic addition and attempts at the 

synthesis of [Re6(μ3-Se)8]2+ cluster core carbenes as procatalytic compounds for olefin 

metathesis. Chapter 5 concludes the dissertation with discussion of other propitious 

directions for the [Re6(μ3-Se)8]2+ cluster core that were briefly explored or that await 

future research. 
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CHAPTER 2. ACTIVATION OF ACETONITRILE VIA COORDIATION TO 

THE [Re6(μ3-Se)8]2+ CLUSTER CORE: ALCOHOL ADDITION STUDIES TO 

VARIOUS ACETONITRILE SOLVATES 

 

2.1 INTRODUCTION 

As indicated previously, keen experimental and theoretical efforts are currently 

focused on the face-capped octahedral clusters [Re6(μ3-Q)8]2+ (Q = S, Se, Te).1-3,54a,58,63 

These cluster species, particularly those of the [Re6(μ3-Se)8]2+ core, have proven to be 

quite amenable to synthetic manipulation4,48,64 and exhibit interesting electrochemistry 

and photophysical properties.5a,c,59a,b,65 Consequently, a host of derivatives, monoclusters, 

and multicluster arrays with intriguing properties have rapidly appeared in the literature.1-

4,48,58,63,64 Prominent among the unique spectroscopic features of these derivatives are the 

substantial downfield chemical shifts in the 1H NMR spectra of the bound ligands versus 

their free ligand counterparts.2,4 This serves as a hallmark of coordination to a strong 

Lewis acid, which, it is presumed, significantly activates an otherwise inert ligand to 

further transformation. As the specific properties of the Lewis acid can vary depending 

on its identity and chemical environment, with every system new and unique chemistry 

may be discovered and the potential for the development of novel catalysis schemes 

exists. However, the reactivity of the ligands bound to the [Re6(μ3-Se)8]2+ clusters has not 

yet been explored, thus providing impetus for the efforts described in this chapter.  

Toward this goal, research has been focused primarily on nucleophilic addition to 

the nitrile molecule(s) bound to the [Re6(μ3-Se)8]2+ core. Cluster solvates of the general 
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formula [Re6(μ3-Se)8(PEt3)6-n(MeCN)n](SbF6)2
 [n = 1, 2 (cis and trans), 6]4 can be readily 

prepared, and their synthetic utility in constructing other cluster derivatives, including 

multicluster arrays, has been demonstrated.2,4 Substantial downfield chemical shifts of up 

to 1 ppm have been shown in 1H NMR spectra for the cluster-bound nitrile ligand(s). It is 

noteworthy that nitrile hydrolysis promoted by di-, tri-, and tetranuclear Re clusters has 

recently been reported; but, surprisingly, alcohol addition to the same cluster-bound 

nitriles was not observed, even when alcohols were used as the bulk solvent.66 On the 

other hand, nucleophilic addition with alcohol to metal-activated organonitriles is well 

established in mono- and dinuclear systems of many other metal elements, affording 

derivatives with imino ester ligands.67 Nevertheless, catalytic generation of free imino 

esters – of considerable value as intermediates in synthetic organic chemistry68 – remains 

a rarity.69 Thus, the intriguing results unearthed prompted studies of the reactivity of the 

nitrile ligand(s) bound to the hexarhenium cluster core.  

Herein, the synthesis and characterization of five new [Re6(μ3-Se)8]2+ cluster 

complexes featuring imino ester ligands derived from alcohol addition to cluster-bound 

acetonitrile molecule(s) are reported. A hydrogen bonding interaction is proposed to 

rationalized the observed preferences for either the E or Z isomers in the resulting 

complexes. Stimulated by the recent discovery of the photolability of certain [Re6(μ3-

Se)8]2+ cluster complexes,5a preliminary photolytic studies have also been carried out for 

one of these imino ester complexes, with the hope of finding ways to liberate the imino 

ester ligand while regenerating the potentially precatalytic nitrile complex.  
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2.2 EXPERIMENTAL 

Preparation of Compounds. Standard Schlenk and vacuum line techniques were 

employed for all manipulations of dioxygen- and/or moisture-sensitive precursor 

compounds. Solvents were degassed prior to use but otherwise used as received. 

Reagents were of commercial origin and were used as received. The compounds 

(Bu4N)3[ReIII
5ReIV(μ3-Se)8I6] (1), [Re6(μ3-Se)8(PEt3)5I]I (2), trans-[Re6(μ3-Se)8(PEt3)4I2] 

(3), cis-[Re6(μ3-Se)8(PEt3)4I2] (4), [Re6(μ3-Se)8(MeCN)6](SbF6)2 (5), [Re6(μ3-Se)8 

(PEt3)5(MeCN)](SbF6)2 (6), trans-[Re6(μ3-Se)8(PEt3)4(MeCN)2](SbF6)2 (7), and cis-

[Re6(μ3-Se)8(PEt3)4(MeCN)2](SbF6)2 (8) were prepared as described elsewhere.4,48 NMR 

spectra were determined in CD3CN solutions with a Varian Unity-300. All 31P-NMR 

spectra were externally referenced to H3PO4 (0 ppm). 

{Re6(μ3-Se)8(PEt3)5[HN=C(OCH3)(CH3)]}(SbF6)2 (9).70 A 100-mL round-

bottom flask was charged with a stirring bar, 85.2 mg (0.0299 mmol) of [Re6(μ3-

Se)8(PEt3)5(MeCN)](SbF6), and 35 mL of reagent grade methanol (as received). The flask 

was stoppered and placed on a magnetic stirring plate. Upon two minutes of vigorous 

stirring, a clear yellow-orange solution was observed. After one night of stirring at 

ambient temperature the solvent was removed via vacuum. Raw 1H and 31P NMR spectra 

were taken at this point to ascertain the Z/E ratio of the product, which proved to be ca. 

94.45% Z and 5.55% E by 1H NMR integration. The sample was then triturated three 

times from dichloromethane solution with diethyl ether to afford a flocculent yellow 

powder, which was dried under vacuum for four hours. The dried solid was subjected to 

anion exchange with NaBPh4 by dissolving the product in 2 mL of dichloromethane in a 
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small vial containing a magnetic stirrer. With continuous stirring, 2.3 mL of saturated 

methanolic NaBPh4 was added to the vial containing the product until the solution 

became turbid. The vial was then fitted with a septum and the solvents removed under 

vacuum. The BPh4
- salt was extracted from the resultant mass of NaBPh4 crystals by 

extraction with CHCl3 (3 times). The extract was then concentrated and washed 5 times 

with cold ethanol. Acetonitrile was used to redissolve the remaining material which was 

then subjected to ether vapor diffusion to afford thin, orange, bladelike crystals suitable 

for structure determination by X-ray diffraction. Those crystals not selected for X-ray 

structure determination were washed with ether and dried overnight under vacuum.  

Yield as the SbF6
- salt was 96% (0.0827g, 0.0287 mmol). Yield as the (BPh4)-

 salt was 

38.0 mg (0.0125 mmol, 44%) due to sample loss during removal of excess NaBPh4. 1H 

NMR: δ 0.96-1.2 (m), 2.00-2.28 (m), 2.43 (s), 3.78 (s), 3.88 (s), 7.65 (s, b), 8.57 (s, b). 

31P NMR: δ -29.30, -28.73, -27.15, -26.4. Anal. Calcd. for C33H82F12NOP5Re6Sb2Se8: C, 

13.73; H, 2.84; N, 0.49. Found: C, 13.92; H, 2.76; N, 0.64.   

{Re6(μ3-Se)8(PEt3)5[HN=C(OCH2CH3)(CH3)]}(SbF6)2 (10).70 A 100-mL, 

round-bottom flask was charged with a stirring bar, 112 mg (0.0393 mmol) [Re6(μ3-

Se)8(PEt3)5(MeCN)](SbF6)2, 45 mL of reagent grade ethanol and 0.4 mL of acetonitrile 

(as received). The flask was fitted with a 5 inch condenser, capped with a septum, and 

placed in a heating mantle on a magnetic stirring plate. The system was placed under 

dynamic N2 blanket and allowed to reflux overnight after which the solvent was removed 

via vacuum. The sample was then refluxed vigorously for 2 hours in 25 mL of neat EtOH 

to complete the reaction. Vacuum was again utilized to dry the reaction mixture after 
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which the raw 1H and 31P NMR spectra were taken to ascertain the Z/E ratio of the 

product, which was ca. 94%:6% by 1H NMR integration. This mixture was then 

concentrated and flash-columned over a short silica-gel plug using 50:2:1 

dichloromethane:acetone:ethyl acetate. The dried solid was subjected to anion exchange 

with NaBPh4 by dissolving the mixture in 2 mL of dichloromethane in a small vial 

containing a magnetic stirrer. Under stirring, 2.3 mL saturated methanolic NaBPh4 was 

added to the vial containing the product mixture until the solution became turbid. The 

vial was then fitted with a septum and the solvents removed under vacuum. The BPh4
- 

salt of the product was extracted from the resultant mass of NaBPh4 crystals by extraction 

with CHCl3 (3 times). The extract was then concentrated and washed 5 times with cold 

ethanol. The remaining sample was redissolved in acetonitrile and subjected to ether 

vapor diffusion to afford bunches of plate-like crystals. Those crystals not selected for X-

ray structure determination were washed with ether and dried overnight under vacuum.  

Yield as the SbF6
- salt was 96% (0.109 g, 0.0377 mmol). Yield as the BPh4

-
 salt was 60 

mg (0.0196 mmol, 48.9%) due to sample loss during removal of excess NaBPh4. 1H 

NMR: δ 0.96-1.2 (m), 1.35 (t), 2.0-2.28 (m), 2.43 (s), 4.08 (q), 4.27 (q), 7.62 (s, b), 8.47 

(s, b). 31P NMR: δ -29.3, -28.8, -27.3, -26.5.  Anal. Calcd. for C82H124B2NOP5Re6Se8: C, 

32.23; H, 4.09; N, 0.46.  Found: 31.75; H, 4.17; N, 0.56. 

trans-{Re6(μ3-Se)8(PEt3)4[HN=C(OCH3)(CH3)]2}(SbF6)2 (11).70 A 100-mL, 

round-bottom flask was charged with a stirring bar, 58 mg (0.0209 mmol) trans-[Re6(μ3-

Se)8(PEt3)4(MeCN)2](SbF6)2, 40 mL of reagent grade methanol (as received), and 0.4 mL 

of reagent grade acetonitrile (as received). The flask was stoppered and placed on a 
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magnetic stirring plate. Vigorous stirring was continued for four days after which the 

yellow orange solution was evaporated to dryness under vacuum.  Raw 1H and 31P NMR 

spectra were taken to ascertain the Z/E ratio of the product, which was ca. 89%:11% by 

1H NMR integration. The sample was then triturated three times from dichloromethane 

solution with diethyl ether to afford a flocculent yellow powder, which was dried under 

vacuum for four hours. The dried solid was subjected to anion exchange with NaBPh4 by 

dissolving the product in 2 mL of dichloromethane in a small vial containing a magnetic 

stirrer. Under stirring, 2.3 mL of saturated methanolic NaBPh4 was added to the vial 

containing the product until the solution became turbid. The vial was then fitted with a 

septum and the solvents removed under vacuum. The BPh4
- salt was extracted from the 

resultant mass of NaBPh4 crystals by extraction with CHCl3 (3 times). The extract was 

then concentrated and washed 5 times with cold ethanol. The remaining sample was 

redissolved in acetonitrile and subjected to ether vapor diffusion to afford red, blocky 

crystals suitable for structure determination by X-ray diffraction. Those crystals not 

selected for X-ray structure determination were washed with ether and dried overnight 

under vacuum. Yield as the SbF6
- salt was 96% (0.0570 g, 0.0201 mmol). Yield as the 

BPh4
-
 salt was 28 mg (0.00931 mmol, 46.1%) due to sample loss during removal of 

excess NaBPh4. 1H NMR: δ 1.10 (m), 2.18 (m), 2.39 (s), 3.74 (s), 3.84 (s), 3.85 (s), 7.56 

(s, b), 8.47 (s, b). 31P NMR: δ -25.4, -24.7, -23.0. Anal. Calcd. for C30H74F12N2 

O2P4Re6Sb2Se8: C, 12.69; H, 2.63; N, 0.99. Found: C, 12.84; H, 2.40, N, 1.25. 

cis-{Re6(μ3-Se)8(PEt3)4[HN=C(OCH3)(CH3)]2}(SbF6)2 (12). A 100-mL, round-

bottom flask was charged with a stirring bar, 264 mg (0.0948 mmol) cis-[Re6(μ3-
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Se)8(PEt3)4(MeCN)2](SbF6)2, 50 mL of reagent grade methanol (as received), and 1 mL 

of reagent grade acetonitrile (as received). The flask was stoppered and placed on a 

magnetic stirring plate. Vigorous stirring was continued for four days after which the 

orange solution was evaporated to dryness via vacuum. Raw 1H and 31P NMR spectra 

were taken to ascertain the Z/E ratio of the product, which was ca. 81%:19% by 1H NMR 

integration. The sample was then triturated three times from dichloromethane solution 

with diethyl ether to afford a flocculent orange powder, which was dried under vacuum 

for four hours. The sample was then redissolved in acetonitrile and subjected to ether 

layering to afford red, blocky crystals suitable for structure determination by X-ray 

diffraction. Those crystals not selected for X-ray structure determination were washed 

with ether and dried overnight under vacuum. Yield was 97% (0.263 g, 0.0923 mmol). 1H 

NMR:  δ 1.08 (m), 2.15 (m), 2.40 (s), 2.42 (s), 2.44 (s), 3.75 (s), 3.77 (s), 3.79 (s), 3.86 

(s), 3.89 (s), 3.90 (s), 7.66 (s, b), 8.55 (s, b). 31P NMR: δ -27.8, -27.2, -27.1, -26.1, -25.7, 

-25.4.  

{Re6(μ3-Se)8[HN=C(OCH3)(CH3)]6}(SbF6)2 (13). A 200-mL, round-bottom flask 

was charged with a stirring bar, 420 mg (0.170 mmol) [Re6(μ3-Se)8(MeCN)6](SbF6)2., 

100 mL of reagent grade methanol (as received), and 2 mL of reagent grade acetonitrile 

(as received). The flask was stoppered and placed on a magnetic stirring plate. Vigorous 

stirring was continued for 4 days after which the orange solution was evaporated to 

dryness under vacuum. 1H NMR displayed residual coordinated acetonitrile; therefore, 

the material was redissolved in the same solvent quantities as before and stirring was 

continued. After an additional 4 days, the drying and NMR analysis was repeated with 
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similar results. Thus, again, the material was redissolved and stirring continued for 

another 4 days. 1H NMR results after a total of 12 days indicated that the reaction was 

still incomplete, although a progressive increase in the peaks corresponding to imino 

esters in the E configuration were noted. To finalize the reaction, the material, dissolved 

as before, stirred with the flask submerged in a water bath heated to 50°C. The resulting 

solution was evaporated to dryness under vacuum after 1 day. A raw 1H spectrum was 

taken to ascertain the Z/E ratio of the product, which was ca. 36%:64% by 1H NMR 

integration. The sample was then triturated three times from acetonitrile with diethyl 

ether to afford a flocculent yellow powder, which was dried under vacuum for four hours.  

The sample was then redissolved in acetonitrile and subjected to ether layering to afford 

orange, hexagonal crystals suitable for structure determination by X-ray diffraction.  

Those crystals not selected for X-ray structure determination were washed with ether and 

dried overnight under vacuum. Yield was 78% (0.352 g, 0.132 mmol) due to apparent 

product degradation. 1H NMR: δ 2.40 (m), 3.77 (m), 3.92 (m), 7.73 (m, b), 8.63 (m, b).  

Photolysis of {Re6(μ3-Se)8(PEt3)5[HN=C(OCH3)(CH3)]}(SbF6)2. An acetonitrile 

solution (ca. 0.5 mL) of approximately 10 mg of [Re6(μ3-Se)8(PEt3)5 

(HN=C(OCH3)(CH3))] (SbF6)2 was exposed to a mercury vapor lamp. NMR spectra (1H 

and 31P) were obtained every 12 hours of irradiation to monitor reaction progress. The 

spectra showed a smooth consumption of the starting imino ester complexes and 

simultaneous emergence of signals due to [Re6(μ3-Se)8(PEt3)5(CH3CN)](SbF6)2, and 

complete conversion of the imino ester into the acetonitrile solvate was accomplished 

after ca. 48 hours. The identical process was performed using [Re6(μ3-
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Se)8(PEt3)5(HN=C(OCH2CH3)(CH3))](SbF6)2, with similar results.  Diethyl ether extracts 

of the photolysis product(s) did not contain enough material for reliable NMR 

characterization, but were sufficient for GC-MS analysis.  An early eluting fraction 

ionized to yield a base peak that matched the molecular ion of the free methyl imino ester 

(m/z 73 amu) and a second peak corresponding to acetamide (m/z 59 amu), the very stable 

hydrolysis product of the imino ester. 

 

2.3 RESULTS AND DISCUSSION 

The previously reported cluster solvate [Re6(μ3-Se)8(PEt3)5(MeCN)](SbF6)2
4 was 

reacted with methanol at room temperature to produce, in quantitative yield, the 

corresponding imino methyl ester complex {Re6(μ3-Se)8(PEt3)5[HN=C(OCH3)(CH3)]} 

{SbF6}2 [9(SbF6)2]. Two possible stereoisomeric products exist consisting of the Z 

isomer, where the addition of the hydrogen to the nitrile is trans to that of the alcohol, 

and the E isomer, where the addition of the hydrogen to the nitrile is cis to that of the 

alcohol (Scheme 2.1). Its 1H NMR spectrum (Figure 2.1a) in a CD3CN solution features a 

mixture of the E an Z isomers with broad singlets at 8.57 and 7.65 ppm (-NH; Z/E, 

respectively), sharp singlets at 3.88 and 3.78 ppm (-OMe; Z/E, respectively), and a singlet 

at 2.43 ppm (not shown) attributable to the original nitrile methyl; this peak is upfield-

shifted upon the addition of methanol from its initial position at 2.79 ppm. The chemical 

shift values overall agree with those reported for similar mononuclear imino ester 

complexes of strong Lewis acid centers;71 the predominance of the Z isomer, 

corresponding to the trans addition of an alcohol to the nitrile triple bond, is suggested. 
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Scheme 2.1. Stereochemistry of alcohol addition to the acetonitrile solvates. Trans 

addition of methanol to the nitrile carbon and hydrogen to the nitrile nitrogen ultimately 

results in the formation of the Z isomer and whereas cis addition leads to the E isomer. 

Shown in the figure is a representation of the monoacetonitrile solvate 6 with the PEt3 

groups excluded for clarity. 
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Figure 2.1.  (a) 1H NMR (partial showing of the resonances of the imino methyl ester 

ligand) and (b) 31P NMR spectra of {Re6(μ3-Se)8(PEt3)5-[HN=C(OCH3)(CH3)]}(SbF6)2 

showing the signals attributable to both the Z and E isomers. 

 

 

 

 



 52

This is surprising because in previous studies the imino ester products are often either 

solely the E isomer or an equilibrium mixture of both.67 It would also be expected that the 

steric hiderance of the methoxy group and electrostatic repulsion between the electron 

rich oxygen and selenium atoms would favor the E isomer. Furthermore, facile 

interconversion between the Z and E isomers subsequent to the addition and purification 

is commonly reported in these studies, especially when a base, believed to function as a 

catalyst, is present.67  

 The 31P NMR spectrum (Figure 2.1b) also exhibits major resonances due to the Z 

isomer at -27.2 and -29.3 ppm, shifted slightly upfield from those of 64 but maintaining 

the 4:1 relative integration mandated by the stereochemistry of the pentaphosphine-

substituted complex. Meanwhile, small but identifiable peaks attributable to the E isomer 

are shown at -26.5 and -28.8 ppm. Barring any other workup, the ratio of the isomers 

remains constant at approximately 94.5% Z and 5.5% E, as calculated from the 

integration of the -OCH3 peaks in the 1H NMR spectrum. The two distinct sets of signals 

in both the 1H and 31P NMR spectra remain unchanged in a standing solution of the 

product mixture, suggesting that under ambient conditions interconversion of the isomers 

does not occur on the NMR time scale.  

 Isolation of the Z isomer from the product mixture was achieved by anion 

exchange with NaBPh4, followed by recrystallization from acetonitrile. Its Z 

configuration is inferred from a comparison of its straightforward 1H NMR spectrum with 

those of reported Z-configured imino ester complexes. Additionally, the smaller peaks 

assumed to be due to the presence of the E isomer are absent. As expected, isomerization 
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to the E form or an equilibrium mixture of both was not observed in a standing solution 

of the Z isomer. 

 The structure of the cationic cluster of 9(BPh4)2, established by single-crystal X-

ray diffraction, is shown in Figure 2.2a. The core appears unaffected by the ligand 

transformation, with bond lengths and angles varying insignificantly relative to 6. The 

Re-N bond length is normal, but other metric parameters concerning the coordinated 

imino ester clearly manifest the anticipated consequences of the transformation from the 

nitrile to the imino ester. The C(31)-N(1) bond length of 1.232(3) Å is consistent with an 

imine (N=C) moiety, whereas the counterpart in 6 is 1.091(3) Å, typical of a coordinated 

nitrile. The Re(6)-N(1)-C(31) angle is reduced significantly to 137.3(2) relative to 6 

[173(1)]. Those angles about C(31) [N(1)-C(31)-C(32), 125.9(3); C(32)-C(31)-O(1), 

119.2(2); N(1)-C(31)-O(1), 114.9(3)] are all close to the expected values for sp2 

hybridization. 

A careful examination of the crystal structure of 9 reveals interesting Se···O(OMe) 

distances: Both Se(2)···O(1) (3.291 Å) and Se(3)···O(1) (3.322 Å) fall into the range of 

the reported Se···O distance when hydrogen bonding involving Se is observed.72 

Experimental and theoretical studies have shown that intramolecular OH···Se hydrogen 

bonding is as strong as OH···O and OH···S hydrogen bonding and has significant 

implications in the conformational stabilization of many Se-containing organic 

molecules.73 Considering the unexpected predominance of the Z isomer and the salient 

structural features observed, it proves entirely justifiable to hypothesize that a bifurcated 

hydrogen bonding (Scheme 2.2) involving the methanol OH group and the two Se atoms 
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Figure 2.2. Crystal structures and partial labeling scheme of compounds 9 (a) and 11 (b) 

with ellipsoids rendered at 50% probability. Counterions and hydrogens are omitted for 

clarity. 
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Scheme 2.2. Proposed bifurcated hydrogen bonding between OH group of the incoming 

methanol and two selenium atoms at the onset of the methanol addition. Hydrogen 

bonding should anchor the methanol in place, pulling the acetonitrile towards it as the 

addition occurs, and forcing the corresponding addition of hydrogen to occur trans. This 

mechanism should direct the formation of the Z isomer. 
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of the cluster core forms at the initial stage of the nucleophilic addition, while a second 

molecule of alcohol helps stabilize the increasing electron density on the N atom. Such 

stereospecific organization of the substrates, leading ultimately to the Z isomer, is 

completely different from the previously proposed four- or six-membered ring transition 

state.13 

 The reaction of [Re6(μ3-Se)8(PEt3)5(MeCN)](SbF6)2 with ethanol and that of 

trans-[Re6(μ3-Se)8(PEt3)4(CH3CN)2](SbF6)2 with methanol afforded the corresponding 

imino ester complexes, {Re6(μ3-Se)8(PEt3)5[HN=C(OCH2CH3)(CH3)]}(SbF6)2 (10) and 

trans-{Re6(μ3-Se)8(PEt3)4[HN=C(OCH3)(CH3)]2}(SbF6)2 (11), respectively. Although the 

bis(acetonitrile) complex 7 reacts with methanol as readily as its mono(acetonitrile) 

analogue 6, the reaction between ethanol and 6 requires reflux of the reaction mixture for 

an extended period of time. This disparity in reactivity of different alcohols suggests that 

the steric bulk of the nucleophile is critically important in such reactions. Corroborating 

evidence is provided in that no reaction occurs when isopropyl or n-butyl alcohol is 

utilized as the nucleophile.   

 The predominance of the Z isomer in the product mixture in both cases was also 

revealed by NMR results in a similar fashion as with the methanol adduct of 6. While the 

ethanol adduct of [Re6(μ3-Se)8(PEt3)5(MeCN)](SbF6)2 revealed a Z:E ratio that was not 

significantly different from that of the corresponding methanol adduct, the trans-{Re6(μ3- 

Se)8(PEt3)4[HN=C(OCH3)(CH3)]2}(SbF6)2 displayed a Z:E ratio of approximately 

89%:11%, respectively. In other words, the overall amount of the E isomer present has 

roughly doubled while the Z isomer diminished by a complementary percentage. Such an 
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observation implies that the trans sites communicate to an appreciable degree, as would 

be expected owing to the delocalized nature of the cluster orbitals.57,60 Addition of an 

alcohol to a nitrile must conseqently decrease the ability of the cluster to engage in 

subsequent hyrdrogen bonding interactions. This does not seem to arise from the 

introduction of backbonding between the cluster and the imino ester, or a lessening of the 

donor ability of the ligand, as the core electron richness is improved subsequent to 

alcohol addition, which is reflected by an upfield shift of the phosphorus signals between 

both compounds 6 and 9 as well as 7 and 11. It must additionally be noted that the 

influence of one trans site on the other is not extensive, as is appropriate for locations 

that are physically remote. Therefore, it was anticipated that a discernible, if vanishingly 

small, amount of each of the possible products (ZZ, ZE, and EE) would be present. This 

can be seen in the 31P NMR spectrum of trans-{Re6(μ3-Se)8(PEt3)4[HN=C(OCH3) 

(CH3)]2}(SbF6)2 (Figure 2.3) wherein three separate peaks are present and putatively 

assigned following from the same conjectures made for the 31P NMR spectrum of 9. 

 Crystallographic studies unambiguously established the Z configuration of the 

ligands in both complex 10 (Figure 2.4) and 11 (Figure 2.2b). Similar to the case of 9, the 

shortest Se···O distances in these two new complexes are also in the range suitable for 

intramolecular OH···Se hydrogen bonding. Otherwise, the differences in bond distances 

and angles between these complexes and {Re6(μ3-Se)8(PEt3)5 

[HN=C(OCH3)(CH3)]}(SbF6)2 are insignificant.   

 To further investigate the validity of the proposed scheme and elucidate the 

source of the reduced hydrogen bonding, two additional complexes, cis-{Re6(μ3-Se)8  
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Figure 2.3. (a) 1H NMR (partial showing of the resonances of the imino methyl ester 

ligand) and (b) 31P NMR spectra of trans-{Re6(μ3-Se)8(PEt3)4 

[HN=C(OCH3)(CH3)]2}(SbF6)2 showing the signals attributable to the ZZ, ZE, and EE 

isomers. 
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Figure 2.4 Crystal structure and partial labeling scheme of compound 10 with ellipsoids 

rendered at 50% probability. Counterions and hydrogens are omitted for clarity. 
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(PEt3)4(CH3CN)2}(SbF6)2 (8) and [Re6(μ3-Se)8(MeCN)6](SbF6)2 (5), were reacted with 

methanol analogously to complexes 6 and 7. It was presumed, though likely multifaceted 

and largely electrostatic,74 that the hydrogen bonding interaction has some covalent 

contribution74c-f from the orbital overlaps between the HOMO of the cluster solvate and 

the LUMO of methanol, resulting in a net σ type interaction (Figure 2.5, right). 

Furthermore, the addition of the first methanol molecule to the bis(acetonitrile) or 

hexakis(acetonitrile) complexes should effect some amount of local symmetry 

redistribution of the HOMO, thus altering the degree of constructive orbital overlap 

between the cluster HOMO and the incoming methanol LUMO. Apparently, the end 

result of this alteration is a less effectual or entirely absent covalent contribution to the 

hydrogen bonding interaction. Otherwise, the increased electron density of the cluster 

core present in compounds 9 and 11 – as evidenced by upfield 31P NMR signals relative 

to the respective nitrile precursors – will enhance the electron richness of the Se atoms, 

bolstering the net hydrogen bonding ability of the cluster in both an electrostatic and 

covalent regard. Since only one coordinated acetonitrile was present originally, this 

observation has little practical significance on the subsequent reactivitiy of compound 9. 

But, with increased cluster core electron richness, the Z isomer should be even more 

preferred in the second methanol addition, meaning that compound 11 should exhibit a 

greater preference for the Z isomer versus compound 9. Yet, the Z and E isomer 

percentages determined for reaction mixtures of these compounds attest to the fact that 

this is not the case. Hence, while the covalency is likely not the dominant component of 

the hydrogen bonding interaction, it may nevertheless be the determining factor in the  
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Figure 2.5. Fenske-Hall61 molecular orbital plots of (left) the LUMO of [Re6(μ3-

Se)8(MeCN)6](SbF6)2 and HOMO of methanol and (right) the HOMO of [Re6(μ3-Se)8 

(MeCN)6](SbF6)2 and LUMO of methanol. Presumably, the orbitals on the left are 

responsible for the bonding interaction between the coordinated acetonitrile and methanol 

while those on the right contribute to the proposed hydrogen bonding interaction which 

directs stereochemistry. 
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stereoselectivity. It also follows that the orbital density of the cluster HOMO in the 

positions cis to that of the first addition site would more strongly reflect any 

perturbations, owing to a direct Re-Re bond. Any effect induced by these perturbations 

would therefore be amplified, possibly leading to an almost exclusive preference for the 

E configuration in subsequent methanol additions to the cis position, and a 50:50 Z:E 

ratio overall for compound 12. 

 To verify this situation, Fenske-Hall molecular orbital calculations61 were 

performed to obtain some qualitative visual justification (via pictorial analysis) for the 

assumptions made. Shown respectively in Figure 2.6 and 2.7 are the HOMO and LUMO 

of the hypothetical, though technically synthetically feasible, mono adduct complexes 

cis-{Re6(μ3-Se)8(PEt3)4[Z-HN=C(OCH3)(CH3)](CH3CN)}(SbF6)2 and {Re6(μ3-Se)8[Z-

HN=C(OCH3) (CH3)](MeCN)5}(SbF6)2. As is evident from inspection of the orbitals, 

both compounds have HOMOs with inappropriate symmetry in the cis position for 

constructive orbital overlap with the methanol LUMO. Additionally, for the methanol 

monoadduct of 5, the orbital density of the cluster LUMO in the regions cis to that of the 

first addition site are enhanced with regard to the trans position, indicating that the next 

addition should occur in a cis position. It is anticipated then that the second addition of an 

alcohol to either hypothetical compound should result in the E configuration and that all 

additions to 5, occurring cis to the first addition site, may be E as well. 

 With the inferred results established, NMR spectra supplied the experimental Z:E 

ratios of the reaction mixtures. The reasoning provided above predicts a Z:E ratio 

of50%:50% for 12 and 33.3%:66.7% for 13. Unexpectedly, the raw reaction mixture of  
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Figure 2.6 The LUMO (left) and HOMO (right) of hypothetical compound cis-[Re6(μ3-

Se)8(PEt3)4[Z-HN=C(OCH3)(CH3)](CH3CN)](SbF6)2. The region inhabited by the 

acetonitrile cis to the first methanol addition site still maintains sufficient orbital density 

and appropriate symmetry for binding methanol (1) but inappropriate symmetry (2) for 

the hydrogen bonding interaction. 
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Figure 2.7. The LUMO (left) and HOMO (right) of hypothetical compound {Re6(μ3-

Se)8[Z-HN=C(OCH3)(CH3)](MeCN)5}(SbF6)2. The regions inhabited by the acetonitrile 

molecules cis to the first methanol addition site still maintain sufficient orbital density 

and appropriate symmetry for binding methanol (1), greater orbital density than the trans 

position (2), but inappropriate symmetry for the hydrogen bonding interaction (3). 
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cis-{Re6(μ3-Se)8(PEt3)4[HN=C(OCH3)(CH3)]2}(SbF6)2 proved to have a ratio of 

approximately 81%:19% while that of {Re6(μ3-Se)8[HN=C(OCH3)(CH3)]6}(SbF6)2 

displayed a ratio of around 36%:64%. Hence, complex 12 does not follow the prescribed 

trend whereas complex 13 apparently does, regardless of the distribution of specific 

isomers present which account for the collective percentages. Most likely, this is a 

consequence of the presence of the triethylphosphine ligands in complex 12. These serve 

as significantly stronger σ donors than acetonitrile without having much of the π 

acceptance present in phosphines with more electron-withdrawing groups attached.75 This 

increases the energy of any filled orbitals that reside near the HOMO by way of 

enhancing the overall cluster electron richness. Any of these filled orbitals that maintain 

appropriate symmetry for the proposed covalent contribution to the hydrogen bonding 

will then participate more effectively in this interaction due to better energy matching 

between the cluster orbital and the methanol LUMO. By inspection of the occupied 

frontier orbitals, it was determined that the HOMO-5 of the monoadduct of 8 has the 

appropriate symmetry in the region of the Se atoms for a hydrogen bonding interaction 

with an incoming methanol molecule whereas, with the monoadduct of 5, the analog is 

the HOMO-4 (Figure 2.8).  

 The energies of the HOMO-5 and HOMO-4 mentioned above are -14.32 and        

-14.89 eV (0.57 eV difference), respectively. Similarly the HOMOs of each hypothetical 

compound are -12.41 and -12.83 eV (0.42 eV difference), respectively. While these are 

not prodigiously large differences, they may be enough to account for the observed 

disparity in the isomeric distribution, since the energy matching between the methanol 
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Figure 2.8. The HOMO-5 (top) and HOMO-4 (bottom) of hypothetical compounds cis-

{Re6(μ3-Se)8(PEt3)4[Z-HN=C(OCH3)(CH3)](CH3CN)}(SbF6)2 and {Re6(μ3-Se)8[Z-HN=C 

(OCH3)(CH3)](MeCN)5}(SbF6)2, respectively, which both have local symmetry about an 

acetonitrile cis to the imino ester capable of supporting the proposed covalent 

contribution to the hydrogen bonding between the cluster and the alcohol. 
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LUMO and the HOMO-5 of cis-{Re6(μ3-Se)8(PEt3)4[Z-HN=C(OCH3)(CH3)](CH3CN)} 

(SbF6)2 would be better thus facilitating the covalent interaction. Nevertheless, reaction 

conditions also contribute somewhat to the isomeric distribution observed as a repeated 

reaction between compound 8 and methanol, wherein the acetonitrile:methanol solvent 

ratio was slowly increased in favor of methanol until the reaction was complete, 

displayed a significantly higher prevalence of the E isomer (ca. 73%:27% Z:E). This 

observation may be an artifact of solvent polarity (electrostatics) or the kinetics of the 

reaction; it stands as a topic for further investigation. 

 Accounting for the differences in isomeric distribution between the trans (11) and 

cis (12) imino ester products proves to follow different logic. Both compounds support 

the same number of triethylphosphine ligands and thus should be of commensurate 

electron richness. It could then be assumed that inspection of the orbital energies for the 

methanol monoadducts of trans-[Re6(μ3-Se)8(PEt3)4(MeCN)2](SbF6)2 (7) and cis-[Re6(μ3-

Se)8 (PEt3)4(MeCN)2](SbF6)2 (8) should suffice to explain why the Z isomer is slightly 

more preferred in 11. That is, the orbital in the monoadduct of 7, suitable for providing a 

covalent contribution towards subsequent hydrogen bonding, should be of higher energy 

– thus better matching the energy of the methanol LUMO – than the analog in the 

monoadduct of 8. Yet, in the monoadduct of 7, it appears that there are two orbitals (the 

HOMO-5 and HOMO-6) in the same energy regime as the HOMO-5 of the monoadduct 

of 8 which appear capable of collectively engaging in constructive σ overlap (Figure 2.9). 

The calculated energies of these orbitals are -14.28 and -14.38 eV, respectively. As the 

differences in energy between these two orbitals and the HOMO-5 of the monoadduct of 
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8 (-14.32 eV) is nearly negligible, it is reasonable to state that any of the orbitals alone 

would be able to furnish an equivalent extent of covalency to the hydrogen bonding 

interaction. Thus, without the presence of the two orbitals to bolster the interaction 

cooperatively, the Z/E ratio observed in 11 might otherwise be much the same as it is in 

12. 

 Crystallography established the structures of compounds 12 and 13 which both 

agreed with the configurations anticipated from the 1H NMR results (Figure 2.10). 

Namely, compound 12 adopts the ZZ configuration in the crystal structure while 

compound 13 has 2 imino esters in the Z configuration and 4 in the E, with the two Z 

imino esters trans to each other and the E imino esters all cis to those. Again, the shortest 

Se···O distances in these of the Z imino ester ligands in the two new complexes are in the 

range suitable for intramolecular OH···Se hydrogen bonding. Furthermore, the differences 

in bond distances and angles between these complexes and the other imino ester 

compounds are inconsequential.  

 It remained to be seen, regardless of the configuration of the complex, whether 

the newly formed ligands(s) can be released from the cluster core and whether the 

potentially precatalytic acetonitrile complexes can be regenerated. The documented 

difficulty in liberating imino ester ligands from their metal complexes originates from 

their enhanced coordinating ability to soft metal centers with respect to their nitrile 

parents.67 At first glance, these cluster compounds offer no obvious benefit over 

previously reported imino ester complexes in terms of ligand expulsion because the 

cluster system is known to be inert to ligand exchange at ambient temperature.5b 
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Figure 2.9. The LUMO+1 (top left), HOMO (top right), HOMO-5 (bottom left) and 

HOMO-6 (bottom right) of hypothetical compound trans-{Re6(μ3-Se)8(PEt3)4[Z-

HN=C(OCH3)(CH3)](CH3CN)}(SbF6)2. The region inhabited by the acetonitrile molecule 

trans to the first methanol addition site still maintains sufficient orbital density and 

appropriate symmetry for binding methanol (1) but inappropriate symmetry for the 

hydrogen bonding interaction (2). The HOMO-5 and HOMO-6 both have local symmetry 

about the acetonitrile trans to the imino ester (3) capable of supporting the proposed 

covalent contribution to the hydrogen bonding between the cluster and the alcohol. 
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Figure 2.10. Crystal structures and partial labeling scheme of compounds 12 (top) and 13 

(bottom) with ellipsoids rendered at 50% probability. Counterions and hydrogens are 

omitted for clarity. 
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Fortuitously, recent photophysical studies have shown that the cluster is labile in the 

excited state, indicating a possible route to photochemically generating a variety of 

interesting species.5a  

 We thus carried out a photolytic study of 9(SbF6)2, whereby an acetonitrile 

solution of 9(SbF6)2 was subjected to UV irradiation. NMR spectra (1H and 31P) were 

obtained every 12 h of irradiation to monitor the reaction progress. The successive 

spectra show a smooth consumption of the starting imino ester complexes and 

simultaneous emergence of signals due to 6. Complete conversion of the original product 

mixture of 9(SbF6)2 (both Z and E isomers) into 6 was accomplished after ca. 48 h. 

However, diethyl ether extracts of the photolysis product(s) did not contain enough 

material for reliable NMR characterization of the liberated imino methyl ester. The 

hydrolysis product, acetamide, was detected via GCMS indicating a need for rigorously 

anhydrous conditions to characterize the imino ester. Therefore, we can only conclude 

that the starting nitrile complex was regenerated; no definitive conclusion can be drawn 

as to whether the imino ester ligand was released in its free form.  

  

2.4 CONCLUSION 

 In summary, it has been found that alcohol addition to [Re6(μ3-Se)8]2+ cluster-

activated nitrile affords the corresponding imino ester complex primarily in the Z 

configuration for all partially triethylphosphine substituted clusters investigated. The 

exception to this rule is {Re6(μ3-Se)8[HN=C(OCH3)(CH3)]6}(SbF6)2 which exhibits a 

preference for the E isomer. Though unexpected, the dominance of the Z isomer may be 
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rationalized by invoking a bifurcated hydrogen-bonding mode involving the alcohol OH 

group and the Se atoms of the cluster at the onset of the reaction. A covalent contribution 

to the hydrogen bonding model is purported to account for the observed isomeric 

distributions. Fenske-Hall molecular orbital calculations verify the symmetry matching of 

the HOMO of the cluster solvate and the LUMO of the incoming methanol such that the 

orbital overlap is constructive overall. Initial formation of a methanol monoadduct of 

either 11, 12, or 13 appears to cause orbital redistribution, placing any orbitals of suitable 

symmetry for subsequent covalent hydrogen bonding contributions significantly lower in 

energy. The larger discrepancy in energy matching between the filled orbitals of the 

cluster (capable of constructive σ overlap) and the LUMO of the alcohol helps to explain 

the preference for the E isomer demonstrated in 13 but not in 11 or 12. The continued 

prevalence of the Z isomer in 11 and 12 is therefore presumed to be a consequence of the 

presence of the stronger σ donor PEt3 ligands, which increase the core electron richeness 

assisting both the electrostatic and covalent portions of the hydrogen bond. The existence 

of two occupied orbitals in 11 with energies nearly equal to the analog in 12 provides 

justification for the larger Z/E ratio in 11. Increasing the steric bulk of the incoming 

alcohol impedes its addition to the cluster-bound acetonitrile molecule but does not 

significantly alter the Z/E ratio, once the reaction is made complete through increased 

temperature and extended reaction time.  

 This work therefore offers a new route to metal-mediated organonitrile additions 

with a significant degree of stereochemical control of the addition products. Although the 

product complex is consumed and a complete regeneration of the starting nitrile complex 
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achieved via photolysis in the presence of acetonitrile, definitive evidence in support of 

the release of free imino ester has yet to be gathered. Nevertheless, given the known 

versatility of coordination chemistry of these clusters, one may imagine applying cluster-

based Lewis acid activation to a range of substrates beyond nitriles and possibly 

developing new catalytic schemes. This work therefore marks the beginning of what 

promises to be an exciting new direction in cluster chemistry.  
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CHAPTER 3. CLUSTER CARBONYLS OF THE [Re6(μ3-Se)8]2+ CLUSTER 

CORE: SYNTHESIS, STRUCTURAL CHARACTERIZATION AND 

COMPUTATIONAL ANALYSIS  

 

3.1 INTRODUCTION 

 Since the serendipitous discovery of the first confirmed homoleptic metal 

carbonyl, Ni(CO)4, the distinctive properties of carbon monoxide and its complexes with 

transition metals have captivated chemists and held a pivotal role in organometallic 

chemistry.76 Organometallic compounds as a whole have been successful in sustaining a 

larger number of molecules, in the form of ligands, that cannot otherwise be stably 

isolated, introducing many new directions in organic synthesis and catalysis.77 Multiple 

homogeneous and heterogeneous catalytic processes have been developed with carbonyl 

complexes, making them valuable assets to the chemical industry.8,78 Currently accessible 

by chemists are various forms of homoleptic and heteroleptic metal carbonyls ranging 

from mononuclear or dinuclear carbonyls, cluster carbonyls, to colloids and bulk metal 

with CO adsorbed.8a,76b,79 

 Yet, as a consequence of the mode in which CO bonds, many challenges face 

chemists seeking to develop practical catalytic systems with cluster carbonyls in 

particular.80 Firstly, carbon monoxide, in general, tends to favor coordination to earlier 

transition metals of lower oxidation states or metallates.78a Correspondingly, decidedly 

fewer examples of later transition metal carbonyls (either mononuclear or cluster) in 

higher oxidation states exist under practical conditions. As an additional hindrance, late 
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transition metal cluster carbonyls are often synthesized in solution as self-assembled or 

condensation products from lower-nuclearity complexes with low associated yield of the 

target compound among a mixture of possible products.8a,58b Due to this fact, control of 

final nuclearity and geometry can prove to be a challenge. Furthermore, the continued 

presence of π-acceptor ligands is necessary in this process to stabilize the resulting 

clusters.8  Also, these clusters often display a propensity toward being unstable, or at least 

undesirably reactive, in the presence of air or moisture81 and will often degrade under 

moderate heating or in the presence of excess ligand.7a Thus, several conditions are 

present which prove counterproductive to the generation of a high-oxidation state cluster 

carbonyl of reasonable practical utility: 1) Presumably, a higher-oxidation state metal will 

serve as a stronger Lewis acid allowing for enhanced activation of the carbonyl carbon 

towards nucleophilic attack; this is an essential feature for CO ligand transformation. 2) 

Low yields and a mixture of products can lead to high cost of production and possible 

inability to isolate the desired compound in a pure form. 3) Necessity for π-acceptor 

ligands to ensure cluster stability limits the choices of spectator ligands and hence the 

ability to vary the electronic properties of a given cluster motif. 4) Some degree of heat is 

often essential in facilitating a catalytic cycle, but thermally unstable compounds may 

quickly decompose, effectively quenching the reaction and requiring continual catalyst 

regeneration or addition. 

 Hexarhenium chalcogenides of [Re6(μ3-Q)8]2+ (Q = S, Se, Te) may provide a 

solution to many of the aforementioned difficulties of traditional cluster carbonyls.1-3, 

48,54a,63 First, they are the major products of their respective reactions, and are easily 



 76

isolated in high yield.48 In addition, unlike their well-known isomorphs of the earlier 

transition metal halides or chalcogenides, these clusters are stable to aerobic handling and 

vigorous synthetic conditions, yet labile enough that multiple-step, solution-phase ligand-

substitution reactions on their terminally bound halides are easily accomplished.4,64 Also, 

the requirement for π-acceptor ligands to maintain the integrity of the cluster core is 

absent; hence, the internal geometry and nuclearity are both predictable regardless of 

terminal ligand choice. Via their classical, albeit rigid, octahedral coordination geometry, 

hexarhenium chalcogenide clusters also allow for passivation of selected terminal sites by 

spectator ligands (such as phosphines) to obtain various isomers which are not subject to 

stereochemical interconversion.4,64,82 Finally, an overwhelming majority of reported 

derivatives of the cluster are stable to degradation upon exposure to air, water, or 

moderate heat, allowing for facile handling, storage, and application. 

 Nevertheless, the employment of the cluster in these developments is, to date, 

largely structural rather than functional. Many recent accounts are committed to the 

exploration of ligand exchanges for more potentially interesting terminal groups83, porous 

supramolecular constructs84, coordination polymers85, or organic-inorganic hybrid 

materials86. Other groups have shifted focus to physical5c,87 or computational55-57,59,62 

studies of the [Re6(μ3-Se)8]2+ cluster or related systems. Finally, even those reports where 

the [Re6(μ3-Se)8]2+ cluster appears to participate in catalysis are often misleading as the 

cluster is only a support for another catalytic entity.88  Thus, conspicuously missing is the 

fundamental chemistry supported by the cluster core alone. Envisioned herein is 

development of novel and potentially important chemistry in which these structurally 
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well-defined and functionally interesting transition metal clusters – as “pseudo” metal 

ions – surrogate for single metal centers in classical coordination and organometallic 

compounds. This is an essentially uncharted territory of cluster chemistry, one with great 

promise for developing new science and useful materials due to the unique structural and 

functional features of metal clusters and concomitant retention and possible enrichment 

of the many advantages of mononuclear systems.   

 Efforts in this vein have yielded three novel cluster-based organometallic 

compounds, [Re6(μ3-Se)8(PEt3)5(CO)](SbF6)2 [14•(SbF6)2],89 trans-[Re6(μ3-Se)8(PEt3)4 

(CO)2](SbF6)2 [15•(SbF6)2],89 and cis-[Re6(μ3-Se)8(PEt3)4(CO)2](SbF6)2  [16•(SbF6)2]4b 

(Scheme 3.1). They are the first carbonyl compounds of the hexarhenium cluster system, 

yet not of any hexanuclear metal chalcogenide clusters as precedent exists in the form of 

the hexacobalt cluster carbonyl compounds [Co6(μ3-Q)8(CO)6] (Q = S, Se).90 

Nevertheless, the structurally analogous hexarhenium carbonyls possess attributes 

sufficiently unique to merit thorough investigation. Hence, an exploration of their 

singular properties follows, seeking to fully characterize the features of the CO binding to 

these clusters. It is anticipated that by delving thoroughly into the characteristics of these 

compounds that a deeper understanding of the nature of the [Re6(μ3-Se)8]2+ cluster itself 

will be elucidated and further research can then actualize CO ligand transformation and 

practical applications including hexarhenium cluster-based catalysis, as promised by 

other recent studies.70,89,91 
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Scheme 3.1 The synthetic methodology for the generation of the [Re6(μ3-Se)8]2+ cluster 

carbonyls. Usage of the silver salt AgSbF6 promotes the precipitation of AgI and 

formation of a vacant site which is occupied by CO in the absence of other coordinating 

media. 
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3.2 EXPERIMENTAL 

 Preparation of Compounds. Standard Schlenk and vacuum line techniques were 

employed for all manipulations of oxygen- and/or moisture-sensitive precursor 

compounds. Solvents were degassed with N2 prior to use but otherwise used as received 

from chemical suppliers. Reagents were of commercial origin and were used as received 

as well. The precursor compounds (Bu4N)3[Re6(μ3-Se)8I6], [Re6(μ3-Se)8(PEt3)5I]I, trans-

[Re6(μ3-Se)8(PEt3)4I2], and cis-[Re6(μ3-Se)8(PEt3)4I2] were prepared as described 

elsewhere.18,21,41 Identity was confirmed via NMR, IR, elemental analysis, and X-ray 

structure determinations for the carbonyl compounds. The chloride photolysis product 

was characterized using NMR, IR, mass spectrometry, and crystallographic analysis. 

 [Re6(μ3-Se)8(PEt3)5(CO)](SbF6)2 (14).89 This compound was prepared by 

dropwise addition of excess (0.0956 g, 0.280 mmol) AgSbF6 dissolved in 5 mL CH2Cl2 to 

a 25 mL CH2Cl2 solution of [Re6(μ3-Se)8(PEt3)5I]I (0.0803 g, 0.0308 mmol) in a septum-

capped, 50-mL round-bottom flask purged with CO and under constant CO bubbling. 

Following addition of AgSbF6, the flask was covered in aluminum foil to exclude light, 

and the mixture was stirred for 16 hours; CO bubbling was discontinued after 3 hours. 

Upon completion of the reaction, the product was separated from the AgI precipitate by 

evaporating the solution to dryness in vacuo, dissolving the dried product in minimal 

CH2Cl2, and centrifuging the mixture. The product was precipitated from the amber 

solution with Et2O to obtain a tan solid in near-quantitative yield (0.0861 g, 0.0302 

mmol, 97.9%). A portion of the product was then redissolved in CH2Cl2; pentane was 

layered on top of this solution allowing for slow diffusion at room temperature and 
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resulting in single crystals suitable for analysis by X-ray diffraction. IR (KBr, ν/cm-1):   

2970 (w), 2937 (w), 2926 (w), 2882 (w), νCO 2068 (m), 1457 (w), 1419 (w), 1384 (w) 

1258 (w), 1036 (m), 1024 (w), 763 (m), 755 (m), 724 (m), 656 (s), 569 (w), 432 (m). 13C 

NMR (CD2Cl2): δ 10.75, 27.46, 27.61, 27.88, 28.05, 246.35. 31P NMR (CD2Cl2): δ -

25.20, -28.59. Anal. Calcd. for [Re6(μ3-Se)8(PEt3)5(CO)](SbF6)2 or 

C31H75F12OP5Re6Sb2Se8: C, 13.11; H, 2.66. Found: C, 13.21; H, 2.37. 

 trans-[Re6(μ3-Se)8(PEt3)4(CO)2](SbF6)2 (15).89 This compound was prepared 

from 0.0601 g (0.0242 mmol) of pure trans-[Re6(μ3-Se)8(PEt3)4I2] via dropwise addition 

of excess (0.0987 g, 0.289 mmol) AgSbF6 in an analogous fashion as 14. After 

subsequent workup, the product was precipitated from the amber solution with Et2O to 

obtain a tan solid in high yield (0.0607 g, 0.0220 mmol, 90.9%). A portion of the product 

was then redissolved in CH2Cl2; hexanes was layered on top of this solution allowing for 

slow diffusion at room temperature and resulting in single crystals suitable for analysis 

by X-ray diffraction. IR (KBr, ν/cm-1): 2966 (m), 2928 (m), 2921 (w), 2879 (w), νCO 2070 

(s), 2034 (w), 1463 (m), 1419 (m), 1376 (m), 1266 (m), 1247 (w), 1037 (s), 1010 (m), 

861 (w), 768 (s), 765 (s), 744 (m), 730 (s), 657 (s), 569 (w), 434 (s), 412 (m). 13C NMR 

(CD2Cl2): δ 10.73, 10.86, 27.57, 27.75, 28.01, 28.19, 259.20.  31P NMR (CD2Cl2): δ -

20.43. Anal. Calcd. for trans-[Re6(μ3-Se)8(PEt3)4(CO)2](SbF6)2 or 

C26H60F12O2P4Re6Sb2Se8: C, 11.36; H, 2.20. Found: C, 11.45; H, 1.97. 

 cis-[Re6(μ3-Se)8(PEt3)4(CO)2](SbF6)2 (16).4b This compound was prepared from 

0.0622 g (0.0250 mmol) of pure cis-[Re6(μ3-Se)8(PEt3)4I2] via dropwise addition of 

excess (0.0999 g, 0.292 mmol) AgSbF6 in an analogous fashion as 14. After subsequent 
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workup, the product was precipitated from the amber solution with Et2O to obtain a tan 

solid in high yield (0.0630 g, 0.0228 mmol, 91.2%). A portion of the product was then 

redissolved in CH2Cl2; a 1:1 mixture of Et2O:hexanes was layered on top of this solution 

allowing for slow diffusion at room temperature and resulting in single crystals suitable 

for analysis by X-ray diffraction. IR (KBr, ν/cm-1): 2970 (m), 2938 (m), 2916 (w), 2880 

(w), νCO 2105 (s) and 2083 (s), 1457 (m), 1418 (m), 1383 (m), 1264 (w), 1036 (s), 1008 

(w), 993 (w), 762 (s), 752 (m), 726 (s), 718 (w), 657 (s), 570 (w), 433 (m), 423 (m), 418 

(m). 13C NMR (CD2Cl2): δ 10.76, 10.83, 10.90, 27.68, 27.81, 28.12, 28.25, 261.07. 31P 

NMR (CD2Cl2): δ -20.35, -23.92. Anal. Calcd. for cis-[Re6(μ3-Se)8(PEt3)4(CO)2](SbF6)2 

or C26H60F12O2P4Re6Sb2Se8: C, 11.36; H, 2.20. Found: C, 11.73; H, 2.16. 

 [Re6(μ3-Se)8(PEt3)5Cl](SbF6)2 (17).89 This compound was prepared via a 

photolysis reaction of pure [Re6(μ3-Se)8(PEt3)5(CO)](SbF6)2. In a 5-mm NMR tube, 

0.0160 g (0.00562 mmol) of [Re6(μ3-Se)8(PEt3)5(CO)](SbF6)2 was dissolved in 1 mL of 

CH2Cl2. The tube was capped and the cap was sealed with parafilm and secured with 

copper wire. Meanwhile, a mercury vapor lamp was suspended inside a quartz condenser 

through which chilled water was circulated. The quartz condenser itself was submersed in 

an ice bath contained within a mirrored dewar. Using copper wire, the NMR tube was 

suspended from the edge of the condenser into the ice bath; the entire apparatus was then 

covered in aluminum foil. For 1 hour intervals, the NMR tube was irradiated with UV 

light for a total of 5 hours with the ice being replenished after each 1 hour interval. The 

resulting solution appeared brown-red yet the solid was grey-green upon precipitation 

with Et2O. After drying the solid in vacuo, a yield of 0.0151 g (0.00530 mmol, 93.5%) 
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was obtained. Crystals suitable for X-ray diffraction were grown via layering of toluene 

on top of a CH2Cl2 solution of the product. An IR spectrum (KBr) confirmed the loss of 

CO, considering that the spectrum proved nearly identical with the exception that the 

peak at 2068.4 cm-1 was absent. The 1H NMR yielded several broad peaks consistent with 

a paramagnetic compound while the 31P NMR spectrum was featureless. 1H NMR 

(CD2Cl2): δ 4.8-4.5 (b), 3.7-3.5 (b), 2.2-2.0 (b), 1.6-1.5 (b), 1.4-1.0 (b), 0.2-0.0 (b). ESI 

FT-MS: m/z 2376.4750 (M+ - 2SbF6). Anal. Calcd. For [Re6(μ3-Se)8(PEt3)5Cl](SbF6)2 or 

C30H75ClF12P5Re6Sb2Se8: C, 12.66; H, 2.66. Found: C, 12.95; H, 2.37. 

 X-ray Structure Determinations. Structures were determined for the 4 

compounds designated 14-17. Crystals suitable for X-ray diffraction were obtained for 

the compounds via layering of pentane (14), hexanes (15), 1:1 Et2O:hexanes (16), and 

toluene (17) onto CH2Cl2 solutions of each to achieve amber plates (14), dark amber 

blocks (15), dark reddish-amber needles (16), and small dark red blocks (17). The 

crystals were coated with Apiezon L grease, attached to glass fibers. At this point, data 

were collected on a Bruker SMART 1000 CCD diffractometer using graphite-

monochromated Mo Kα (λ = 0.71073 Å) radiation at 150 K (14, 16 and 17) using an 

Oxford Cryosystems Cryostream and at 180K using a Cryostream Controller 700 (15).92 

SMART was utilized to control the diffractometer and SAINT was used for integration.  

SADABS provided absorption correction based on symmetry-equivalent and repeated 

reflections. The structures were solved by direct methods using SHELXTL and refined 

by full-matrix least-squares on F2 using SHELXTL 6.0. 
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 Computational Details. The calculations for compounds 14-16 were carried out 

by using the Amsterdam Density Functional (ADF) code,93 where the scalar relativistic 

effects were incorporated by using the zero order regular approximation (ZORA). 

Electron correlation effects were treated within the LDA approximation, and non-local 

exchange and correlation gradient corrections (PW91) were included in the calculations. 

Geometry optimizations of the cluster compounds were calculated with a small frozen 

core using standard Slater-type-orbital (STO) basis sets with triple-ζ quality plus 

polarization functions (TZP) for all the atoms. 

 Other Physical Measurements. All IR spectra were obtained using a Nicolet 

Avatar 360 FT-IR Spectrometer with KBr pellets with 1 cm-1 resolution. NMR spectra 

were recorded on a Varian Unity-300 spectrometer in CD2Cl2. All 31P-NMR spectra were 

externally referenced to 85% H3PO4 as 0 ppm (negative values upfield). Elemental 

analysis was provided by a commercial source, NuMega Resonance Labs, Inc. An ESI 

mass spectrum was recorded using an IonSpec Fourier Transform Mass Spectrometer. 

Electrochemical measurements were performed with model 273 EG&G Princeton 

Applied Research potentiostat, a glassy carbon working electrode, a coiled platinum 

counter electrode and an Ag/Ag+ (0.010 M AgNO3, 0.10 M (n-Bu4N)(PF6), acetonitrile) 

reference electrode on a 1 mM solution of each compound in dry CH2Cl2 with 0.1M 

(Bu4N)(PF6) as the supporting electrolyte. Potentials were also referenced to Fc/Fc+ in 

CH2Cl2. 
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2.3 RESULTS AND DISCUSSION 

 To begin the discourse on the properties of these carbonyls, it must first be 

asserted that their synthesis is somewhat atypical, involving halide abstraction with 

AgSbF6 as detailed in the introduction. An AgI precipitate immediately forms when 

AgSbF6 is added to a solution containing compounds 2-4, driving the reaction forward to 

free the Re(III) site, and allow coordination of any available ligand. As CO is the only 

appropriate ligand present in dry, CO saturated CH2Cl2, the exchange is rapidly enacted 

under mild conditions. Precedent is provided for the synthetic approach to [Re6(μ3-Se)8]2+ 

cluster carbonyls through the previously reported high-yield syntheses of cluster [Re6(μ3-

Se)8]2+ solvates, wherein silver salts are added to solutions of the iodo precursors with 

CH3CN, DMSO, and DMF present to act as ligands once the halide is removed via 

precipitation.4,94 No oxidation or reduction of the metal atom(s) is necessary or observed 

(on the phosphine substituted derivatives) which contrasts some other syntheses, 

especially the reasonably analogous reactions reported involving SbF5 or HF-SbF5 to 

produce homoleptic, mononuclear carbonyl cations.79 Furthermore, while cluster 

carbonyl synthesis is highly variable in technique, some reviews are available that allow 

for a contrast to be made between the [Re6(μ3-Se)8]2+ cluster system and other 

hexanuclear cluster carbonyls.80,95 The general procedures for preparing these other 

cluster carbonyls were summarized elsewhere as primarily consisting of pyrolysis of 

carbonyls of lesser nuclearity, reduction of lower nuclearity carbonyls, addition of 

another vertex to a preexisting pentanuclear cluster (“capping”), or controlled coupling of 

cluster carbonyl precursors through linking ligands.95b 
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 To further elucidate the physical properties of the cluster carbonyls, various 

fundamental experiments were performed. Solubility tests proved that the compounds 14-

16 were soluble in most polar, organic solvents (e.g. CH2Cl2, CH3NO2, etc.) whereas they 

displayed insolubility or sparing solubility in nonpolar, organic solvents, allowing for 

facile removal from solution. Furthermore, usage of coordinating solvents – such as 

acetone, CH3CN, and DMSO – did not result in ligand exchange after contact for several 

days. An exception to this rule was CH3I, which was observed to slowly revert compound 

14 to [Re6(μ3-Se)8(PEt3)5I]I upon heating. Exposure of the carbonyls 14-16 to vacuum, 

air, light, and water did not prove detrimental to the integrity of the compounds, as 

evidenced by no appreciable changes in the 31P NMR spectra after several months of 

exposure to ambient conditions. This allowed for handling of the [Re6(μ3-Se)8]2+ 

compounds in air, subsequent to synthesis, and drying in vacuo. Additionally, heating 

compounds 14-16 in TGA studies (Figure 3.1) did not result in loss of the CO ligand until 

at least 180°C (PEt3 loss began around 300°C), demonstrating their high thermal stability 

and precluding the need for cold storage. Specifically, by determination of the 

temperature of the minimum of the peak corresponding to the first weight loss in the 

derivative plot, approximate weight loss temperatures of 196°C, 228°C, and 184°C were 

determined for compounds 14, 15, and 16, respectively. This indicates that the most 

thermally stable compound should in fact be 15 and the least should be 16. Clarification 

of this situation is provided later through IR studies as reduced C-O stretching 

frequencies indicate more Re to CO bacbonding and thus a stronger overall bond between 

the cluster and ligand. It is noteworthy that thorough analysis of the thermodynamic  
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Figure 3.1. Thermogravimetric analysis of compound 14 plotted as the weight loss 

percent versus temperature (top) and the first derivative of weight loss percent versus 

temperature (bottom). The first weight loss corresponds to the release of CO and the 

larger second weight loss to that of PEt3. 
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stability of some representative hexarhenium cluster compounds has been described 

elsewhere.87b 

 While the 1H NMR spectra are unremarkable, the aforementioned 31P NMR 

spectra of complexes 14-16 display peaks with the expected relative integration as 

mandated by the stereochemistry of the clusters. Yet, these peaks are substantially 

downfield-shifted as compared with those of their respective starting complexes. This can 

be understood as being a consequence of the substitution of the σ/π donor ligand I- for the 

weak σ donor/strong π acceptor ligand CO. The 13C NMR spectra display, in addition to 

the anticipated resonances of PEt3, a peak of the carbonyl carbon at 246, 259, and 261 

ppm, respectively for 14, 15 and 16. These signals also prove to be downfield-shifted 

from the free CO carbon resonance of approximately 181.3 ppm, as attributed to 

deshielding from the σ donation of electron density from the CO ligand.  

 The presence of the CO ligand(s) is further confirmed by infrared spectroscopy.  

CO stretching frequencies (νCO) of 14, 15 and 16 are observed at 2068, 2070, and 

2105/2083 cm-1, respectively. These values are sizably lower than that of free CO (2143 

cm-1), suggesting the existence of backbonding interactions of magnitude consistent with 

a Re(III) center.96  However, we note that while essentially all computation studies on the 

[Re6(μ3-Q)8]2+ (Q = S, Se) clusters vary in their intent and ultimate conclusions, most 

agree that the highest occupied molecular orbitals (HOMOs) are of eg 

character.5c,57,59b,87a,97 As these orbitals have been established to be of δ symmetry with 

respect to the terminal (outer) ligands, this effectively excludes any significant overlap of 

the cluster core orbital with the 2π* orbital of CO and thus prohibits back-donation.55-57 
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Nevertheless, the IR results contradict such an assertion. We also note that Fedorov and 

coworkers suggested in a recent study with [Re6Q8(OH)6]4- clusters (Q = S, Se) that when 

the chalcogenide is Se, the HOMOs consist of a triply degenerate t2u set, which by 

symmetry are suitable for back-donation to the CO 2π* orbital.60 Hence, with respect to 

the [Re6(μ3-Se)8]2+ cluster core in particular, this study places the appropriate occupied 

orbitals sufficiently high in energy to make energy matching with the 2π* orbital of CO 

pertinent.  Hence, we conducted computational studies, which shall be discussed later, in 

order to gain a better understanding of the electronic structures of these clusters. 

 Before continuing though, the nearly identical CO stretching frequencies observed 

for 14 and 15 merit further discussion. First, comparable magnitude of cluster-to-CO 

back-donation is inferred. It follows that the electronic perturbation to another CO ligand 

as a result of the presence of a CO ligand trans to it on the cluster core is largely 

negligible. Therefore, successive Re(III) centers apparently have access to equivalent 

electron density, largely undiminished by the first addition of CO and delocalized 

amongst all the Re(III) centers of the cluster core. Otherwise, the competition for 

decreased electron density from the same cluster core should lead to appreciably reduced 

back-donation and thus a larger value of νCO for 15. Nevertheless, the value of νCO for 16 

presents some complications to this rationale.  Both CO stretching frequencies for 16 are 

larger than their counterparts in 14 and 15, though still below the value of free CO. As 

both Re(III) centers maintain an Re-Re bond, the reduction in backbonding strength is the 

plausible result of more efficacious electronic communication between the formally 

bonded Re centers. Moreover, these Re(III) centers must also share two Se atoms as 
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ligands. Considering the Re(III) centers as isolated species, this would essentially 

decrease the number of Se “ligands” on either center from 4 to 3, attenuating the 

availability of direct negative charge density upon which to draw on for donation back to 

the CO ligand. With less backbonding, the Re-C bond should be noticeably weaker, thus 

accounting for the lower temperature at which CO is liberated from the cluster in 16. 

Compound 16 also presents two CO stretches of nearly equal intensity a mere 22 cm-1 

apart, which most likely arises as a consequence of symmetry.77b  

 To reduce speculation, electrochemical analysis was performed on compounds 

14-16 and 6-8 to ascertain the effect of ligation and stereochemistry on the well-

established, reversible, one-electron oxidation potential of the cluster core.2,63a It was 

assumed that the acetonitrile solvates (6-8) would provide an apt standard by which to 

evaluate the carbonyl analogs (14-16). Such a presumption was made on the basis that 

acetonitrile acts primarily as a σ donor with little π acceptor character, or at most 

comparable acceptor capability as that of the PEt3 ligands.75,98 Upon completion of the 

analyses, the expected trends were observed with respect to the single oxidation event 

(Figure 3.2 and Table 3.1).  Between compounds 6 and 14, a shift of +0.209 V was seen 

in the oxidation potential, which indicates a noteworthy reduction of the core electron 

density in 14 as compared to 6, strongly suggesting the existence of backdonation to the 

CO ligand. From compound 7 to compound 15, a difference of +0.408 V was obtained 

with regard to their oxidation potentials. This value, nearly twice the difference of that 

between 6 and 14, demonstrates that the reduction of electron density from the cluster by 

the second CO ligand is nearly equal to that caused by the first. Confirmation is 
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Compound E° vs. Ag/Ag+ E° vs. Fc/Fc+ 

14 1.1326 0.9436 
15 1.3233 1.1358 
16 1.2852 1.0977 
6 0.9238 0.7348 
7 0.9156 0.7281 
8 0.9406 0.7531 

 

Figure 3.2 and Table 3.1. The cyclic voltammograms of compounds 6-8 and 14-16. The 

narrow black, blue, and red lines correspond to the CVs of compounds 6, 7, and 8 and the 

bold black, blue, and red lines correspond to the CVs of compounds 14, 15, and 16, 

respectively. The table summarizes the first, reversible ionization potentials of 

compounds 6-8 and 14-16 in volts. 
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accordingly provided for the inference that the backdonating ability of the cluster is of 

comparable magnitude at the position trans to the first CO. The mediating factor for 

backdonation strength is therefore not solely the overall electron density on the cluster 

core. Meanwhile, +0.345 V separates 8 and 16, providing proof that the π acceptance 

capability of two CO ligands in the cis positions on the cluster core is diminished with 

respect to those in the trans positions and, hence, the extent of core electron depletion is 

lower in 16 with respect to 15. In this manner, the collective electrochemical results 

support the proposition that the Se play a significant role in the bonding capabilities of 

the Re atoms, as alluded to in the previous paragraph. 

 Computational studies of compounds 14-16 unveiled plausible justifications for 

many of the outstanding questions left unresolved by the other techniques employed. A 

pictorial analysis revealed the existence of occupied orbitals for each of the compounds 

which exhibit unmistakable overlap of core orbitals with the 2π* orbital(s) of CO (Figure 

3.3a). In addition, there are several unoccupied orbitals (LUMO especially) for each 

compound which manifest π interaction between core orbitals and 2π* orbital(s) of CO 

(Figure 3.3a). These may be interpreted as excited state modalities through which 

backdonation from the cluster to the CO ligand may be achieved, suggesting that these 

compounds may be stable to sustained irradiation by UV and visible light.  

 To achieve further comprehension of the situation, the percent composition of Re 

and Se in the relevant molecular orbitals was calculated (Table 3.2). For the HOMO-4 of 

14 and the HOMO-3 of 15 and 16, which appeared to be the orbitals in which the most 

significant π overlap occurred, the % composition of the orbitals involved is much more 
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Figure 3.3. (a) Selected molecular orbitals of compounds 14-16. Clockwise from upper 

left: HOMO-4 of 14, HOMO-3 of 15, HOMO-3 of 16, LUMO of 16, LUMO of 15, 

LUMO of 14. Note the CO ligand located in the upper middle portion of each image. (b) 

Fragment analysis of the bonding between Re(III) and CO.  
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weighted towards Se than Re. While this varies somewhat between compounds, it can be 

approximated at 50%. Meanwhile, the Re contribution varies more considerably between 

the compounds with 14, 15, and 16 being 24.49%, 18.62%, and 15.24% Re, respectively.  

Both of these observations have noteworthy ramifications. First, it is implied that the 

electron density available for cluster-to-CO backbonding arises predominantly through 

contribution from the Se atoms to the appropriate orbitals. For this reason, an indirect 

mechanism is presumed (Scheme 3.2). In this representation of events, considering the 

atoms involved as isolated species, electron density from Se atoms is initially redirected 

to the Re following substitution of I- by the weaker σ-donor CO. This is then combined 

with any available electron density on the more electron-deficient Re(III) to fuel 

backbonding to the 2π* orbital of CO by way of Re 5d orbitals of π symmetry. The 

additional electron density on CO would then be donated in a σ-fashion back to Re to 

complete the familiar synergistic bonding mode. Since the Se atoms appear to be more 

directly participating, it assists in explaining the higher stretching frequency (less 

backbonding) observed in 16 as well as the smaller change in ionization potential 

between compounds 16 and 8 versus between 15 and 7. As stated before, the two CO 

ligands in 16 must split the electron density of the shared Se atoms which is fairly 

dramatically and convincingly displayed in Figure 3.3a (top right). 

 Second, while Re may not be the dominant source for the electron density 

participating in the backbonding, it does still significantly impact the observed effects. 

Noting that compound 14 has the most contribution from Re (and equal Se contribution) 

in the appropriate molecular orbital, it is reasonable to assume that it will have the 
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 HOMO-4 HOMO-3 HOMO-2 HOMO-1 HOMO LUMO 

14 50.98% Se 
24.49% Re 

49.48% Se 
19.96% Re 

44.83% Se 
20.21% Re 

22.12% Se 
67.57% Re 

23.85% Se 
68.08% Re 

25.39% Se 
53.50% Re 

15 59.06% Se 
18.20% Re 

48.36% Se 
18.62% Re 

48.95% Se 
17.25% Re 

20.60% Se 
69.24% Re 

22.30% Se 
70.41% Re 

28.42% Se 
58.40% Re 

16 55.94% Se 
18.22% Re 

50.19% Se 
15.24% Re 

44.44% Se 
22.25% Re 

18.86% Se 
69.24% Re 

18.74% Se 
68.16% Re 

29.95% Se 
50.31% Re 

 

Table 3.2. Percent composition of Re and Se in selected frontier orbitals of compounds 

14-16. 
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Scheme 3.2 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 σ 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. 
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strongest backbonding interaction, which the evidence supports. Compound 15, on the 

other hand, has less Re contribution which will weaken the π donation to each CO 

somewhat comparative to 14.  Finally, compound 16 has the least Re composition in its 

backbonding orbital – in addition to sharing Se atoms – leading the most diminished 

backbonding of all the compounds reported. A compounding of these effects may explain 

why [Re6(μ3-Se)8(CO)6](SbF6)2 was never successfully isolated. 

 Third, the computations suggest that the compounds may be robust under 

irradiation by UV-visible light. In other words, photolysis of the Re-C bond may be 

stymied by the existence of low-lying, unoccupied orbitals (the LUMO especially) which 

maintain the proper symmetry and overlap for bonding interactions between the cluster 

and CO provided by any electrons promoted into them. Yet, the strength of these excited-

state interactions are uncertain owing to the fact that they are preeminently Re based, as 

compared to the Se dominance of the HOMO-3 or HOMO-4. Furthermore, the 

applicability and influence of selection rules for the HOMO-LUMO transitions is 

questionable as the symmetry of compounds 14-16 has been significantly reduced, thus 

altering the orbital designations from that of simpler Oh species like [Re6(μ3-Se)8I6]3+.   

Nevertheless, it indicated that CO may not be easily displaced via irradiation unless the 

compound is concurrently in the presence of a more strongly coordinating ligand. These 

results contrast previously reported photophysical and spectrosocopic studies wherein 

photoexcitation of cluster derivatives resulted in enhanced lability of the terminal ligands 

as manifested by quenching of the primarily cluster-based emission.5a,c This emission 

reduction was especially noted when the experiments were performed on various cluster 
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solvates in neat dichloromethane solution.5a This suggests replacement of the terminal 

ligands by chloride as generated by photoinduced excision of a Cl radical from 

dichloromethane and subsequent formation of lower quantum yield cluster chlorides. 

 Regardless of mechanism involved, strong evidence that backbonding is occurring 

can be discerned by noting the partial charges on the Re atoms in compounds 14-16 

(Appendix A) as obtained through Mulliken population analysis. In compound 14, it is 

readily apparent that one Re bears a negative charge (-0.0573), whereas the rest are 

positive (+0.0851 to +0.1161). As the Re atoms with positive charges are attached to 

phosphines, the source of this negative charge on the other Re cannot simply be attributed 

to the superior σ-donating strength of the CO ligand. Observation of the calculated 

charges on the Se atoms also displays a distinct split between the 8 Se atoms present, 

with one group of four presenting a more electron depleted range of charges (-0.2227 to -

0.2431) and another group of four apparently more electron rich (-0.2642 to -0.3205).  

Thus, it must be presumed that the bonding situation depicted in Scheme 3.2 is traspiring. 

If the circumstances are such that the Se atoms must first donate their charge to Re to 

provide the necessary electron density for backbonding, then the excess charge might be 

construed as a backlog of electron density which could not be completely siphoned off by 

the CO ligand. The Re atoms would then serve as a negative charge reservoir of sorts, 

collecting electron density with the backbonding proving insufficient to shift it entirely 

towards the ligand. Once electron density has been shifted to the ligand, it is likely 

rapidly transferred back to Re through the Re-CO σ bond, which further exacerbates the 

buildup of negative charge on Re. For compounds 15 and 16, the situations are slightly 
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more complicated but can be rationalized by invoking some of the above arguments.  In 

the case of 15, the average negative charge on the Re atoms with CO ligands (-0.0629) is 

slightly larger than that on the Re in 14. Moreover, the Se charges show no recognizable 

separation, span a range from -0.1464 to -0.2051, and are therefore more diminished in 

electron density than those of 14. This serves as an anticipated outcome of the fact that 

two carbonyls are present and in a trans arrangement. The process summarized in 

Scheme 3.2 implies that the lower % contribution of Re in the backbonding molecular 

orbital of 15 versus 14 causes weaker, less efficacious backbonding to CO which 

generates a larger electron buildup on 15. As for compound 16, the lower average 

negative charge on the relevant Re atoms (-0.0188) is most easily explained as a 

consequence of sharing Se atoms. Two Se atoms are distinctly drained of their negative 

charge (-0.0668 and -0.0819), whereas four others show charge reduction similar to 15 (-

0.1695, -0.1982, -0.2072, and -0.2109), and the two not bonded to Re atoms with 

carbonyl ligands are much less exhausted of their charge (-0.3187 and -0.3392). 

Meanwhile, the similar charges on both Re atoms having CO as a ligand (-0.0194 and -

0.0182) support the premise that the two CO stretching resonances observed in the IR 

spectra are symmetry induced, as suggested by the comparable magnitude of the stretches 

despite their small energetic separation.77b 

 The structures of the carbonyl compounds 14-16 were established 

crystallographically, and the results elucidate some further features. Shown in Figure 3.4 

are the structures of the cationic clusters, in which the Re-CO moiety in each complex is 

unequivocally displayed. The bond lengths and angles of the core vary insignificantly 
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relative to other derivatives of the same core with different ligand sets. For example, the 

Re-Re distances for the pentaphospine substituted clusters [Re6(μ3-Se)8(PEt3)5I]I, 6, and 

14, are 2.641-2.662 Å, 2.628-2.656 Å, and 2.636-2.647 Å, respectively.4,89,94 The Re-Se 

distances of the same clusters are 2.515-2.538 Å, 2.509-2.527 Å, and 2.511-2.527 Å, 

respectively. Hence, no significant dependency of these bond distances on the CO 

backbonding seems to exist. Consistent with the IR results, the Re-CO bond distances of 

2.05(2) Å (14), 1.98(1) Å (15), and 2.05(1) and 2.07(1) Å (16) (Table 3.3) suggest 

multiple-bond character. Justification for this statement can be found through comparison 

of mononuclear Re(III)-CO bond lengths to Re(III)-C single bond lengths as found in the 

literature. Through examination of various sources, it was discovered that common 

Re(III)-CO bond lengths fall in the range of approximately 1.86 Å to 1.98 Å96,99 while 

Re(III)-C single bond lengths were noted to vary between about 2.21 Å to 2.34 Å.100  The 

C-O bond distances [1.13(2) Å in 14, 1.15(1) Å in 15, and 1.11(2) and 1.13(2) Å in 16 

(Table 3.3)] are essentially the same as that of a free CO (1.128 Å).101 Therefore, no 

definitive conclusions may be drawn on this particular basis as to how much the bonding 

interactions in 14, 15 and 16 actually differ; the situation proves no different from those 

of most other metal carbonyls, including the closely related [Co6(μ3-Q)8(CO)6] (Q = S, 

Se).102 

 Besides their fundamentally interesting properties, these novel cluster carbonyls 

may be suitable precursors to cluster-based functional materials. Specifically, the CO 

ligands may be driven off by thermal as well as photolytic means. Our preliminary 

studies have shown that heating a small sample (ca 5 mg) of 14 at 250°C under dynamic 
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Figure 3.4. Crystal structures and partial labeling scheme of compounds 14 (top left), 15 

(top right), and 16 (bottom) with ellipsoids rendered at 50% probability. Counterions and 

hydrogens are omitted for clarity. 
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 14 15 16 
Re-C 2.05(2) [2.00] 1.98(1) [2.00] 2.05(1), 2.07(1) [2.01] 
C-O 1.13(2) [1.16] 1.15(1) [1.15] 1.11(2), 1.13(2) [1.15] 
Re-C-O 178(3) [180] 178(1) [180] 174(3), 178(3) [179] 

 

Table 3.3. Selected interatomic distances (Å) and angles (°) for compounds 14-16. 

Values as calculated via DFT are provided in the brackets. 
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vacuum caused a gradual color change from tan to dark green. The distinct CO stretching 

frequency is absent in the IR spectrum of this green crystalline solid while all other 

signals remain relatively unchanged. Its 31P NMR spectrum reveals three sharp peaks 

whose relative integration and positions both match those of the previously reported 

fused dimer [Re12Se16(PEt3)10](SbF6)4 as obtained by thermally decomposing the 

pentatriethylphosphine-substituted nitrile solvate [Re6(μ3-Se)8(PEt3)5(CH3CN)](SbF6)2.2 

Interestingly, UV irradiation of 14 in a dichloromethane solution resulted in the isolation 

of a novel species identified by crystallographic and mass spectrometric means as 

[Re6(μ3-Se)8(PEt3)5Cl](SbF6)2 (17) (Figure 3.5). The cluster core of 17 bears a formal 

charge of +3, and is therefore oxidized, with respect to 14, as is allowed by the reversible 

one-electron oxidation discussed previously. Dichloromethane stands as the only source 

available for the Cl- ligand. Presumably, the CO ligand is labile enough that a Cl radical 

generated by homoleptic cleavage of the C-Cl bond displaces the CO ligand to achieve 

coordination to the cluster. Contribution of one electron from the cluster core leads to the 

formal Re-Cl bond formation and the oxidized product. Nevertheless, other attempts at 

photolytic cleavage of the Re-CO bond in 14, wherein dry nitromethane was utilized as 

the solvent, failed to generate the fused dimmer even after 12 hours of constant 

irradiation. Hence, it appears accurate to state that the Re-CO bond is weakened enough 

through UV irradiation, despite the excited-state bonding interaction implied by the 

LUMO, to activate it towards substitution or photolysis only in the presence of a suitable 

ligand. Such methodology may prove adaptable to the generation of the heretofore 

unreported acetone or alkene solvates, in situ, which could then serve catalyst precursors 
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Figure 3.5. Crystal structure and partial labeling scheme of compound 17 with ellipsoids 

rendered at 50% probability. Counterions and hydrogens are omitted for clarity. 
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or display interesting properties themselves. 

 

3.4 CONCLUSION 

 The first [Re6(μ3-Se)8]2+ core-containing cluster carbonyls have been successfully 

produced and characterized. Unexpected spectroscopic and electrochemical findings 

regarding the Re-CO bonding interactions and the overall electronic structure of the 

cluster indicate that the bonding arguments commonly accepted for both metal carbonyls 

and the cluster core itself are not entirely upheld in this system. Analysis revealed 

weakening of the CO bond via stretching frequency reduction, confirming the presence of 

backbonding interactions. Increases in the first oxidation potentials of the cluster 

carbonyls versus the acetonitrile solvates supported this conclusion while suggesting the 

very active role of the Se atoms. This prompted computational studies which indicated 

high Se involvement in the apparent backbonding orbitals that lie below the primarily Re-

based and cluster-confined HOMO and HOMO-1 orbitals. Presumably, these latter 

orbitals were derived from the eg set of the cluster which exhibit unsuitable symmetry 

(orthogonality) for backbonding interactions to the 2π* orbitals of CO, whereas the 

former arose from a t2u set which is closely situated energetically to the eg set in the 

[Re6(μ3-Se)8]2+ cluster.  Recognition of negative charge buildup on the Re atoms with CO 

ligands occasioned the proposal of a nonstandard bonding scheme. Initial reactivity 

studies, both thermal and photolytic, have also been conducted on the mono-carbonyl 

complex 14 with which interesting outcomes (cluster condensation and radical reaction). 

These promising preliminary results suggest a wealth of essentially uncharted 
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coordination and organometallic chemistry as supported by this and related hexanuclear 

chalcogenide transition metal clusters, with many fundamentally stimulating and 

practically significant questions waiting to be answered. Prominent among these is the 

potential generation of a [Re6(μ3-Se)8]2+ core-containing cluster carbene. While 

transformations of metal carbonyls to generate carbenes are well documented, the cluster 

holds the potential of increasing the turnover rate of subsequent metathesis catalyzed by 

these compounds through simultaneous reactions at multiple sites. This may prove 

especially true in a carbene generated from 15, as both sites appear to retain equal 

reactivity – as demonstrated through IR, electrochemical studies and computational 

studies – regardless of the ligand present in the trans position. Keen efforts are now 

underway to realize this possibility. 
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CHAPTER 4. ACYL DERIVATIVES OF THE [Re6(μ3-Se)8]2+ CLUSTER 

CARBONYLS 

 

4.1 INTRODUCTION 

 The fundamental significance of metal-bound carbonyls as probes and modulators 

of electronic structure is extensive and has been established in the previous chapters. 

While the ramifications for the successful synthesis of the first [Re6(μ3-Se)8]2+ cluster are 

themselves not easily dismissed, a more pragmatic view of the situation would focus on 

subsequent reactivity. Thus, despite the fact that the catalytic utility of cluster carbonyls 

has been demonstrated in various applications for a number of species, the activity and 

practicality of employing [Re6(μ3-Se)8]2+ cluster carbonyls directly without further 

modification is uncertain. Fortunately, carbonyl complexes can serve as a convenient 

starting point for various species of catalytic interest including acyl derivatives and 

carbenes or alkylidenes.78 

 Often, acyl complexes are viewed simply as intermediates,103 particularly on the 

reaction pathway to carbenes or alkylidenes. Moreover, they have been studied to 

elucidate their proposed mechanistic role in hydroformylation of alkenes and aldehyde 

decarbonylation.104 However, such complexes are often much more robust than a 

designation of “intermediate” would normally imply. Their inherent stability derives, in 

part, from the availability of vacant π* orbitals, comparable to those found in CO.77 Thus, 

the bonding is not appropriately defined, exclusively, in strict terms of σ donation. Also 

of note, the acyl carbon formally possesses a negative charge which is stabilized through 
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interactions with higher valency, Lewis acidic metal centers.105 As a catalysts in their 

own right, metal acyl complexes have potential for hydrosilation,106 alkylation and aldol 

reactions,107 and the formation of aldehydes106,108 and ketones.109 

 On the other hand, carbenes and alkylidenes (also referred to as Fischer and 

Schrock carbenes, respectively) are more widely recognized through their ability to 

catalyze the olefin metathesis reaction and numerous others.110,111 In fact, the subject and 

development of metathesis won Yves Chauvin, Robert H. Grubbs and Richard R. 

Schrock the 2005 Nobel Prize in Chemistry. Carbene synthesis is variable depending on 

the type of carbene being synthesized but a direct pathway exists from metal carbonyl 

complexes (Scheme 4.1). Comprehensive reviews the current state of carbene complexes 

and their concomitant synthetic utility can be found elsewhere in many recent resources 

and so the information shall not be repeated here.103,110,112 Yet, some general properties of 

the carbenes must be established in order to provide a context with which to discuss the 

relevance to the [Re6(μ3-Se)8]2+ cluster core. All carbenes feature a formal M=C double 

bond but behave in distinct ways depending on the metal identity, oxidation state, and 

accompanying ligands. Broadly speaking, the characteristics of either type of carbene can 

be categorized as shown in Table 4.1. Although such categorization is useful in 

predicting properties, many carbene complexes defy placement in one or the other. 

 As a middle/late transition metal, and with an intermediate oxidation state, Re(III) 

can serve as a case which spans both extremes allowing for generalization of reactivity. 

Furthermore, the presence of the π donor Se inner ligands, σ donor PEt3 outer ligands, 

and metal-metal bonds, form a rich potential for any putative carbenes coordinated to the 
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Scheme 4.1. General reaction pathway to achieve a metal-coordinated carbene from a 

metal carbonyl. Adapted from reference 77. 
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Aspect Fischer Carbene Schrock Carbene 
Usual metals/Oxidation 

states Cr(0), Fe(0), Mo(0), W(0) Ti(IV), Ta(V), W(VI) 

Substituents of carbene 
carbon 

At least one π donor group/ 
electronegative atom (e.g. 

OMe, NMe2) 
Alkyl groups or hydrogen 

Other ligands present on 
metal 

π acceptor ligands (e.g. CO, 
PF3, NO) 

σ/π donor ligands (e.g. Cp, 
P(alkyl)3, Cl, alkyl) 

Metal valence electron 
count 18 10-18 

Chemical behavior of 
carbene and ligand type Nucleophilic; L Electrophilic; X2 

Net result to metal upon 
addition  No oxidation state change Oxidation state increase by 

+2 
Ionic model electron 

contribution of carbene 2e- donor 4e- donor 

 

Table 4.1. General properties of Fischer- and Schrock-type carbenes as adapted from 

reference 77. 
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 [Re6(μ3-Se)8]2+ cluster core. Especially valuable would be a biscarbene compound as 

generated from trans-[Re6(μ3-Se)8(PEt3)4(CO)2](SbF6)2, whose apparent comparable 

reactivity at either site could allow for simultaneous catalysis and thus improved 

turnover. Towards this end, the sythesis and characterization of the acyl complex 

{Re6(μ3-Se)8(PEt3)5[C(O)(CH3)]}I (18) is herein delineated with the efforts towards 

trans-{Re6(μ3-Se)8(PEt3)4[C(O)(CH3)]2} (19) described and the attempts at conversion to 

the carbene forms expounded. 

 

4.2 EXPERIMENTAL 

 Preparation of Compounds. Standard Schlenk and vacuum line techniques were 

employed for all manipulations of oxygen- and/or moisture-sensitive precursor 

compounds.  Solvents were degassed with N2 prior to use but otherwise used as received 

from chemical suppliers.  Reagents were of commercial origin and were used as received 

as well.  The precursor compounds [Re6(μ3-Se)8(PEt3)5(CO)](SbF6)2 and trans-[Re6(μ3-

Se)8(PEt3)4(CO)2](SbF6)2 were prepared as described elsewhere.89 Identity was confirmed 

via NMR, IR, elemental analysis, and X-ray structure determinations for the fully 

characterized acyl complex. 

 {Re6(μ3-Se)8(PEt3)5[C(O)(CH3)]}I (18). This compound was prepared by 

dropwise addition of excess (0.0015 L, 2.1 mmol) 1.4 M MeLi in diethyl ether to a 15 

mL CH2Cl2 solution of [Re6(μ3-Se)8(PEt3)5(CO)](SbF6)2 (0.127 g, 0.0447 mmol) in a 

septum-capped, 25-mL round-bottom flask purged with N2, under positive N2, and cooled 

to -78°C with a dry ice/acetone bath.  Following addition of MeLi, a color change from 



 111

an amber colored solution to a clear, rusty orange was rapidly observed; the mixture was 

stirred for 2 hours. Once the 2 hours had elapsed, 6 mL of N2 degassed MeI (13.68 g, 

96.4 mmol) was added dropwise via syringe to the reaction mixture at which time the 

evolution of gas and precipitate formation was observed. The mixture was allowed to stir 

for 20 minutes following the complete addition of the MeI. After the 20 minutes, the 

solution was removed from the dry ice/acetone bath and evaporated to dryness via 

vacuum. Dichloromethane extracts and centrifugation removed the crude product from 

the white precipitate and 31P NMR proved the mixture to be primarily one species (ca. 

92%). The primary product was purified via N2 flashed silica gel column 

chromatography. Yield of the product after purification proved to be 0.0812g (0.0324 

mmol, 72.3%)  A portion of the product was then redissolved in CHCl3 and diethyl either 

was layered on top of this solution allowing for slow diffusion at room temperature and 

resulting in orange, needle-like crystals suitable for analysis by X-ray diffraction. 

Crystallographic data and other physical measurements were obtained in an identical 

fashion as for compound 14 with the exception that NMR was obtained in CDCl3. IR 

(KBr, ν/cm-1):  2963 (m), 2932 (m), 2903 (m), 2876 (m), νCO 1608 (s), 1452 (m), 1416 

(m), 1376 (m) 1315 (w), 1260 (m), 1074 (m), 1036 (s), 1021 (m), 995 (m), 896 (w), 763 

(s), 747 (m), 721 (s), 627 (m), 574 (w), 413 (m). 1H NMR (CDCl3): δ 1.07 (m), 2.09 (m), 

2.61 (s). 13C NMR (CDCl3): δ 8.94, 9.00, 25.77, 25.86, 26.20, 26.26, 66.71. 31P NMR 

(CDCl3): δ -30.99, -33.20. Anal. Calcd. for {Re6(μ3-Se)8(PEt3)5[C(O)(CH3)]}I or 

C32H78IOP5Re6Se8:  C, 15.31; H, 3.13. Found:  C, 15.42; H, 2.88. 

 



 112

4.3 RESULTS AND DISCUSSION 

 The compound {Re6(μ3-Se)8(PEt3)5[C(O)(CH3)]}I was initially prepared as the 

unexpectedly stable intermediate in the attempted generation the cluster carbene, as 

alluded to in the Introduction. A typical reaction pathway was followed yielding 

somewhat atypical results (Scheme 4.2). In any reaction designed to produce a carbene 

from a coordinated carbonyl, the final step necessitates that the oxygen be sufficiently 

nucleophilic to bind an electrophile, thereby reducing the C-O bond order and generating 

a formal metal-carbon double bond. In the case of the [Re6(μ3-Se)8]2+ cluster carbonyl 14, 

it appears that the negative charge, once distributed to the cluster core, must be 

delocalized throughout and stabilized to such an extent as to make it inaccessible towards 

promotion of electrophilic addition subsequent to the initial nucleophilic addition. 

 The collective evidence substantiates this claim. First of all, the 1H NMR 

spectrum yields a peak due to the methyl hydrogens of the coordinated acyl at 2.61 ppm. 

To put this value in perspective, acetyl chloride (CH3COCl) has a peak at 2.66 ppm. 

Thus, the acyl methyl hydrogens are similar in electron deficiency as those proximal to a 

C=O group and another electron-withdrawing group. This also demonstrates that the 

Lewis acidity of the cluster serves to pull away electron density to an extent comparable 

to that of chloride. The chemical shift value corresponds well with other Re(III) acetyl 

groups (2.68-2.51 ppm)113 but the acyl carbon of compound 18 was not observed in the 

13C NMR spectrum, likely due to insufficient concentration of the NMR sample. 

 Analysis of the 31P NMR spectrum presented some unusual characteristics. 

Consistent with the assumption that the negative charge of the acyl has been largely 
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Scheme 4.2. Reaction scheme by which the acyl complex {Re6(μ3-Se)8(PEt3)5 

[C(O)(CH3)]}I  was achieved with presumed side-products included. 
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redirected to the cluster, the peaks corresponding to the four phosphines cis and one trans 

to the ligand have undergone a heretofore unseen inversion of relative position (Figure 

4.1). This can be rationalized considering that the Re centers cis to the one with the acyl 

ligand are connected by formal Re-Re bonds. The enhanced electron richness would thus 

be felt by and disseminated to those Re centers most strongly, reducing the extent to 

which the cluster would draw on their respective phosphine ligands. Remarkably, the 

peak assigned to the cis phosphines is shifted upfield higher than that even of the most 

upfield peak in the iodo compound [Re6(μ3-Se)8(PEt3)5I]I, while even the trans phosphine 

signal is considerably higher than that in the carbonyl precursor. Delocalization of the 

negative charge in such a fashion likely accounts for the stability of the acyl complex and 

begets the high air, water, and thermal inertness of compound 18. 

 Infrared spectroscopy performed on compound 18 assisted in affirming the 

structure, but was fairly unremarkable otherwise. The most informative diagnostic signal 

is the acyl carbonyl stretch which occurs at 1608 cm-1, the value of which is accordant 

with other Re(III) acyl complexes (1606-1630 cm-1)113,114 A crystallographic structure of 

compound 18 was also successfully obtained as shown in Figure 4.2. The span of Re-Re 

distances (2.625-2.650 Å) and Re-Se distances (2.499-2.528 Å) are congruous with the 

related compounds 2, 6, and 14, so no definitive statement on the electron modulation of 

the cluster can be made on that basis. Meanwhile, the Re-C distance of 2.220 Å is a 

discernable increase from that of the parent compound (2.02 Å), matches well with the 

two Re(III) acyl bond distances located (2.192 and 2.212 Å),113,114 and correlates with 

other Re(III)-C single bond lengths, which reside between 2.21 Å and 2.34 Å.100 
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Figure 4.1. 31P NMR chemical shifts of [Re6(μ3-Se)8(PEt3)5I]I (2, top), [Re6(μ3-

Se)8(PEt3)5(CO)](SbF6)2 (14, middle), and {Re6(μ3-Se)8(PEt3)5[C(O)(CH3)]}I (18, 

bottom). Conversion of 2 to 14 and 14 to 18 shift the 31P signals downfield then upfield, 

as anticipated due to the nature of the ligands. But, the inversion of relative peak 

positions between 14 and 18 suggests marked transference of the acyl negative charge to 

the cluster core. The increased electron density would be most strongly felt by the Re(III) 

centers, and thus the phosphines, cis to the acyl Re. 
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Figure 4.2. Crystal structure and partial labeling scheme of compound 18 with ellipsoids 

rendered at 50% probability. Counterions and hydrogens are omitted for clarity. 
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 Following the successful isolation and characterization of compound 18, it was 

assumed that the bisacetyl complex trans-{Re6(μ3-Se)8(PEt3)4[C(O)(CH3)]2} (19) would 

also prove straightforward to synthesize. Following an analogous procedure as that which 

produced 18, 31P NMR of the crude mixture did display substantially upfield shifted 

resonances which likely indicate the presence of acyl complexes. Unfortunately though, 

the spectrum was more complicated and column chromatography has yielded at least 3 

separate bands, each comprising a small quantity of material which, to date, has not been 

completely characterized. The difficulties encountered here parallel those met when 

attempting different reagents for the production of the methyl/methoxy carbene complex 

{Re6(μ3-Se)8(PEt3)5[=C(CH3)(OCH3]}. Several reagents have been utilized besides MeI 

(e.g. Me2SO4, (Me3O)(BF4)), either starting from the carbonyl or the purified acyl 

complex, without undeniable proof of synthesis being yet obtained. 

 

4.4 CONCLUSION 

 An acyl deriviative of the cluster carbonyl [Re6(μ3-Se)8(PEt3)5(CO)](SbF6)2 was 

prepared and characterized providing at least one example of the reactitivity of [Re6(μ3-

Se)8]2+ cluster bound carbonyls towards nucleophiles. The NMR and IR spectra obtained 

for the compound relate well to those uncovered for various Re acetyl complexes, 

especially those of Re (III) centers. While a similar reaction with the potentially more 

practically significant complex trans-[Re6(μ3-Se)8(PEt3)4(CO)2](SbF6)2 has thus far been 

unsuccessful in yielding reasonable quantities of verifiable product, the synthetic 

methodology particular to the cluster system for this class of reactions is currently not 
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optimized. This may also be responsible for the inability to produce the desired carbene 

complexes as well, which may simply require a more appropriate set of reaction 

conditions. Nevertheless another door has been opened which reveals broad horizons of 

promise for the [Re6(μ3-Se)8]2+ cluster core as a versatile platform for the generation of 

novel, highly advantageous, and practically directed inorganic and organometallic 

materials. 
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CHAPTER 5. CLUSTER CARBENES AND OTHER PENDING PROJECTS 

 

5.1 CLOSING STATEMENTS AND FUTURE DIRECTIONS 

 Upon completion of several years worth of focused research, much progress has 

been achieved towards attaining the potential alluded to in the Introduction, revealing 

many more pathways that demand future attention. While the [Re6(μ3-Se)8]2+ cluster 

complexes implicated herein are fundamentally important and have elucidated many 

intriguing properties of the cluster itself, multiple potentially catalytic processes derived 

from them and other synthetic directions still await further investigation. Thus, several 

logical steps are presented below which are emphatically recommended as areas which 

should be focused on in subsequent efforts. 

 To begin, the acyl project could be modified so as to utilize less rigorous reagents. 

For example, NaOMe, which is easier to store and manipulate, could be substituted for 

methyl lithium as the nucleophile in the reaction with the cluster carbonyls to produce 

ester groups instead. In fact, preliminary reactions have shown that this reagent produces 

similar results as MeLi. Usage of NaOMe should preclude the need to complicate the 

synthesis via addition of MeI to “quench” the reaction. This is due to the fact that 

conversion of the coordinated carbonyls to the ester groups (-C(O)(OCH3)) with NaOMe 

should only produce NaSbF6 as a side product which, along with excess NaOMe, is 

separable by centrifugation given appropriate solvent choice.  

 Meanwhile, successful preparation of a [Re6(μ3-Se)8]2+ cluster carbene would 

allow the cluster core to provide a significant contribution to the field of olefin 
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metathesis. As stated before, the formation of such compounds may be possible through 

means and reagents already pursued. A simple refinement appears to be the only 

requirement. Yet, other properties of the cluster may be exploitable to produce a more 

convenient and facile route. Namely, the hydrogen bonding interaction between the Se 

atoms of the cluster core and incoming hydrogen bond donor molecule, as suggested by 

the experiments in Chapter 2, could assist in adduct formation between the coordinated 

carbonyl and the donor molecule. Such a situation could ultimately lead to carbene 

formation as detailed in Scheme 5.1. 

 A logical next step for most directions explored in this dissertation would be to 

fully characterize any proposed catalytic cycles. For example, the imino ester compounds 

should comprise the intermediate in the production of free imino esters via a 

photoinduced cycle as indicated in Scheme 5.2. Extraction of these imino esters could 

then allow them to be utilized in a reaction with an organic compound in situ or, 

conversely, with a [Re6(μ3-Se)8]2+ cluster carbonyl, affecting an insertion between the 

Re-C bond. This would provide an intermediate on the pathway to the preparation of α-

amino acids.115 The assumption made is that the imino ester could be extracted from the 

photolysis mixture by means of a nonpolar solvent (e.g. hexanes or diethyl ether) and 

transferred to the solution containing the carbonyl complex. As of yet, the free imino 

ester has not been detected by any method aside from GSMS owing to its propensity to 

hydrolyze, suggesting the need for anhydrous conditions. 

 Another plausible route to a [Re6(μ3-Se)8]2+  cluster core catalyzed cycle could be 

through activation of coordinated ketones, particularly acetone. Significant effort was 
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Scheme 5.1. Possible facile route for the synthesis of a [Re6(μ3-Se)8]2+ cluster carbene as 

assisted by the bifurcated hydrogen bonding interaction proposed to occur between the Se 

atoms of the core and a hydrogen bond donor. 
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Scheme 5.2. Photocatalytic scheme for the generation of free imino esters wherein the 

[Re6(μ3-Se)8]2+ cluster core acts as a Lewis acid catalyst. 
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directed toward this endeavor only to postpone the pursuit owing to the high sensitivity of 

the coordinated acetone to displacement by water, thus effectively quenching the catalyst. 

Thus, the coordinated acetone solvate was never isolated for crystallography or 

definitively observed with NMR. Nonetheless, addition of excess alcohol (methanol, and 

ethylene glycol) to an acetone solutions of the presumed hexaacetone solvate {Re6(μ3-

Se)8[(CH3)2CO]6}(SbF6)2 did generate observable amounts of the acetals 2,2-

dimethyoxypropane and 2,2-dimethyl-1,3-dioxolane as determined by comparison of 

chemical shifts and integrations to published spectra. Hence, more meticulous synthetic 

conditions could yield significant improvements in the process. 

 As a final proposal, the [Re6(μ3-Se)8]2+  cluster core could be applied towards the 

activation and possible storage of hydrogen. In an era where fuel sources are becoming 

increasingly more scarce, a medium capable of containing a large amount of molecular 

hydrogen would prove beneficial towards powering a large variety of machines, possibly 

including automobiles. Presumably, removal of all iodo ligands of (Bu4N)3[Re6(μ3-Se)8I6] 

via AgSbF6, in the presence of hydrogen could result in the η2 H2 product, [Re6(μ3-

Se)8(H2)6](SbF6)2, or the hexahydride. This methodology is analogous to the fashion in 

which the cluster carbonyls are produced. Either way, the resulting material would have 

interesting properties which could lead to many practical functions. 
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APPENDIX 1. CRYSTALLOGRAPHIC REFINEMENT PARAMETERS 

Crystal data and structure refinement for 12. 
 
Identification code  zz126 
Chemical formula (moiety) C30H74N2O2P4Re6Se8

2+·2SbF6
 − 

Chemical formula (total) C30H74F12N2O2P4Re6Sb2Se8 
Formula weight  2839.17 
Temperature  150(2) K 
Radiation, wavelength  MoKα, 0.71073 Å 
Crystal system, space group  orthorhombic, Pbcn 
Unit cell parameters a = 19.248(4) Å α = 90° 
 b = 15.603(3) Å β = 90° 
 c = 21.800(5) Å γ = 90° 
Cell volume 6547(2) Å3 
Z 4 
Calculated density  2.880 g/cm3 
Absorption coefficient μ 16.463 mm−1 
F(000) 5104 
Crystal colour and size orange, 0.59 × 0.43 × 0.41 mm3 
Reflections for cell refinement 7147 (θ range 2.5 to 25.0°) 
Data collection method Bruker SMART 1000 CCD diffractometer 
 thin-slice ω scans 
θ range for data collection 1.7 to 25.2° 
Index ranges h −22 to 22, k −18 to 18, l −25 to 25 
Completeness to θ = 25.2° 97.8 %  
Reflections collected 40371 
Independent reflections 5766 (Rint = 0.0692) 
Reflections with F2>2σ 3030 
Absorption correction numerical 
Min. and max. transmission 0.0369 and 0.0566 
Structure solution direct methods 
Refinement method Full-matrix least-squares on F2 
Weighting parameters a, b 0.0786, 564.5748 
Data / restraints / parameters 5766 / 220 / 417 
Final R indices [F2>2σ] R1 = 0.0698, wR2 = 0.1764 
R indices (all data) R1 = 0.1456, wR2 = 0.2546 
Goodness-of-fit on F2 1.063 
Largest and mean shift/su 0.007 and 0.000 
Largest diff. peak and hole 3.63 and −2.78 e Å−3 
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Crystal data and structure refinement for 13. 
 
Identification code  po02 
Empirical formula  C24H49F12N7O7Re6Sb2Se8 
Formula weight  2768.08 
Temperature  170(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P21/c 
Unit cell dimensions a = 19.252(3) Å α = 90°. 
 b = 12.1605(19) Å β = 110.026(4)°. 
 c = 23.839(4) Å γ = 90°. 
Cell Volume 5243.6(14) Å3 
Z 4 
Calculated density 3.506 Mg/m3 
Absorption coefficient μ 20.445 mm-1 
F(000) 4920 
Crystal size 0.106 x 0.058 x 0.047 mm3 
θ range for utilized data 2.05 to 23.25°. 
Limiting Indices -21<=h<=21, -11<=k<=13, -26<=l<=26 
Reflections utilized 28950 
Independent reflections 7531 [R(int) = 0.1487] 
Completeness to θ = 23.25° 99.9 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 1.0 and 0.290753 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 7531 / 476 / 550 
Goodness-of-fit on F2 1.037 
Final R indices [I>2σ(I)] R1 = 0.0982, wR2 = 0.1939 
R indices (all data) R1 = 0.1900, wR2 = 0.2285 
Largest diff. peak and hole 2.757 and -2.774 e.Å-3  
RMS difference density 0.415e.Å-3  
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Crystal data and structure refinement for 14. 
 
Identification code  zz165 
Chemical formula (moiety) C31H75OP5Re6Se8

2+·2SbF6
 − 

Chemical formula (total) C31H75F12OP5Re6Sb2Se8 
Formula weight  2839.14 
Temperature  220(2) K 
Radiation, wavelength  MoKα, 0.71073 Å 
Crystal system, space group  monoclinic, P21/m 
Unit cell parameters a = 13.5933(13) Å α = 90° 
 b = 13.7409(13) Å β = 103.052(3)° 
 c = 18.5607(17) Å γ = 90° 
Cell volume 3377.3(5) Å3 
Z 2 
Calculated density  2.792 g/cm3 
Absorption coefficient μ 15.979 mm−1 
F(000) 2552 
Crystal colour and size orange, 0.31 × 0.28 × 0.05 mm3 
Reflections for cell refinement 7241 (θ range 2.2 to 28.2°) 
Data collection method Bruker SMART 1000 CCD diffractometer 
 thin-slice ω scans 
θ range for data collection 1.7 to 25.0° 
Index ranges h −15 to 16, k −16 to 16, l −21 to 22 
Completeness to θ = 25.0° 98.8 %  
Reflections collected 23004 
Independent reflections 6149 (Rint = 0.0508) 
Reflections with F2>2σ 4494 
Absorption correction numerical 
Min. and max. transmission 0.0831 and 0.5021 
Structure solution direct methods 
Refinement method Full-matrix least-squares on F2 
Weighting parameters a, b 0.0716, 78.9899 
Data / restraints / parameters 6149 / 266 / 443 
Final R indices [F2>2σ] R1 = 0.0494, wR2 = 0.1364 
R indices (all data) R1 = 0.0698, wR2 = 0.1510 
Goodness-of-fit on F2 1.038 
Largest and mean shift/su 0.009 and 0.000 
Largest diff. peak and hole 2.84 and −4.88 e Å−3 
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Crystal data and structure refinement for 15. 
 
Identification code  zz21 
Chemical formula (moiety) C26H60F12O2P4Re6Sb2Se8 
Chemical formula (total) C26H60F12O2P4Re6Sb2Se8 
Formula weight  2749.00 
Temperature  180(2) K 
Radiation, wavelength  MoKα, 0.71073 Å 
Crystal system, space group  Monoclinic, P21/c 
Unit cell parameters a = 9.7562(10) Å α = 90° 
 b = 12.6589(12) Å β = 93.490(2)° 
 c = 22.307(2) Å γ = 90° 
Cell volume 2749.9(5) Å3 
Z 2 
Calculated density  3.320 g/cm3 
Absorption coefficient μ 19.592 mm−1 
F(000) 2448 
Crystal colour and size dark-brown, 0.10 × 0.08 × 0.04 mm3 
Data collection method CCD area detector 
 phi and omega scans 
θ range for data collection 1.8 to 25.0° 
Index ranges h −11 to 10, k −15 to 14, l −25 to 26 
Completeness to θ = 25.0° 100.0 %  
Reflections collected 15801 
Independent reflections 4837 (Rint = 0.0451) 
Reflections with F2>2σ 2634 
Absorption correction semi-empirical from equivalents 
Min. and max. transmission 0.7206 and 1.0000 
Structure solution direct methods 
Refinement method Full-matrix least-squares on F2 
Weighting parameters a, b 0.0000, 0.0000 
Data / restraints / parameters 4837 / 0 / 271 
Final R indices [F2>2σ] R1 = 0.0326, wR2 = 0.0446 
R indices (all data) R1 = 0.0765, wR2 = 0.0496 
Goodness-of-fit on F2 0.968 
Largest and mean shift/su 0.000 and 0.000 
Largest diff. peak and hole 1.68 and −1.31 e Å−3 
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Crystal data and structure refinement for 16. 
 
Identification code  zz169 
Chemical formula (moiety) C26H60O2P4Re6Se8

2+·2SbF6
 − 

Chemical formula (total) C26H60F12O2P4Re6Sb2Se8 
Formula weight  2749.00 
Temperature  220(2) K 
Radiation, wavelength  MoKα, 0.71073 Å 
Crystal system, space group  monoclinic, P21/n 
Unit cell parameters a = 12.6671(13) Å α = 90° 
 b = 14.7698(15) Å β = 94.217(2)° 
 c = 30.224(3) Å γ = 90° 
Cell volume 5639.3(10) Å3 
Z 4 
Calculated density  3.238 g/cm3 
Absorption coefficient μ 19.107 mm−1 
F(000) 4896 
Crystal colour and size dark red, 0.28 × 0.22 × 0.05 mm3 
Reflections for cell refinement 10220 (θ range 2.5 to 26.0°) 
Data collection method Bruker SMART 1000 CCD diffractometer 
 thin-slice ω scans 
θ range for data collection 1.4 to 26.0° 
Index ranges h −15 to 15, k −18 to 18, l −37 to 36 
Completeness to θ = 26.0° 99.6 %  
Reflections collected 42447 
Independent reflections 11090 (Rint = 0.0537) 
Reflections with F2>2σ 7456 
Absorption correction numerical 
Min. and max. transmission 0.0754 and 0.4484 
Structure solution direct methods 
Refinement method Full-matrix least-squares on F2 
Weighting parameters a, b 0.0328, 63.0236 
Data / restraints / parameters 11090 / 63 / 617 
Final R indices [F2>2σ] R1 = 0.0389, wR2 = 0.0834 
R indices (all data) R1 = 0.0728, wR2 = 0.1011 
Goodness-of-fit on F2 1.016 
Largest and mean shift/su 0.005 and 0.000 
Largest diff. peak and hole 2.54 and −1.96 e Å−3 
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Crystal data and structure refinement for 17. 
 
Identification code  zz115 
Chemical formula (moiety) C30H75ClP5Re6Sb2Se8

2+·2SbF6
 − 

Chemical formula (total) C30H75ClF12P5Re6Sb2Se8 
Formula weight  2846.58 
Temperature  150(2) K 
Radiation, wavelength  MoKα, 0.71073 Å 
Crystal system, space group  monoclinic, P21/n 
Unit cell parameters a = 13.6352(13) Å α = 90° 
 b = 13.5988(12) Å β = 94.668(2)° 
 c = 33.429(3) Å γ = 90° 
Cell volume 6177.9(10) Å3 
Z 4 
Calculated density  3.061 g/cm3 
Absorption coefficient μ 17.511 mm−1 
F(000) 5116 
Crystal colour and size dark red, 0.21 × 0.13 × 0.01 mm3 
Reflections for cell refinement 7695 (θ range 2.2 to 28.2°) 
Data collection method Bruker SMART 1000 CCD diffractometer 
 thin-slice ω scans 
θ range for data collection 1.6 to 24.0° 
Index ranges h −15 to 15, k −15 to 15, l −38 to 38 
Completeness to θ = 24.0° 98.3 %  
Reflections collected 37067 
Independent reflections 9532 (Rint = 0.0480) 
Reflections with F2>2σ 5820 
Absorption correction semi-empirical from equivalents 
Min. and max. transmission 0.1202 and 0.8443 
Structure solution Patterson synthesis 
Refinement method Full-matrix least-squares on F2 
Weighting parameters a, b 0.0383, 304.0553 
Data / restraints / parameters 9532 / 267 / 708 
Final R indices [F2>2σ] R1 = 0.0395, wR2 = 0.0940 
R indices (all data) R1 = 0.0844, wR2 = 0.1393 
Goodness-of-fit on F2 1.033 
Largest and mean shift/su 0.001 and 0.000 
Largest diff. peak and hole 1.97 and −1.75 e Å−3 
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Crystal data and structure refinement for 18.  
Identification code  zz138  
Chemical formula (moiety)  C32H78OP5Re6Se8

+ · I−  
Chemical formula (total)  C32H78IOP5Re6Se8  
Formula weight  2509.57  
Temperature  
Radiation, wavelength  

150(2) K  
MoKα, 0.71073 Å  

Crystal system, space group  
Unit cell parameters  
 
 
Cell volume  

triclinic, P1 
a = 11.518(3) Å             α = 88.139(3)°  
b = 12.065(3) Å             β = 76.080(3)°  
c = 20.601(5) Å             γ = 76.656(3)°  
2702.9(11) Å3  

Z  2  
Calculated density  
Absorption coefficient μ 

3.084 g/cm3   
19.513 mm−1  

F(000) 
Crystal colour and size  

2256  
red, 0.39 × 0.09 × 0.08 mm3  

Reflections for cell refinement  1000 (θ range 2.5 to 27.5°)  
Data collection method  Bruker APEX2 CCD diffractometer  
 φ and ω scans  
θ range for data collection  2.3 to 28.3°  
Index ranges  h −15 to 15, k −16 to 15, l −27 to 27  
Completeness to θ = 26.0°  99.0 %  
Reflections collected  29817  
Independent reflections  
Reflections with F2>2σ 

12975 (Rint = 0.0324)  
9821  

Absorption correction  semi-empirical from equivalents  
Min. and max. transmission  0.0489 and 0.3043  
Structure solution  
Refinement method  

Patterson synthesis  
Full-matrix least-squares on F2  

Weighting parameters a, b  0.0286, 10.9008  
Data / restraints / parameters  
Final R indices [F2>2σ]  

12975 / 0 / 505  
R1 = 0.0327, wR2 = 0.0792  

R indices (all data)  
Goodness-of-fit on F2 

R1 = 0.0468, wR2 = 0.0843  
1.050  

Largest and mean shift/su  
Largest diff. peak and hole  

0.001 and 0.000  
3.50 and −3.13 e Å−3  
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