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This dissertation describes investigations in the reactivity of mixed carbonyl-isocyanide 

complexes of molybdenum.  A primary challenge in isolating functional surrogates of low-

coordinate, zero-valent Group 6 carbonyls, e.g. M(CO)2, M(CO)3, M(CO)4 has been the tendency 

of these compounds form intramolecular η6-arene interactions with the flanking rings of 

supporting ligands.  In this work, a screening of catalysts for hydrostannation provided insight into 

stabilization of four-coordinate, zero-valent metal centers.  Accordingly, reduction of 
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MoI2(CO)2(CNArDipp2)2 with two equivalents of HSnBu3 in the presence of weakly coordinating 

Lewis bases (e.g. diisopropyl amine [HNiPr2], Et2O) provided access to masked sources of ML4.  

The unprecedented reactivity and β-(E)-regioselectivity of MoI2(CO)2(CNArDipp2)2 in 

hydrostannation of alkynes are discussed in Chapter 2.  Chapter 3 describes the use of 

MoI2(CO)2(CNArDipp2)2 and the CH-agostic complex, Mo(κ2-N,CH)-HNiPr2)(CO)2(CNArDipp2)2 

in the activation of elemental phosphorus (P4).  The tetravalent product, (η4-P4)MoI2(CO) 

(CNArDipp2)2 was found to undergo photolytic reductive elimination of white phosphorus.  In 

Chapter 4, the synthesis of two dianionic cyclo-P4 complexes is discussed.  Investigations with 

these compounds revealed cyclo-P4 ligand to be isolobal to benzene in Fischer's classic half-

sandwich complex Mo(CO)3(η6-C6H6).  Chapter 5 further explores the redox chemistry of cyclo-

P4 complexes by cyclic voltammetry.  Chapter 6 describes the functionalization of cyclo-P4, 

including the stoichiometric release of [P-I] by treatment of (η4-P4)Mo(CO)2(CNArDipp2)2 upon 

treatment with 1 equiv I2.  
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Chapter 1  

Synthesis of Masked ML4 Analogs to Mo(CO)4 

1.1 Introduction 

The ability of transition metal complexes to affect activation of chemical bonds (e.g. [E-

H],  [E-X], [E-E]; E = C, Si, Sn, P, N)1–10 is a primary driving force motivating continued 

exploration within the field of synthetic inorganic chemistry.11  The incorporation of elementary 

bond-breaking and bond-making steps into catalytic processes have brought far reaching 

advancements in chemical syntheses12,13 relevant to food production,14 pharmaceuticals,15,16 and 

materials.17  To affect bond activation, an essential precondition of the transition metal complex is 

the availability of substrate-accessible coordination sites.18  Indeed, the accessibility and stability 

of coordinatively unsaturated intermediates are key elements in the design and performance of a 

catalyst.19  These specifications are especially challenging to address where highly activating, low-

valent metal centers are required.  Well suited for this purpose, however, are the binary metal 

carbonyls, M(CO)n.  Accordingly, CO-ligand dissociation by exposure to light or heat provides 

access to low-coordinate intermediates thermodynamically stabilized by the π-acidic ligand 

field.18,20  It is unsurprising, therefore, that binary metal carbonyls remain state-of-the-art catalysts 

for a number of industrial scale processes. 

Among the most versatile metal carbonyls utilized in organic synthesis is Mo(CO)6.21  

Investigations have demonstrated the capability of Mo(CO)6 as a catalyst in alkyne metathesis,22–

26 Pauson-Khand reactions,27–32 alkyne cyclotrimerization,33,34 cyclo-isomerizations of 

epoxyalkynes to furans,35–38 catalytic oxidation of dialkyl furans,39 reduction of N-O bonds.40–45 

and hydrosilylation.46  Indeed, the diverse reactivity of Mo(CO)6 provides a glimpse into the rich 

chemistry available to the coordinatively unsaturated fragments – [Mo(CO)4], [Mo(CO)3], and 
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[Mo(CO)2] – which are undoubtedly involved in the aforementioned catalytic processes.  

Paradoxically, however, the highly activating, electron rich metal centers that render these 

complexes so interesting have also restricted direct observation to gas-phase matrix isolation 

studies.  The systematic analysis of reactivity patterns for these species has thus been prevented.   

Over the past decade, a major focus of our research group has been the synthesis of isolable 

structural mimics to coordinatively unsaturated metal carbonyls.  Recognizing that an isolobal 

analogy exists between CO and isocyanide ligands, our group has developed a library of sterically 

encumbering, m-terphenyl isocyanide ligands which, upon coordination, retain a π-acidic 

coordination environment while also providing enhanced kinetic stabilization of the low-

coordinate metal center compared to their carbonyl congeners.  Importantly, m-terphenyl 

isocyanides haven proven to be effective in isolating homoleptic isocyanide analogs to Co(CO)4,47 

Ni(CO)3,48,49 Pd(CO)2.50  Disappointingly, however, attempts to extend these strategies to more 

electron-deficient, Group 6 transition metals were met by challenges not encountered in the late 

transition metal systems.51–53 

1.2 Synthesis of Group 6 Isocyanides  

It was initially hoped that reduction of commercially available Group 6 metal halides in 

the presence of CNArDipp2 (ArDipp2 = 2,6-(2,6-(i-Pr)2C6H3)2C6H3) would provide a direct route to 

low-coordinate, zero-valent [M(CNArDipp2)n] (n < 6) complexes.53  While these methods have been 

successful in preparation of homoleptic M(CNR)6 complexes,54,55 reduction experiments with m-

terphenyl isocyanides led to intractable mixtures.  Furthermore, attempts to generate high-valent 

precursors from typical starting materials MoCl3(THF)3 or MoCl4(NCMe)2 failed to give 

productive isocyanide binding.  To address these synthetic limitations, Colton’s classic oxidative 
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decarbonylation strategy56–62 was used in conjunction with the mixed carbonyl isocyanide trans-

M(CNArDipp2)2(CO)3(CNArDipp2)2(ACN) (M = Mo, W) to generate isocyanide-substituted metal-

halide precursors (Scheme 1.1). Accordingly, stepwise oxidation of 

Mo(CNArDipp2)2(CO)3(CNArDipp2)2(ACN)51 with one and two equivalents of I2 readily afforded di- 

and tetra-valent decarbonylation products 2 and 3.  Notably, divalent dicarbonyl complex 2 

provides an exceedingly rare example of a paramagnetic Group 6 complex with the general 

formula MX2(CO)2L2.59,60  In the absence of encumbering ligands, the related tetracarbonyl 

species, [MX2(CO)4] (M = Mo, W; X = Cl, Br, I), form bridging-halide dimers to 

 

Scheme 1.1. Stepwise decarbonylation of 1 with diiodine.52 
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give 7-coordinate 18-electron metal-centers.56,61,63,64  Isolation of 2 as a mononuclear, 16-electron 

complex thus serves as testament to the ability of the trans-disposed CNArDipp2 ligands to support 

low-coordination numbers.  Despite having a mixed carbonyl-isocyanide coordination 

environment, the triplet ground state of 2 reflects a preservation of the electronic structure expected 

for the theoretical mononuclear MoX2(CO)4 complexes.65  In contrast, decreased π-acceptance in 

the related MX2(CO)2L2 complexes66 where L = PR3 results in a pronounced  Oh�C2v distortion 

to give a larger HOMO-LUMO gap and spin pairing.65   

Attempts to access the corresponding zero-valent, 4-coordinate mixed carbonyl-isocyanide 

by reduction of 2 in these early works resulted in intractable mixtures.52  Interestingly, however, 

Na/Hg reduction of 3 resulted in η6-coordination of benzene solvent, and one equivalent of 

dinitrogen to give (η6-C6H6)Mo(CNArDipp2)2(N2).  The occupation of four coordination sites by 

exogenous ligands, C6H6 and N2, suggest that coordinatively unsaturated intermediates are 

adequately stabilized, albeit on short time scales, such that degradation of the [MoL2] unit is 

prevented.  Unfortunately, however, the coordination of exogenous benzene in this system 

foreshadowed a major obstacle to obtaining molecular sources of zero-valent, coordinatively 

unsaturated Mo-complexes.52     

 

Scheme 1.2.  Synthesis of η6-arene complex 4-Mes2.53 



 

5 

A major challenge in accessing coordinatively unsaturated Group 6 complexes has been 

the tendency of the desired low-coordinate Mo-species to attain 18-electron configuration through 

robust intramolecular η6-arene interactions with a flanking ring of the m-terphenyl group (Scheme 

1.2).  Accordingly, attempts to access three- and four-coordinate complexes by treatment of the 

zero-valent bis-naphthalene complex Mo(η6-C10H8)2 with CNArMes2 (ArMes2 = 2,6-(2,4,6-

Me3C6H2)2C6H3)) or CNArDipp2 resulted in formation of the “η6-arene-capped” structure Mo(η6-

(Mes)-κ1-C-CNArR)(CNArR2)2 (i.e. (4-Mes2, Scheme 1.2).  Efforts to prevent arene-capping by 

using the more sterically encumbering m-terphenyl isocyanide CNArDipp2 were unsuccessful, 

resulting in formation of the analogous complex, 4-Dipp2 [Mo(η6-(Dipp)-κ1-C-

CNArDipp)(CNArDipp2)2]. 

 

Scheme 1.3.  Synthetic scheme demonstrating enhanced lability of electron-deficient arene in 
CNArDArF.53  
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To address these challenges, m-terphenyl isocyanides bearing more electron deficient 

flanking arenes were investigated.  Interestingly, the reduced electron-donating ability of 2,6-

dichloro-arene in CNArClips (ArClips = 2,6-(2,6-Cl2C6H3)2(4-t-Bu)C6H2) resisted intramolecular η6-

arene-capping to give the mono-naphthalene complex Mo(η6-C10H8)(CNArClips2)3 (5-Clips).  

Unfortunately, decomposition pathways involving Ph-Cl bond activation prevented access to low-

coordinate, zero-valent species.  To address the problem of C-X bond activation while retaining 

electron deficiency in the flanking arene rings, another ligand, CNArDArF (ArDArF2 = 2,6-(3,5-

(CF3)2C6H3)2C6H3) was developed.  Similar to CNArClips, the electron deficient flanking rings of 

CNArDArF were slow to displace the second naphthalene ligand, thus giving the intermediate mono-

naphthalene structure 5-DArF (Scheme 1.3.  Synthetic scheme demonstrating enhanced lability of 

electron-deficient arene in CNArDArF.).  Although η6-arene-capped structure 4-DArF was 

generated in THF, enhanced lability of the arene-interaction enabled displacement upon 

dissolution in more strongly-coordinating solvents, as was demonstrated by the reversible 

formation of 6 in acetonitrile.  Lability of the η6-arene interaction suggests that 4-DArF may serve 

as suitable source of the ML3 fragment in cases where moderately σ-donating substrates are present 

in high concentration.53  However, spontaneous reversal of this process upon dissolution of 6 in 

C6H6 suggest the thermodynamic favorability of intramolecular η6-arene interactions remain 

limiting.    Despite significant progress, these findings indicated that new strategies would have to 

be implemented in order to fully harness the reactivity of coordinatively unsaturated Mo.  

1.3 Application of m-Terphenyl Isocyanides in Mo-catalyzed 

Hydrostannation 

With an extensive survey of synthetic methodology for preparation of Group 6 isocyanides 

at our disposal,51–53 recent investigations have sought to exploit the well-defined, sterically 
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encumbered coordination environments for use in catalysis.67  Previously, Kazmaier and co-

workers showed that inclusion of tert-butyl isocyanide ligands in the complex Mo(CO)3(CNtBu)3 

(MoBI3) provided greatly enhanced turn-over-numbers and regioselectivity as a catalyst in 

hydrostannation of alkynes compared to Mo(CO)6.68–71  Interestingly, however, α-regioselectivity 

in this system was restricted to alkynes bearing electron-withdrawing substituents in the propargyl 

position.   Motivated by these reports, we hypothesized that inclusion of CNArDipp2 ligands would 

further constrain coordination geometries of active catalytic intermediates to give enhanced 

regioselectivities.  As is described in detail in Chapter 2, MoI2(CO)2(CNArDipp2)2 (2) was found to 

be the first highly selective catalyst for preparation of β-(E)-vinylstannanes.67  The investigations 

disclosed in this section describe work undertaken toward the optimization and elucidation of 

active catalytic intermediates in hydrostannation.  Reactivity studies showed dissociation of CO to 

be a general feature of most chemical reactions involving 2.  To our surprise, however, mono-

decarbonylated products prepared in these studies [e.g. MoI2(CO)(CNArDipp2)(η2-PhC≡CMe) (9), 

MoI2(CO)(CNArDipp2)(OEt2) (11)] were found to be inactive in hydrostannation.  Importantly, a 

systematic analysis of bis-isocyanide complexes revealed the zero-valent, four-coordinate 

fragment [Mo(CO)2(CNArDipp2)2] to be critical for efficient catalysis.  These findings paved the 

way for synthesis of masked-ML4 complexes. 
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 Survey of MoI2(CO)2(CNArDipp2)2 (2) reactivity – synthesis of mono-carbonyl bis-

isocyanide complexes 
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Scheme 1.4.  Synthesis of divalent mono-carbonyl complexes. 

A preliminary assessment of reactivity with 2 showed CO ligand dissociation to be a 

common feature of that compound’s reactivity (Scheme 1.4 & 1.5).  As shown in Scheme 1.4, 2 

readily exchanges both I- ligands by salt-metathesis with AgOTf to give the 18-electron κ2-O,O-

OTf complex, 7.  Interestingly, after 24 h stirring at RT, dissociation of 1 equiv CO affords the 

paramagnetic 16-electron THF-complex, 8.  Notably in the structure of 8, κ1-coordination mode 

of both triflate ligands likely reflects increased electron-density at the metal center due to exchange 

of π-acidic CO for a purely σ-donating THF ligand.  Interestingly, treatment of 8 with 1 equiv 1-

phenyl-1-propyne reveals triflate to be more labile than THF, thus giving the alkyne-substituted 
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triflate salt, 10.  The synthesis of 10 from 8 is convergent with the salt-metathesis product obtained 

by treatment of diiodide-alkyne complex 9 with 2 equiv AgOTf.    

The lability of CO in 2 is especially evident in the solvolysis with diethyl ether – stirring 

of an Et2O solution of 2 at 85 oC for 3 h resulted in exchange of CO to give the paramagnetic 

diethyl ether complex, 11.  Although diethyl etherate complexes are well known for high-valent 

Group 6 complexes,72–74 it is notable that 11 is, to the best of our knowledge, the first such example 

among neutral, mononuclear MoII-species.  Interestingly, facile dissociation of Et2O from 11 

renders that species a viable source of the 14-electron fragment [MoI2(CO)(CNArDipp2)2].  

Demonstrating this fact is the reactivity of 11 toward the hindered alkyne 1-phenyl-1-propyne 

(PhC≡CMe).  Whereas 2 undergoes slow exchange of CO for PhC≡CMe over the course of 36 h 

at RT (Scheme 1.4.  Synthesis of divalent mono-carbonyl complexes.), 9 is generated nearly 

instantaneously upon treatment of 11 with the alkyne as indicated by a sudden darkening of 

solution to black and confirmation by 1H NMR.                  
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N Mo C NC
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Scheme 1.5.  Thermolytic dissociation of Et2O. 

 Assessment of bis-Isocyanide complexes as catalysts for alkyne hydrostannation 

An initial screening of previously reported51,52 bis-CNArDipp2 complexes in 

hydrostannation of PhC≡CMe revealed divalent-dicarbonyl complex 2 (Table 1.1, entry 3) to be 
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significantly more reactive than available zero-valent catalysts, Mo(CO)4(CNArDipp2)2  (entry 1) 

and Mo(CO)3(CNArDipp2)2(ACN)  (1, entry 2).  Initially, the enhanced reactivity of 2 appeared to 

reflect the possibility of a MoII/MoIV redox pair in catalysis.  Inconsistent with this notion, 

however, were the identical outcomes observed in catalysis with diiodide 2 and bis-triflate 7 

(entries 3 and 4).  Noting that the regioselectivity in hydrostannation is sensitive to subtle variation 

in ligand topology (see entry 5 for catalytic activity of CNArTripp [(ArTripp2 = 2,6-(2,4,6-

(iPr)3C6H2)2(C6H3)] analog of 2),5,75  it can be surmised that all X-ligands were cleared from the 

coordination sphere of 2 and 7 in the activation steps preceding entry into the catalytic cycle.  

Table 1.1. Comparison of Mo bis-isocyanide catalysts in hydrostannation. 

 

Entry Catalyst 

Metal 

Oxidation 

state  

X-type 

Ligand 

# of L-type 

ligands 

NMR Yield 

t = 30 min. 

(%)[a] 

Selectivity 

(β : α)[b] 

1 Mo(CO)4(CNArDipp2)2 0 None 6 <5 n.d. 

2 Mo(CO)3(CNArDipp2)2(ACN) (1)  0 None 5 16 91 : 9 

3 MoI2(CO)2(CNArDipp2)2 (2) II I– 4 100 91 : 9 

4 
Mo(OTf)(κ2-O,O-OTf)(CO)2 

(CNArDipp2)2 (7) 
II –OTf 4 100 91 : 9 

5 MoI2(CO)2(CNArTripp2)2 II I– 4 100 84 : 16 

6 Mo(OTf)2(CO)(CNArDipp2)2(THF) (8) II –OTf 3 6 91 : 9[c] 

7 
MoI2(CO)(CNArDipp2)2(η2-

PhC≡CMe) (9) 
II I– 3 <5 n.d. 

8 
[Mo(OTf)(CO)(CNArDipp2)2(η2-

PhC≡CMe)(THF)]OTf (10) 
II –OTf 3 8 91 : 9[c] 

9 MoI2(CO)(CNArDipp2)2(OEt2) (11) II I– 3 <5 n.d. 

[a] Reaction conditions: 1-Phenyl-1-propyne (0.170 mmol, 1.00 equiv), and HSnBu3 (1.05 equiv) were 

added to a thawing C6D6 solution (1 mL) of the catalyst catalyst (0.0034 mmol, 2.0 mol%).  The 

reaction mixture was allowed to react 30 min at room temperature. 

[b] Selectivity determined by 1H NMR of crude reaction mixture. 

[c] Reaction was allowed to proceed for 3 h before determination of selectivity by 1H NMR. 
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Indeed, the absence of X-ligands in the active species strongly suggested activation of 2 and 7 is 

achieved by two-electron reduction in situ with HSnBu3.76  This postulate is further supported by 

the identical selectivity between 2 and the zero-valent acetonitrile complex, 1.  It is thus likely that 

disparate reactivity leading to slow turnovers with 1 was the presence of an additional CO ligand.  

Notwithstanding, the observed 16% conversion of alkyne to vinylstannane products (entry 2) 

indicates that the active catalytic species is accessible by dissociation of one or more CO ligands.     

To further explore the relationship of the ancillary ligand field to catalyst reactivity, 

divalent mono-carbonyl species were evaluated (entries 6-9, Table 1.1).  Noting that dissociation 

of CO from 2 is a general feature of that compound’s reactivity (Schemes 1.4 & 1.5), it seemed 

likely that ligand dissociation would similarly occur in the activation steps with 2.  Furthermore, 

it is well known that alkynes can donate all four π-electrons in bonding interactions with a 

transition metals,77,78 so it is reasonable that a 12-electron  [ML3] fragment could interact with 

alkyne and HSnBu3 to give [ML3(η2-PhC≡CMe)(H)(SnBu3)] as an 18-electron catalytic 

intermediate.  To our surprise, however, mono-carbonyl complexes showed only trace conversion 

to vinylstannanes after 30 min (entries 6-9).  Evidently, the loss of carbonyl from 2 results in an 

almost complete shutdown in catalysis.   

Remarkably, in cases where yields were high enough to determine α/β-(E) ratio (entries 6 

& 8), the selectivities remained identical to that of 2.  In fact, all CNArDipp2 complexes which were 

competent in catalysis gave identical selectivity (entries 2-4, 6 & 8).  Important to note, the 

relationship between selectivity and catalyst topology is apparent when comparing the results in 

Table 1.1 with previously reported methodologies—β-(E)-selectivity had not exceeded 60% with 

PhC≡CMe.6,76  It is evident, therefore, that the active catalytic intermediates are precisely defined 

and independent of the CNArDipp2/CO ratio present in the parent complex.  Slow catalysis with the 
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mono-carbonyl complexes (entries 6-9) thus arises because one CO ligand must be gained by a 

metal-center (by ligand redistribution) before entering the catalytic cycle.  By contrast, the reaction 

profile of 1 reflects the slow activation of that catalyst by dissociation of one CO ligand.  Indeed, 

these investigations pointed to the critical importance of the [Mo(CO)2(CNR)2] fragment in 

catalysis.  In line with our group’s broader research interests, we were intrigued by the possibility 

that 2 could serve as a direct source of zero-valent [MoL4]. 

1.4  The Pursuit and Synthesis of Masked Analogues to Mo(CO)4 

Having established the critical importance of the [Mo(CO)2(CNArDipp2)2] fragment for 

efficient catalysis of hydrostannation as described in Section 1.3, synthetic investigations were 

undertaken to confirm speculations of in situ reduction by HSnBu3.  Chapter 2 describes the earliest 

confirmation of a zero-valent active species by trapping of the reactive intermediate, generated by 

treatment of 2 with 2 equiv HSnBu3, with diisopropyl amine (HNiPr2) to give an unusual Mo0 

amine κ1-N/η2-H,C chelate, 12.  Importantly, the reactivity and selectivity in reactions catalyzed 

by 12 were found to be indistinguishable from those catalyzed by 2, providing rapid conversion of 

alkynes to the corresponding vinylstannanes. The finding thus supported our earlier assessment 

that [Mo(CO)2(CNArDipp2)2] is the catalytic-element which remains unchanged throughout the 

catalytic cycle.  Although 12 is a suitable source of [Mo(CO)2(CNArDipp2)2] for hydrostannation, 

the release of a moderately basic substrate, HNiPr2, could affect the outcome of experiments 

seeking to probe the reactivity of the four-coordinate core.  To address this problem, a series of 

weakly coordinating ligands have been evaluated as ML4 masking agents.   

 Synthesis of masked MoL4 complexes 

Over the course of 30 min, a stirred Et2O suspension of 2 containing 2 equiv HSnBu3 

changed from light red to deep purple.  The resulting solution was concentrated and washed with 
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cold pentane to remove tributyltin iodide (ISnBu3) generated as a by-product of the reduction.    

The brownish purple solid was in 3:1 pentane/Et2O and crystallized at -40 oC to give large purple 

crystals of Mo(CO)2(CNArDipp2)2(OEt2)2 (13) in 64% yield.  Interestingly, cis-arrangement of the 

two Et2O ligands, as confirmed by X-ray crystallography (Figure 1.1), is consistent with theoretical 

and spectroscopic investigations proposing cis-divacant geometry in Mo(CO)4.79,80  In contrast to 

the agostic amine-chelate (12), the bis-etherate mask of 13 provides an inert leaving group, thus 

ensuring reactivity of 13 will accurately mimic that of the unmasked ML4 species.  Furthermore, 

the rapid, irreversible formation of 12 by treatment of 13 with 1 equiv HNiPr2 indicates that 13 is 

a superior surrogate to Mo(CO)4.   

Although 13 can be stored for up to one week at -40 oC in the presence of excess Et2O, the 

enhanced reactivity of this complex does limit reliability over longer durations.  To address this 

problem, DME was used as a chelating mask in 14 as shown in Scheme 1.7 and Figure 1.1.  

Importantly, the chelate-effect and decreased volatility of DME allowed for storage of 14 at -40 

oC for durations exceeding two months.  Interestingly, treatment of 13 with 1 equiv styrene 

(Scheme 1.6) afforded the unusual η3-styrene complex 15.  Although η4-coordination of vinyl-

arenes is relatively common,81,82 η3-coordination had been  only been reported in multinuclear 

systems wherein the vinyl-arene bridges two metal centers.83  Interestingly, one such intermediate 

was implicated in the hydrogenative C-atom abstraction from styrene to generate a mono-carbide 

Ni-cluster and toluene.82  Although further investigation regarding the reactivity of 15151515 are still 

under way, it is interesting to note that this complex was found to be the most stable among the 

masked-ML4 species shown in Scheme 1.7, showing no sign of degradation after three weeks at 

room-temperature under N2-atmosphere.  Importantly, screening of complexes 12-15 as catalysts 

(2 mol%) in the hydrostannation of PhC≡CMe (under conditions identical to those used in Section 



 

14 

1.3.2, Table 1.1) revealed all four of the zero-valent complexes to be suitable source of ML4; all 

gave the same selectivity as divalent dicarbonyl 2  (91:9 β/α), with complete conversion to the 

vinylstannane in under 30 min.     

2.0 HSnBu3

-H2

-ISnBu3

NMoCN C

O

OC

O

CO
13

Et2O
NMoCN C

OC
CO

NMoCN C

OC
CO

I
I

2

 

Scheme 1.6.  Synthesis of a bis-Et2O-masked source of ML4, 13. 

 

Figure 1.1.  Molecular structure of Mo(CO)2(CNArDipp2)2(OEt2)2 (13).  Three-position disorder of 
Mo and equatorial ligands precluded accurate determination of bond distances and angles.   
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Scheme 1.7.  Synthesis of masked sources of the zero-valent, four-coordinate fragment 
[Mo(CO)2(CNArDipp2)2]. 

 

Figure 1.2.  Molecular structure of DME-chelate 14. 
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Figure 1.3.  Molecular structure of η3-styrene complex 15. 

 Electronic structure of four-coordinate molybdenum 

An important aspect regarding the reactivity of the d6-four-coordinate fragment 

[Mo(CO)2(CNArDipp2)2] is the preferential coordination of weak Lewis bases (e.g. bis-Et2O-

coordination in 13) as opposed to dinitrogen.  In direct contrast to this are the classic tetrakis-

phosphine-bis-N2 complexes, e.g. trans-Mo(N2)2(dppe)2,
84,85 whose strong preference for 

coordination with π-acids (even poor ones, i.e. N2)  is evidenced by their stability in THF.86,87  The 

fact that THF does not disrupt N2-coordination sharply distinguishes the behavior of [Mo(PR3)4] 

from the π-acidic coordination environment of [Mo(CO)2(CNArDipp2)2] in this work.    

Encouraged that reactivity of reactivity profile of [Mo(CO)2(CNArDipp2)2] seemed to be in 

line with what would be expected for the binary carbonyl Mo(CO)4, we sought to more firmly 

establish the electronic structure relationship between these species.  It has been well-established 

that isocyanides are stronger σ-donors, and weaker π-acids than CO.88,89  It is unsurprising 

therefore, that the HOMO-LUMO energy difference for Mo(CO)4 and Mo(CO)2(CNPh)2 
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compares even more favorably than Mo(CO)4 does with the homoleptic isocyanide model 

Mo(CNPh)4.   In the following chapters, investigations probing the activation chemistry of 

masked-[Mo(CO)2(CNArDipp2)2] will thus provide insight more broadly into the capabilities of a 

classic molecule which has only been observed in the gas phase, cis-divacant Mo(CO)4. 

 
 

 

Figure 1.4. Top: Relative energy diagram of molecular orbitals in Mo(CO)4, Mo(CO)2(CNPh)2, 
and Mo(CNPh)4 – determined by DFT (BP86, def2-TZVP, ZORA).  Bottom: Assigned frontier 
molecular orbitals of Mo(CO)4; h1 and h2 are hybrid orbitals.79 
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Chapter 2  

 

Regioselective Formation of (E)‐‐‐‐β‐‐‐‐Vinylstannanes with a Topologi-

cally Controlled Molybdenum‐‐‐‐Based Alkyne Hydrostannation 

Catalyst 

2.1 Introduction  

Vinylstannanes are well recognized as versatile synthetic precursors for C−C bond‐forming 

reactions.1,2  Accordingly, transition‐metal‐catalyzed alkyne hydrostannation has been extensively 

investigated as an efficient, atom‐economic route to vinylstannanes.3 However, despite substantial 

progress in the development of alkyne hydrostannation catalysts, precise control over the 

hydrometalation regioselectivity continues to be an important challenge. Several catalysts have 

now been reported that reliably provide α‐vinylstannane products by catalyst‐controlled 

hydrometalation (Scheme 2.1, top).3–11 In contrast, catalysts that deliver (E)‐β‐vinylstannanes by 

regioselective syn Sn−H addition have been particularly difficult to develop for alkyne substrates 

that lack steric or electronic directing groups (Scheme 2.1, top).4,12–16  Indeed, the only systems 

known to provide reasonable regioselectivities for (E)‐β‐vinylstannanes are highly encumbered 

palladium/phosphine catalysts that operate through a formal Pd0/PdII cycle.3,4,12,14,15 However, the 

regioselectivity achieved with these systems is not general over a wide scope of substituted 

alkynes,4,15 and the systems lack the predictability associated with the most regioselective catalysts 

for the production of α‐vinylstannanes. 
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Scheme 2.1 Top: Generalized reaction scheme for the production of vinylstannane regioisomers 
by metal-catalyzed syn-hydrostannation of terminal alkynes. Middle: The key square-planar C-
alkenyl intermediates proposed to be responsible for regioselectivity in palladium-catalyzed 
alkyne hydrostannation. Bottom: Conceptual framework for enhanced (E)-β-regioselectivity by 
application of additional steric pressures in a six-coordinate molybdenum-based alkyne 
hydrostannation catalyst system. LBulk = encumbering ligand. 

A commonality among the Pd catalysts that show selectivity for (E)‐β‐vinylstannanes is 

the formation of a square‐planar cis‐[Pd(C‐alkenyl)(SnR3)L2] intermediate during the 

hydrometalation process (Scheme 2.1, middle). The square‐planar coordination geometry of this 

intermediate positions ancillary ligands both cis and trans to the key C‐alkenyl fragment that is 
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generated upon initial hydride transfer to the alkyne substrate. It has been argued that when these 

catalyst systems are sufficiently encumbered, the regioselectivity for (E)‐β‐vinylstannanes 

originates from steric hindrance between the cis‐ancillary ligand and the α‐vinylstannane‐

producing C‐alkenyl unit (Intermediate APd; Scheme 2.1).15 These unfavorable interactions 

encourage the formation of the (E)‐β‐vinylstannane‐producing C‐alkenyl intermediate, where 

steric interference from the cis‐ancillary ligand is minimized (BPd; Scheme 2.1). Based on this 

postulate, we reasoned that a modified catalyst architecture, where two encumbering ligands are 

positioned cis to the C‐alkenyl unit, could further destabilize the formation of α‐vinylstannane‐

producing intermediates and lead to increased regioselectivity for the formation of (E)‐β‐

vinylstannanes by syn hydrometalation. Accordingly, we sought to develop an encumbered alkyne 

hydrostannation system where an overall octahedral metal coordination geometry is conserved 

throughout the hydrometalation process. Such a modification would allow for two additional axial 

ligands to exert mutually cis steric pressure on a C‐alkenyl unit in a manner not achievable with 

systems that generate square‐planar intermediates (Scheme 2.1, bottom).3,4,12,14,15 

Previously, we reported the six‐coordinate complex MoI2(CO)2(CNArDipp2)2 (1; ArDipp2=2,6‐

(2,6‐(i‐Pr)2C6H3)2C6H3; Figure 2.1),17 which features two sterically encumbering m‐terphenyl 

isocyanide ligands in a trans orientation.18–20  Notably, diiodide 1 is related to the six‐

coordinate cis‐Mo(C‐alkenyl)(SnR3)L4 intermediates proposed by Kazmaier and co‐workers for 

alkyne hydrostannation with the zero‐valent tris‐isocyanide tricarbonyl catalyst precursor Mo(CN‐

t‐Bu)3(CO)3).6,21–25 Indeed, Mo(CN‐t‐Bu)3(CO)3 possesses relatively unencumbered ligands, and 

correspondingly, its use as an alkyne hydrostannation pre-catalyst results in excellent 

regioselectivity for α‐vinylstannanes. 6,21–25  Herein, we show that the more sterically encumbered 

complex 1 also serves as a highly efficient alkyne hydrostannation catalyst precursor. However, 
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owing to its increased steric profile, 1 catalyzes the regioselective formation of (E)‐β‐

vinylstannanes for a wide range of terminal and unsymmetrically substituted internal alkynes 

without the need for sterically biased substrates. Pre-catalyst 1 can be readily activated under mild 

conditions to a well‐defined and stabilized 14 e− zero‐valent active species, in which the rigid and 

encumbering trans topology of the m‐terphenyl isocyanide ligands is maintained. In addition, we 

show that this ligand orientation is responsible for the high regioselectivity for (E)‐β‐

vinylstannanes, which can be further modulated by substrate‐dependent electronic perturbation of 

key intermediates during hydrometalation. 

2.2 Results and Discussion 

 

Figure 2.1 Top: syn Hydrostannation of diphenylacetylene with molybdenum precatalysts 1and 3. 
Bottom: Synthesis, proposed formation, and molecular structure of the zero‐valent amine/C,H‐
agostic complex 3 from divalent diiodide 1. Selected bond lengths [Å] and angles [°] for 3: Mo–
H1 2.126(5), Mo–C5 2.806(2), Mo–N3 2.327(3); Mo‐H1‐C5 125.11(30). 
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In an initial screen of 1 for catalytic hydrostannation, diphenylacetylene was chosen as a 

test substrate. Upon using 2 mol % of 1 and 1.05 equiv of HSnBu3, the syn hydrostannation 

product (E)‐tributyl(1,2‐diphenylvinyl)stannane was isolated in 98 % yield after 20 min of reaction 

at room temperature in C6D6 solution (Figure 2.2, top). Notably, the efficiency of this reaction at 

room temperature indicates that diiodide 1 is rapidly converted into a catalytically active species. 

Indeed, treatment of diiodide 1 with 2.0 equiv of HSnBu3 in the absence of alkyne substrate rapidly 

generates the Mo0 tetracarbonyl complex Mo(CO)4(CNArDipp2)2 (2)18 through an apparent 

reduction/ligand redistribution process, along with H2 and ISnBu3, as determined by 1H NMR 

spectroscopy and GCMS. Hydride‐for‐halide exchange has been observed previously in reactions 

between HSnBu3 and metal halide complexes and likely proceeds by a radical‐chain 

mechanism.26,27 Accordingly, for this system, we propose that a double H/I exchange process 

produces an intermediate Mo0 ML4 species that is active for alkyne hydrostannation, but 

redistributes when substrate is not present (Figure 2.2). 

Most notably, when diiodide 1 is treated with stoichiometric HSnBu3 in the presence of 

diisopropylamine (HN(i‐Pr)2), the Mo0 amine/C−H‐agostic complex 3 can be isolated in 

approximately 80 % yield (Figure 2.2). Structural characterization of complex 3 reveals 

the trans orientation of the CNArDipp2 ligands, which is similar to that found in diiodide 1, while an 

HN(i‐Pr)2 ligand is bound through an unusual κ1‐N/η2‐H,C chelate (Figure 2.2). The isolation of 

complex 3 strongly suggests that the four‐coordinate zero‐valent species [Mo(CO)2(CNArMes2)2], 

which is analogous to the intermediate proposed for hydrostannation by Mo(CN‐t‐Bu)3(CO)3,21 is 

likely produced in this reaction sequence and is sufficiently reactive to be trapped with a weakly 

coordinating substrate such as HN(i‐Pr)2. Consistent with this notion, 3 is also highly active for 

diphenylacetylene hydrostannation, producing the corresponding vinylstannane in 96 % yield 
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upon isolation under the same reaction conditions as those employed for diiodide 1 (Figure 2.2, 

top). 

Table 2.1  Hydrostannation of aryl and alkyl alkynes using MoI2(CO)2(CNArDipp2)2 (1). 

 

  

Entry  Major Product (E)-β/α[b] 
Yield[c] 

[%] 

1   
87:13 95 

2 
  

98:2 97 

3   
91:9 92 

4   
98:2 94 

5   
99:1 93 

8   
45:55 86 

9   
92:8 94 

11   
80:20 96 

12   91:9 92 

13   91:9 93 

14 
  

92:8 94 

15   
89:11 94 

16   61:39 84 

17 
  

90:10 92 

18 
  

97:3 97 

19 
  

83:17 92 

20 
  

78:22 95 

[a] Reaction conditions: alkyne (0.170 mmol, 1.00 equiv), 1 (2.0 mol%), 
HSnBu3 (1.05 equiv), C6D6 (1.0 mL), room temperature, 30 min. 
[b] Selectivity determined by 1H NMR analysis of the reaction mixture. [c] 
Isolated as a mixture of the α and β-(E) isomers. 
All runs showed complete conversion into vinylstannanes in crude reaction 
mixtures. 

OH

SnBu3
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Whereas complex 3 yields an active system for catalysis, the operational simplicity of the 

in situ activation of diiodide 1 with only a slight excess HSnBu3 rendered it our preferred precursor 

for additional hydrostannation studies. Accordingly, at 2.0 mol % loading, complex 1 is effective 

for the hydrostannation of a range of terminal and internal alkynes into (E)‐β‐vinylstannanes with 

exceptional regioselectivity. In addition, catalytic hydrostannation mediated by 1 proceeds 

efficiently at room temperature with only 1.05 equiv of HSnBu3 per alkyne substrate and without 

the need for additives or radical scavengers (Table 2.1).6,24 For example, under these 

conditions, 1 converts phenylacetylene into the corresponding (E)‐β‐vinylstannane with 13:87 

α/(E)‐β regioselectivity after 20 min in C6D6 solution (entry 1). The (Z)‐β‐vinylstannane isomer, 

which is known to form in some metal‐catalyzed hydrostannation processes,4 is not produced in 

this reaction. Notably, this level of α/(E)‐β regioselectivity for phenylacetylene hydrostannation is 

markedly superior to that of the well‐utilized catalyst precursor PdCl2(PPh3)2 (α/(E)‐β=46:54 for 

the same substrates).4,5 Complex 1 also outperforms the more encumbered catalyst system 

Pd2(dba)3/[HPCy3]BF4/NEt(i‐Pr)2, which has previously yielded the greatest level of α/(E)‐β 

regioselectivity for phenylacetylene hydrostannation (α/(E)‐β=19:81).15 

Other terminal aryl alkynes can also be converted with high regioselectivity. As shown in 

Table 2.1, complex 1 transforms sterically demanding (entry 2) and electron-rich (entries 3-5) 

terminal aryl alkynes into (E)-β-vinylstannanes with regioselectivities greater than 98%. Similarly, 

unsymmetrically substituted internal aryl alkyl alkynes can be converted into vinylstannanes with 

a high degree of preferential placement of the [SnBu3] unit proximal to the alkyl group (i.e., formal 

α-H addition; entries 7 and 8).13  These results indicate that the catalytic intermediates generated 

by complex 1 likely impose strong steric control over alkyne orientation during hydrostannation. 

However, it is critical to note that the presence of strongly electron-withdrawing substituents, such 
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as in the case of para-nitrophenylacetylene, significantly degrades the regioselectivity displayed 

by the system (entry 6). In fact, for this substrate, the a-vinylstannane is marginally favored. 

Remarkably, aliphatic alkynes also undergo hydrostannation to (E)-β-vinylstannanes with high 

regioselectivity in them presence of complex 1 (entries 9-13). Of these latter examples, the 

conversion of 2-hexyne into the corresponding (E)-β-vinylstannane with 9:91 α/(E)-β 

regioselectivity is particularly noteworthy (entry 12), as this result indicates that the molecular 

topology accessible from 1 can finely discriminate between methyl and propyl groups on opposing 

ends of an unsymmetrically substituted dialkyl alkyne. However, when electron-withdrawing 

substituents were present, as in the case of 4-cyano-1-butyne (entry 13), the regioselectivity of the 

hydrostannation process was again diminished. This observation illustrates that the electronic 

properties of the alkyne substrate can alter the regioselectivity governed by the inherent topological 

features of the catalyst system. It is also important to note that sterically biased propargyl alcohols 

can be converted into (E)-β-vinylstannanes with high regioselectivity (entries 14-16), as has been 

reported previously for other hydrostannation catalysts.4 Accordingly, the scope of the 

regioselective alkyne hydrostannation to (E)-β-vinylstannanes using complex 1 is expanded, rather 

than compromised, relative to other catalyst systems. To this end, it is noteworthy that 1 produces 

the (E)-β-vinylstannane isomer of mifepristone (Scheme 2.2) with 2:98 α/(E)-β regioselectivity 

and in 98% yield, thereby demonstrating that a fair degree of molecular complexity can be 

accommodated by the system without loss of selectivity or activity. Catalysis can be scaled without 

significant loss of selectivity or activity as well. This was demonstrated by the hydrostannation of 

1.0 g of the internal alkyne 1-phenyl-1-propyne, which proceeded in 90% yield and 91% 

regioselectivity for the (E)-β-vinylstannane isomer at room temperature in 2 hours. Nevertheless, 

the use of 3-butyn-2-one resulted in a non-negligible degradation of regioselectivity (entry 17), 
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further illustrating that electron-withdrawing groups predictably alter the regiochemical outcome 

of hydrostannation in this system.28  

 

Scheme 2.2.  Hydrostannation of mifepristone with precatalyst 1. 

 

Figure 2.2 Top: Proposed interconversion of molybdenum-based (E)-β- and α-producing C-
alkenyl intermediates through reversible b-H elimination/migratory insertion. Bottom: DFT-
calculated structures for (E)-β-producing, aryl-substituted molybdenum-based C-alkenyl 
intermediates for X = NO2 (left) and H (right), with the closest Mo···H contacts between the SnMe3 
group indicated. 
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A preliminary assessment of the hydrostannation mechanism by both experimental and 

computational studies suggests that the encumbering steric profile of the CNArDipp2 ligands is 

primarily responsible for the regiochemical preference of hydrostannation in post-insertion steps. 

However, the electronic properties of the alkyne substrates also exert an important influence over 

the properties of certain intermediates along the hydrostannation pathway. Hydrostannation of 

phenylpropyne using complex1 and a 1:1 mixture of HSnBu3/DSnBu3 (3:1 [Sn]tot/[alkyne]) 

resulted in an intermolecular H/D kinetic isotope effect of 1.11(7), thereby indicating that neither 

Sn–H bond cleavage nor C–H bond formation, through either migratory insertion or reductive 

elimination, are the rate limiting aspects of catalysis in this system.29,30  Importantly, a plot of the 

log(α/(E)-β) vinylstannane isomeric ratio versus the Hammett σ parameter (see Section 1.5.2, 

Figure 2.11) for the para-substituted terminal aryl alkynes listed in Table 2.1 reveals a distinct 

positive correlation between selectivity for the (E)-β-vinylstannane isomer and the electron-

releasing capacity of the para substituent. We believe that these observations reflect the fact that 

the electronic properties of the alkyne substrate affect the stability of post-insertion intermediates, 

which are ultimately responsible for dictating the regiochemical outcome of the hydrostannation 

process prior to rate-limiting Sn–C bond-forming reductive elimination. 

 It has been well established that Chalk–Harrod-type hydrometalation processes are 

governed by the interconversion of C-alkenyl metal intermediates through reversible hydride 

migratory insertion/β-H elimination (Figure 2.2).28–30  In addition, in our studies on Group 6 metal 

complexes featuring two CNArDipp2 ligands, we had previously shown that the steric encumbrance 

of these isocyanides enforces a mutually trans orientation through multiple redox transformations 

of the metal center.18,19  We believe that to relieve steric pressure, this constrained, trans isocyanide 

environment around the metal center shifts the equilibrium between the two C-alkenyl insertion 
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products to the configuration favoring production of the (E)-β-vinylstannane isomer (Figure 2.2). 

This argument is analogous to that made for regioselective (E)-β-vinylstannane formation using 

palladium and encumbering phosphine ligands,15 with the added feature that two cis-oriented 

ligands provide steric pressure in this six-coordinate Mo system. 

Notably, DFT calculations on the truncated C-alkenyl intermediates [Mo(κ1-C-

(C(H)=C(H)C6H4-p-X))(SnMe3)(CNPh)2(CO)2], which would give rise to (E)-β-vinylstannanes 

after C_Sn bond-forming reductive elimination, optimize to stable minima and have unremarkable 

structural features for X=H, Me, OMe, and NMe2 (Figure 2.2 and Section 2.5.3, Figure 2.12).  

However, for X = NO2, the calculations reveal a pronounced H,C-agostic interaction between the 

Mo center and a methyl group of the trimethylstannyl unit (Figure 2.2). This result indicates that 

the Lewis acidity of the Mo center is augmented when electron-withdrawing substituents are 

present on the (E)-β-producing C-alkenyl intermediate. Inclusion of the full SnBu3 ligand in the 

calculations also results in a stable minimum featuring an agostic interaction between an α-

methylene group and the Mo center (see Section 2.5.3, Figure 2.13). We therefore tentatively 

propose that this increase in metal Lewis acidity may produce a favorable pathway for β-hydride 

elimination/alkyne reinsertion to the α-vinylstannane-producing C-alkenyl intermediate,31 despite 

the steric preference of the catalyst. Lending credence to this notion is the finding that 

hydrostannation of para-nitrophenylacetylene with Mo(CN-t-Bu)3(CO)3 produces the α-

vinylstannane with >98% regioselectivity (see Section 1.2.7), thereby indicating that in the absence 

of encumbering ligands, the electronic profile of the alkyne dominates the regiochemical outcome. 

While we are further evaluating the validity of this mechanistic proposal, the combined 

observations suggest that regioselective production of (E)-β-vinylstannanes by complex 1 is driven 

by steric factors but can be predictably modulated by adjusting the electronic properties of the 
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alkyne substrate or a reduction in the steric profile of the Mo catalyst.  Nevertheless, we anticipate 

that this catalytic alkyne hydrostannation system may be particularly useful in applications where 

(E)-β-vinylstannanes are desired and strongly electron-withdrawing substituents are not in close 

proximity to either end of the alkyne substrate. 

 

2.3 Synthetic Procedures, and Control Experiments 

 General Considerations.  

All manipulations were carried out under an atmosphere of dry dinitrogen using standard 

Schlenk and glovebox techniques. Solvents were dried and deoxygenated according to standard 

procedures.32 Unless otherwise stated, reagent-grade starting materials were purchased from 

commercial sources and used as received or purified by standard methods. The m-terphenyl 

isocyanide,18 CNArDipp2, and the complexes MoI2(CO)2(CNArDipp2)2 (MoI2
Dipp2), 

Mo(CO)3(CNArDipp2)2(ACN) (MoDipp2),17  and Mo(CO)3(tBuNC)3 (MotBu)33 were prepared 

according to published procedures. Benzene-d6 (Cambridge Isotope Laboratories) was distilled 

from NaK/benzophenone and stored over 4 Å molecular sieves for 2 d prior to use. All glassware 

was dried at 180 oC for 8 h.  SiO2 used in chromatography was dried in an open container at 180 

oC for 2 d.  Solution 1H and 13C{1 H} NMR spectra were recorded on Varian Mercury 400 

spectrometers, a Varian X-Sens 500 spectrometer, or a JEOL ECA-500 spectrometer. 1H and 

13C{1H} chemical shifts are reported in ppm relative to SiMe4 ( 1H and 13C δ = 0.0 ppm) with 

reference to residual solvent resonances of 7.16 ppm (1H) and 128.06 ppm (13C) for benzene-d6.34  

FTIR spectra were recorded on a Thermo-Nicolet iS10 FTIR spectrometer.  Samples were 

prepared as C6D6 solutions injected into a ThermoFisher solution cell equipped with KBr windows. 

For solution FTIR spectra, solvent peaks were digitally subtracted from all spectra by comparison 
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with an authentic spectrum obtained immediately prior to the sample. The following abbreviations 

were used for the intensities and characteristics of important IR absorption bands: vs = very strong, 

s = strong, m = medium, w = weak, vw = very weak; b = broad, vb = very broad, sh = shoulder. 

High-resolution mass spectrometry (HRMS) was performed using an Agilent 6230 ESI-TOFMS 

instrument running in positive ion mode.  

Note: HSnBu3 was obtained from commercial sources and comes with 0.5% 2,6-bis(1,1-

dimethylethyl)-4-methylphenol as stabilizer.  The reagent was used as received, and was stored 

under inert atmosphere at −40 oC.  Slow decomposition to Sn2Bu3 and H2 occurs over time at room 

temperature.  The purity of HSnBu3 was verified upon arrival from the manufacturer by NMR.  In 

several instances, the material was received with a non-negligible amount of the decomposition 

product, Sn2Bu6.  While partially decomposed reagent was avoided in this work, it is worth noting 

that Sn2Bu6 is inert to the reaction conditions, and can generally be removed from product by 

chromatography.   

 Synthesis of Mo((ηηηη2-H,C-(H3CCH(CH3))-k1-N-N(H)(i-Pr))(CO)2(CNArDipp2)2 (3).  

To a thawing toluene (15 mL) solution of diisopropyl amine (37 µL, 0.263 mmol, 1.1 

equiv.) and MoI2(CO)2(CNArDipp2)2 (0.300 g, 0.239 mmol, 1.0 equiv) was added HSnBu3 (142 µL, 

0.527 mmol, 2.1 equiv.). The reaction mixture was allowed to warm to room temperature and 

stirred for a total of 40 minutes. The solvent was removed in vacuo and the resulting red residue 

was suspended in n-pentane (ca. 4 mL), stirred for 10 minutes and the slurry then frozen. The 

thawing suspension was filtered, washed with thawing n-pentane, and dried in vacuo to give 3 as 

a dark- S-3 red solid (0.207 g, 0.188 mmol, 78.6% yield). Crystals suitable for X-ray diffraction 

were obtained from a concentrated n-pentane solution stored at –40 ˚C. 1 H NMR (500 MHz, 

C6D6, 20 ˚C): δ = 7.29 (t, J = 7.7 Hz, 4H, p-Dipp), 7.18 (d, J = 7.7 Hz, 8H, m-Dipp), 6.96 (d, J = 
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7.5 Hz, 4H, m-Ph), 6.87 – 6.83 (m, 2H, p-Ph), 2.82 (sept, J = 6.8 Hz, 8H, ArCH(CH3)2), 2.26 – 

2.15 (m, 2H, NCH2(CH3)2), 1.37 (d, J = 6.8 Hz, 24H, CH(CH3)2), 1.08 (d, J = 6.8 Hz, 24H, 

CH(CH3)2), 0.66 (d, J = 6.1 Hz, 6H, NCH2(CH3)), –0.23 (d, J = 6.1 Hz, 6H, η2 -C,H-NCH2(CH3)) 

ppm. 13C{1H} NMR (126 MHz, C6D6, 20 ˚C): δ = 227.5 (CO), 183.6 (CN), 146.7, 138.2, 136.2, 

130.1, 129.7, 129.1, 125.3, 123.3, 49.9, 31.3, 24.9, 24.3, 23.5 ppm. FTIR (C6D6, KBr windows): 

ν(CN) = 2052(s), 1949(vs) cm-1 ; ν(CO) = 1863(s), 1817(s) cm-1 , also 2961, 2927, 2870, 1578, 

1464, 1413, 1384, 1363, 756 cm-1 . Anal. Calcd. for C70H89MoN3O2: C 76.4, H 8.15, N 3.82. 

Found: C 75.92, H 7.81, N 3.70.  

 Synthetic Procedure for MoI2(CO)2(CNArDipp2)2 (1) Catalyzed Hydrostannation.  

Under N2-atmosphere, an NMR tube charged with a C6D6 solution of 1 (0.0047 g, 0.004 

mmol, 2 mol %, 1 mL) was frozen in N2(l)-cooled cold well. The frozen reaction mixture was 

layered with the alkyne substrate (0.170 mmol) and HSnBu3 (0.050 g, 0.179 mmol, 53 µL, 1.05 

equiv). The mixture was then allowed to thaw and the tube was shaken. Analysis by 1H NMR 

spectroscopy indicated rapid conversion to products (< 20 min). The regio-isomeric ratio (α:β) 

was determined using the crude sample when it was determined that all alkyne starting material 

had been consumed. The reaction was then concentrated in vacuo and was flash-chromatographed 

over Florisil (100-200 mesh) with cold n-pentane (–78 ˚C) eluent (note: polar vinylstannanes, e.g. 

propargyl alcohols, were eluted with a cold (–78 ̊ C) Et2O/n-pentane solution (1:30)). The resulting 

solution was concentrated to give an oil ranging from colorless to light yellow. In some cases, 

proteo-destannation of vinylstannanes on Florisil resulted in small amounts of alkene byproduct 

(typically <2%).  Yields ranged between 84% and 97% (Table 2.1). 
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Note: HSnBu3 was obtained from commercial sources and comes with 0.5% 2,6-bis(1,1-

dimethylethyl)-4-methylphenol as stabilizer.  The reagent was used as received and was stored 

under inert atmosphere at −40 oC.  Slow decomposition to Sn2Bu3 and H2 occurs over time at room 

temperature.  The purity of HSnBu3 was verified upon arrival from the manufacturer by NMR.  In 

several instances, the material was received with a non-negligible amount of the decomposition 

product, Sn2Bu6.  While partially decomposed reagent was avoided in this work, it is worth noting 

that Sn2Bu6 is inert to the reaction conditions and can generally be removed from product by 

chromatography.   

 Large-Scale Hydrostannation of 1-Phenyl-1-Propyne.  

To a thawing benzene solution of MoI2(CO)2(CNArDipp2)2 (1; 0.108 g, 1.0 mol%, 0.0861 

mmol, 15 mL) was added thawing HSnBu3 (2.56 g, 1.02 equiv, 8.80 mmol), followed by thawing 

1-phenyl-1-propyne (1.00 g, 1.0 equiv, 8.61 mmol). The reaction mixture was stirred for 2 h at 

room temperature then concentrated to a viscous oil. The oil was purified by flash chromatography 

with Florisil (n-pentane eluent) to give a yellow liquid consisting of a mixture of (E)-β- and (E)-

α-vinylstannane regioisomers (3.16 g, 7.76 mmol, 90% yield, (E)-β:(E)-α = 91:9). The purity of 

the resulting yellow liquid was confirmed by 1H NMR spectroscopy.  

 Hydrostannation with Low Catalyst Loading.  

Reactions with 0.1 mol% 1 (0.001 equiv.) were carried out under conditions described as 

described in section 2.2.3 with phenyl acetylene, and phenyl propyne.  Reaction mixture was 

stirred for 24 h, at which point 100% conversion was achieved. 
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 Hydrostannation Catalyzed by Mo(CO)3(CNArDipp2)2(ACN).   

Reactions catalyzed by Mo(CO)3(CNArDipp2)2(ACN) under conditions described in the 

general procedure showed identical selectivities to 1 with 1-phenyl-1-propyne, phenyl acetylene, 

and 1-hexyne, but required extended reaction times (>24 h).  Reactions were accelerated at 

elevated temperatures (60 oC) to give complete conversion of the acetylenic substrates to 

vinylstannanes in 12-18 h.   

Identical selectivities and decreased reaction rates of Mo(CO)3(CNArDipp2)2(ACN) 

compared to the divalent precatalyst 1 suggest identical coordination environments in the 

catalytically active species generated upon activation.  The longer reaction times required for the 

zero-valent catalyst, Mo(CO)3(CNArDipp2)2(ACN), therefore, are thought to originate in the 

activation steps.  Mo(CO)3(CNArDipp2)2(ACN) is activated upon loss of CO, whereas 1 is activated 

by reduction with two equivalents of HSnBu3. 

 Hydrostannation Catalyzed by Mo(CO)3(CNtBu)3.   

Under N2-atmosphere, an NMR tube was charged with a C6D6 (0.5 mL) solution of 

Mo(CO)3(CNtBu)3 (0.04 equiv), hydroquinone (0.1 equiv) alkyne (0.1 mmol, 1 equiv.) and 

HSnBu3 (0.25 mmol, 2.5 equiv).6  The reaction mixture was heated for 6 h until the alkyne 

substrate was fully consumed.  The ratio α:β was determined for the crude reaction mixture.      

Note: Reactions catalyzed by Mo(CO)3(CNtBu)3 did not benefit, in terms of rate or 

selectivity, from low-temperature addition of substrates.  Rate of HSnBu3 decomposition to Sn2Bu6 

and H2 is similar to rate of hydrostannation, thus excess tin-reagent is required.   
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 Control Experiments Probing for Background Radical Hydrostannation and 

Reversible C-Sn Bond Cleavage 

 

Uncatalyzed reactions at room temperature:  

Under N2-atmosphere, an NMR tube charged with diphenyl acetylene (0.1 mmol), HSnBu3 

(53 µl, 0.105 mmol), and C6D6 (0.5 mL).  After stirring 24 h at r.t., no conversion to vinylstannanes 

was observed. This procedure was repeated with 1-hexyne and phenyl acetylene which gave the 

same result.   

Control experiments probing radical-type hydrostannation in the presence of 

MoI2(CO)2(CNArDipp2)2 (1):   

A – Pre-activation of MoI2(CO)2(CNArDipp2)2 (1) with HSnBu3 followed by treatment 

with TEMPO:  To a frozen C6D6 (0.4 mL) solution of 1 (0.005 g, 0.0047 mmol; 2 mol%) was 

added HSnBu3 (0.050 g, 0.179 mmol, 53 µL, 1.05 equiv). To the thawing catalyst solution was 

added a C6D6 (0.1 mL) solution of TEMPO (0.007 g; 0.04 mmol; 22 mol%). Upon complete 

mixing, the reaction mixture was immediately frozen and phenyl propyne (0.020 g, 0.17 mmol) 

was added. Catalysis was not inhibited and complete conversion to the vinylstannane was 

observed. This indicates that radical species that are intercepted by TEMPO do not significantly 

contribute to the generation of vinylstannane product. 

B – Pre-activation of MoI2(CO)2(CNArDipp2)2 (1) with HSnBu3 Followed by Treatment 

with Hydroquinone. To a frozen THF-d8 (0.4 mL) solution of 1 (0.005 g, 0.0047 mmol; 2 mol%) 

was added HSnBu3 (0.050 g, 0.179 mmol, 53 µL, 1.05 equiv). To the thawing catalyst solution 

was added a THF-d8 (0.1 mL) solution of hydroquinone (0.002 g; 0.018 mmol; 10 mol%). Upon 

complete mixing, the reaction mixture was immediately frozen and phenyl propyne (0.020 g, 0.17 
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mmol) was added. Catalysis was not inhibited and complete conversion to the vinylstannane was 

observed. This indicates that radical species that are intercepted by hydroquinone do not 

significantly contribute to the generation of vinylstannane product. 

C – Pre-treatment of MoI2(CO)2(CNArDipp2)2 (1) with TEMPO.  To a frozen C6D6 (0.5 

mL) solution of 1 (2 mol%, 0.02 equiv) and TEMPO (0.24 equiv) was added 1-phenyl-1-propyne 

(µL, 0.17 mmol) and HSnBu3 (49.5 mg, 53 µL, 1.05 equiv). The resulting complex was not active 

in hydrostannation, and only starting material persisted in solution. This result indicates that 

TEMPO deactivates 1 when HSnBu3 is not present and that hydrostannation does not occur. 

 Irreversibility of Reductive Elimination.   

Tributyl(styryl)stannane was prepared as a 68:32 mixture of α/β-(E) regioisomers by 

hydrostannation of phenyl acetylene with Mo(CO)3(tBuNC)3 according to the procedure in Section 

1.2.3. The catalyst was removed from the reaction mixture by flash chromatography (SiO2) with 

pentane eluent. The resulting mixture of vinylstannanes (0.053 g, 0.14 mmol) was concentrated 

under vacuum and taken up in 100 µL C6D6 and frozen in the cold-well of a glove box (N2(l)). The 

thawing vinylstannanes solution was added to a frozen C6D6 (400 µL) solution of 

MoI2(CO)2(CNArDipp2)2 (1; 0.0085 g, 5 mol%). To ensure catalyst activation, HSnBu3 (0.0392 g, 

36.3 µl, 0.14 mmol) was added to the frozen mixture, and the solution was allowed to thaw at 

room-temperature. After stirring 24 h, NMR showed no change in the ratio of regioisomers (α/β). 

Since hydrostannation of phenyl acetylene with MoI2(CO)2(CNArDipp2)2 is known to give a 12:88 

α/β ratio (see below), this result indicates tributyl(styryl)stannane cannot re-enter the catalytic 

cycle under standard reaction conditions and that the final reductive elimination is irreversible. 
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2.4 αααα/ββββ-Vinylstannane Isomer Determinations and Assignments  

Alkynyl carbon atoms of the parent alkyne were assigned α and α, with the highest priority 

alkynyl C-atom being denoted as the α-position. The resulting vinylstannanes are termed α- or β-

stannanes, according to the position occupied by the SnBu3 fragment (Figure 2.3). Regioselectivity 

is reported as ratio of isomers (α:β) as determined in the crude reaction mixtures by integration of 

vinylic proton signals in the NMR. 

 

Figure 2.3. Example showing α/β-assignments for an internal alkyne. 

 

Vinylic signals were assigned to a or β-isomers by HSQC, HMBC, and J-coupling 

constants as determined by 1H NMR spectroscopy. HSQC readily distinguished the two 

vinylstannane isomers; α-stannanes showed coupling of one vinyl carbon to two vinyl protons, 

(E)-β-vinylstannanes showed two vinyl carbons, each coupled to one vinyl proton (Figure 2.4). J-

coupling of trans-vicinal protons in terminal (E)-β-vinylstannanes provide diagnostic 18-20 Hz 

coupling, while α-vinylstannanes show small germinal coupling of terminal protons (ca. 1.6-2 Hz). 

119/117Sn/1H coupling provide unambiguous assignment of vinyl 1H chemical shifts; JSnH,cis is 

typically 60-80 Hz, while JSnH,trans is much larger at 120-150 Hz (Figure 2.5-7) . 
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Figure 2.4.  HSQC verifying regio-isomer assignments for α/β-tributylstannyl(vinyl)-
cyclopentanol. 
 

 

Figure 2.5. Example portion of 1H NMR spectrum showing key J-coupling values and peak 
assignments for α- and β-vinyl protons. * denotes 119/117Sn satellites. 
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Figure 2.6. Example 1H NMR spectrum, (E)-β-tributyl(2,4,6-trimethylstyryl)stannane, showing 
coupling constants used to establish regio-stereochemical assignments.  Large coupling constant 
of the vicinal protons (3J = 20 Hz) unambiguously confirms the (E)-β assignment of the product. 
 

 

Figure 2.7.  In addition to characteristic J-couplings for assignment of β-vinylstannanes, α-
vinylstannanes are readily identifiable with very large Sn/Htrans coupling constants (JSnH,trans = 140 
Hz), and smaller Sn/Hcis coupling constants (JSnH,cis = 64 Hz). 
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2.5 Tabulated Characterization, Regioselectivity and Yield Data for 

Vinylstannanes 

Bu3Sn

 

(E)-tributyl(1,2-diphenylvinyl)stannane. Colorless oil (92.9 mg, 99%).  1H NMR (500 

MHz, C6D6, 20 
oC): δ = 7.22 (d, J = 7.6 Hz, 2H), 7.17 (m, 4H), 7.04 – 6.96 (m, 3H), 6.96 – 6.85 

(m, 2H), 1.70 – 1.52 (m, 6H), 1.45 – 1.33 (m, 6H), 1.15 – 1.00 (m, 6H), 0.94 (t, J = 7.3 Hz, 9H) 

ppm.  13C{1H} NMR (126 MHz, C6D6, 20 
oC): δ = 150.0, 146.2, 139.2, 138.0, 129.8, 129.8, 129.7, 

129.2, 128.4, 127.2, 126.8, 125.6, 29.5, 27.8, 14.0, 10.5 ppm.  119Sn NMR (187 MHz, C6D6, 20 

oC): δ = -33.53 ppm.  Anal. Calcd for C26H38Sn: C 66.54, H 8.16.  Found: C 65.4, H 8.26. 

 

Entry 1: (E)-tributyl(styryl)stannane.  Colorless oil, (253 mg, 95%, β:α = 87:13 NMR).  

1H NMR (500 MHz, C6D6, 20 
oC): δ = 7.39 (d, J = 7.7 Hz, 2H), 7.16 (m, 3H), 7.1 (d, J = 19.5 Hz, 

1H), 6.98, (d, J = 19.5 Hz, 1H), 1.63 (m, 6H), 1.40 (m, 6H), 1.04 (m, 6H), 0.94 (m, 6H) ppm; α-

isomer: δ = 6.14 (d, J = 2.4, JSnH = 129.7 Hz, 1H), 5.52 (d, J = 2.4, JSnH = 71.0 Hz, 1H) ppm.  

13C{1H} NMR (126 MHz, C6D6, 20 
oC): δ = 147.1, 139.3, 129.1, 128.9, 128.0, 126.5, 29.6, 27.8, 

14.0, 9.9 ppm.  Anal. Calcd for C20H34Sn: C 61.09, H 8.72.  Found: C 58.28, H 8.59. 
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Entry 2: (E)-tributyl(2,4,6-trimethylstyryl)stannane.  Colorless oil (92 mg, 97%, β:α = 

99:1).  1H NMR (500 MHz, C6D6, 20 
oC) : δ 6.98 (d, 2JHH = 20, 3JSnH,cis = 67 Hz, 1H), 6.84 (s, 2H) 

6.31 (d, 2JHH = 20, 2JSnH,gem = 80 Hz, 1H) 2.34 (s, 6H), 2.19, (s, 3H), 1.66 (pent, J = 7.8 Hz, 6H), 

1.41 (sext, J = 7.45 Hz, 6H), 1.04 (t, 8.02 Hz, 6H), 0.96 (t, J = 7.45 Hz, 9H) ppm. 13C{1H} NMR: 

(126 MHz, C6D6, 20 
oC): δ = 146.3, 137.9, 135.9, 135.1, 133.9, 129.1, 27.73, 27.75, 21.14, 21.09, 

14.1, 9.98 ppm. Anal. Calcd for C23H40Sn: C 63.47; H 9.26.  Found: C 63.38, H 9.61. 

 

 

Entry 3: (E)-tributyl(4-methylstyryl)stannane. Colorless oil, (82 mg, 92%, β:α = 91:9 

NMR).  1H NMR (500 MHz, C6D6, 20 
oC): δ = 7.35 (d, J = 7.8 Hz, 2H), 7.10 ( d, J = 20, 1H), 6.99 

(d, J = 7.8 Hz, 2H), 6.96 (d, J = 20 Hz, 1H), 2.11 (s, 3H), 1.64 (m, 6 H),1.40 (m, 6H) 1.05 (m, 6H), 

1.20 (m, 9H) ppm; α-isomer: δ = 6.20 (d, J = 2.4, JSnH = 131.6 Hz, 1H), 5.52 (d, J = 2.4, JSnH = 

62.4 Hz, 1H) ppm.  13C{1H} NMR (126 MHz, C6D6, 20 
oC): δ 147.0, 137.6, 136.8, 129.6, 126.5, 

29.7, 29.5, 27.81 27.8, 21.2, 14.0, 14.0, 9.9 ppm.  Anal. Calcd for C21H36Sn: C 61.94, H 8.91. 

Found: C 61.76, H 8.91.   

 

 

Entry 4: (E)-tributyl(4-ethoxystyryl)stannane. Light yellow oil, (70 mg, 94%, β:α = 

98:2 NMR).  1H NMR (400 MHz, C6D6, 20 
oC): δ = 7.37 (d, J = 8.8 Hz, 2H), 7.10 (d, J= 19.4 Hz, 

1H), 6.86 (d, J = 19.4 Hz, 1H), 6.81 (d, J = 8.8 Hz, 2H), 3.57 (q, J = 7.0 Hz, 2H), 1.76 – 1.32 (m, 
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15H), 1.09 (m, 6H), 0.95 (m, 9H) ppm; α-isomer: δ = 6.18 (d, J = 2.6, JSnH = 132.1 Hz, 1H), 5.5 

(d, J = 2.6, JSnH = 68.0, 1H) ppm. 13C{1H} NMR (126 MHz, C6D6, 20 
oC): δ = 159.4, 146.6, 132.2, 

127.8, 125.6, 114.8, 63.2, 31.2, 29.7, 27.8, 14.0, 9.9 ppm. 119Sn NMR (187 MHz, C6D6, 20 
oC): 

δ =  −42.3 ppm. HRMS (HR-APCI-TOFMS, pos. ion, CH2Cl2) m/z calcd for [C22H39SnO]+ 

(M+H)+ 439.2021.  Found 439.2025. 

 

 

Entry 5: (E)-N,N-dimethyl-4-(2-(tributylstannyl)vinyl)aniline. Colorless oil (108 mg, 

93%, β:α = 99:1 NMR).  Note:  This vinylstannane reacts with magnesium silicate (Florisil®) – 

purification was achieved by flash chromatography over SiO2 with a thawing 94:1:5 mixture of 

pentane, Et2O, and triethylamine, as eluent.  1H NMR (500 MHz, C6D6, 20 
oC): δ = 7.46 (d, J = 

9.05 Hz, 2H), 7.15 (d, J = 19.3, JSnH = 66.8 Hz, 1H), 6.84 (d, J = 19.3, JSn-H = 71.5 Hz, 1H), 6.56 

(d, J = 8.8 Hz, 2H), 2.50 (s, 6H), 1.67 (pent, 7.6 Hz, 6 H), 1.42 (sxt, J = 7.5 Hz, 6H), 1.07 (t, 7.8 

Hz, 6H), 0.95 (t, J = 7.3 Hz, 9H) ppm; α-isomer: δ = 6.28 (d, J = 2.45 Hz, JSnH = 137.1 Hz, 1H), 

5.48 (d, J = 2.45, JSnH = 63.84 Hz, 1H) ppm. 13C{1H} NMR (101 MHz, C6D6, 20 
oC): δ = 150.6, 

147.3, 128.5, 127.6, 122.6, 112.7, 40.1, 29.7, 27.8, 14.0, 10.0 ppm.  119Sn (187 MHz, C6D6, 20 
oC): 

δ = -47.0 ppm.  FTIR (C6D6, cm-1): ṽ = 3086.6, 2957, 2927, 2871, 2851, 2811, 1609, 1588, 1519, 

1424, 1376, 1355, 1291, 1229, 1175, 1131, 1071, 986, 948, 828, 776, 662, 597.  HRMS (ESI-TOF, 

pos. ion; benzene) m/z calcd for [C22 H40NSn]+ (M+H)+  438.2181.  Found 438.2175. 
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Entry 6: Tributyl(1-(4-nitrophenyl)vinyl)stannane.  Catalyzed by 

MoI2(CO)2(CNArDipp2)2: NMR yield 99%, β:α = 45:55. Catalyzed by Mo(CO)3(CNtBu)3: Colorless 

oil, 30 mg, 82%, β:α = 2:98.  1H NMR (500 MHz, C6D6, 20 
oC), major α-isomer: δ = 7.87 (d, 3J = 

8.5 Hz, 2H), 6.90 (d, 3J = 8.5 Hz, 2H, ), 5.87 (d, 3JHH,gem = 2.2 Hz, 3JSnH,trans = 120 Hz, 1H), 5.45 

(d, 3JHH,gem = 2.2 Hz, 3JSnH,cis = 58 Hz, 1H), 1.59 – 1.39 (m, 6H), 1.36 – 1.24 (m, 6H), 0.98 – 0.94 

(m, 6H), 0.88 (t, J = 7.3 Hz, 9H) ppm; minor β-isomer: δ = 6.97 (d, 3JHH,trans = 19.6 Hz, 1H), 6.82 

(d, 3JHH,trans = 19.6 Hz, 1H) ppm.  13C{1H} NMR (126 MHz, C6D6, 20 
oC): δ = 153.7, 153.3, 129.7, 

126.9, 124.0, 29.4, 27.7, 13.9, 10.6 ppm. 

 

 

Entry 7: (E)-tributyl(1-phenylprop-1-en-2-yl)stannane.  Colorless oil, (114 mg, 94%, 

β:α = 92:8). 1H NMR (500 MHz, C6D6, 20 
oC): δ = 7.32 (d, J = 7.3 Hz, 2H), 7.20 (t, 7.6 Hz, 2H), 

7.08 (m, J = 7.3 Hz, 1H), 6.85 (d, J = 1.5 Hz, JSnH = 71.6 Hz, 1H), 2.17 (d, J = 1.7 Hz, JSnH = 47.4 

Hz, 3H), 1.64 (m, 6H), 1.40 (m, 6H), 1.04 (t, J = 8.07 Hz), 0.95 (t, J = 7.33 Hz, 9H) ppm;  α-

isomer: δ = 6.0 (vinyl, q, J = 6.5 Hz, JSn-H = 66.0 Hz, 1H) ppm. 13C{1H} NMR (126 MHz, C6D6): 

δ = 143.6, 140.0, 138.6, 129.4, 128.5, 126.7, 29.7, 27.9, 21.4, 14.0, 9.6 ppm. 119Sn (187 MHz, 

C6D6): δ = -36.03 ppm.  Anal. Calcd for C21H36Sn: C 61.94, H 8.91.  Found: C 61.76, H 9.19. 
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Entry 8: (E)-tributyl(1-phenylbut-1-en-2-yl)stannane.  Colorless oil, (89 mg, 96%, β:α 

= 80:20).  1H NMR (500 MHz, C6D6, 20 
oC): δ = 7.30 (d, J = 7.3 Hz, 2H), 7.20 (t, J = 7.5 Hz, 2H), 

7.12 – 7.01 (m, 1H), 6.85 (vinyl-H, s, JSn-H = 71.9 Hz, 1H), 2.62 (methylene-H, q, J = 7.3 Hz, JSnH 

= 60.7 Hz),  1.66 (m, 6H), 1.41 (m, 6H), 1.06 (m, 6H), 0.96 (t, J=7.3 Hz, 9H), 0.91 (t, J = 7.3Hz, 

3H) ppm; α-Isomer: δ = 5.94 (vinyl-H, t, J = 7.0 Hz, JSn-H = 66.3 Hz, 1H), 2.13 (methylene-H, m, 

2H) ppm.  13C{1H} NMR (126 MHz, C6D6, 20 
oC): δ = 153.7, 153.3, 147.4, 145.8, 144.5, 144.0, 

138.1, 136.4, 126.9, 124.0, 29.6, 29.4, 29.4, 27.8, 27.6, 27.6, 14.0, 13.9, 11.2, 10.6, 9.9 ppm.  119Sn 

(187 MHz, C6D6, 20 
oC): δ = -36.1 ppm.  Anal. Calcd for C22H38Sn: C 62.73, H 9.09.  Found: C 

64.12, H 8.05. 

 

 

Entry 9: (E)-tributyl(hex-1-en-1-yl)stannane.  Colorless oil, (72 mg, 94%, β:α = 91:9). 

1H NMR (500 MHz, C6D6, 20 
oC): δ = 6.21 – 5.98 (m, 2H), 2.18 (dt, J = 7.0, 5.19 Hz, 2H), 1.62 

(m 6H), 1.39 (sext, m, 6H), 1.03 - 0.91 (m, 15H) ppm; minor α-isomer: δ = 5.86 (dt, Jgem = 2.7 Hz, 

4J = 1.2 Hz, JSnH = 142 Hz), 5.32 (m, JSnH = 65 Hz, 1H), 2.38 (t, J = 7.8, 2H) ppm.  13C{1H} NMR 

(126 MHz, C6D6, 20 
oC): δ = 150.2, 127.3, 38.2, 31.2, 29.7, 27.8, 22.6, 14.24, 14.1, 9.8 ppm.  Anal. 

Calcd for C18H38Sn: C 57.93, H 10.26.  Found: C 55.43, H 10.15. 
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Entry 10: (E)-tributyl(2-cyclopropylvinyl)stannane. Colorless oil, (78 mg, 93%, β:α = 

91:9).  1H NMR (500 MHz, C6D6, 20 
oC): δ 6.13 (d, 3JHH,trans = 18.8 Hz, 2JSnH = 74 Hz 1H), 5.62 

(dd, 3JHH,trans = 18.8, 8.3 Hz,  3JSnH = 63 Hz, 1H), 1.70 - 1.75 (m, 6H), 1.46 - 1.29 (m, 7H), 1.02 – 

0.84 (m, 15 H), 0.55 (m, 2H), 0.39 (m, 2H) ppm; minor α-isomer: δ = 5.79 (dd, J = 2.4 Hz, JSnH = 

136.6 Hz, 1H), 5.22 (d, J = 2.4 Hz, JHSn = 63.3 Hz, 1H) ppm.   13C{1H} NMR (126 MHz, C6D6, 20 

oC): δ = 152.9, 123.5, 29.3, 29.2, 27.4, 18.4, 13.6, 9.4, 7.0 ppm. 119Sn NMR (187 MHz, C6D6, 20 

oC): δ = -47.9 ppm.  Anal. Calcd for C17H34Sn: C 57.17, H 9.60.  Found: C 55.76, H 9.53. 

 

 

Entry 11: N-(E)-(5-(tributylstannyl)pent-4-en-1-yl)phthalimide.  Colorless oil, (82 mg, 

94%, β:α = 92:8).  1H NMR (500 MHz, C6D6, 20 
oC): δ = 7.45 (dd, J = 5.4, 3.0 Hz, 2H), 6.90 (dd, 

J = 5.4, 3.0 Hz, 2H), 6.16 – 5.95 (m, 2H), 3.61 – 3.48 (m, 1H), 2.15 – 2.02 (m, 1H), 1.77 – 1.68 

(m, 1H), 1.68 – 1.49 (m, 4H), 1.38 (sxt, J = 7.45 Hz, 4H), 1.06 – 0.78 (m, 9H) ppm; minor α-

isomer: δ = 5.8 (dt, Jgem = 2.5 Hz, 4J = 1.1 Hz, JSnH = 140 Hz), 5.26 (dt, Jgem = 2.5 Hz, 4J = 1.1 

Hz, JSnH = 64 Hz), 2.28 (t, J = 7.7 Hz, JSnH = 45 Hz, 2H) ppm. 13C{1H} NMR (126 MHz, C6D6, 20 

oC): δ 167.93, 148.42, 133.40, 132.70, 128.45, 122.91, 37.63, 35.35, 29.63, 28.02, 27.79, 14.06, 

9.73 ppm.  119Sn (187 MHz, C6D6, 20 
oC): δ -49.6 ppm. 

 



 

51 

 

Entry 12: (E)-tributyl(hex-2-en-2-yl)stannane. Colorless oil, (72 mg, 94%, β:α = 89:11). 

1H NMR (500 MHz, C6D6, 20 
oC): δ = 5.69 (td, J = 6.8, 1.8 Hz, JSn-H = 67.6 Hz, 1H), 2.09 (q, J = 

6.9 Hz, 2H), 1.94 – 1.83 (m, JSnH = 47.5 Hz, 3H), 1.66-1.47 (m, 6 H), 1.43-1.25 (q,  8H), 1.03-0.98 

(m, 6H), 0.97-0.86 (m, 12H) ppm; minor α-isomer: δ = 2.37 (t, J = 7.6 Hz, 3JSnH = 60.5 Hz, 2H) 

ppm. 13C{1H} NMR (126 MHz, C6D6, 20 
oC): δ = 141.7, 137.9, 30.6, 29.7, 27.9, 23.2 19.4, 14.0, 

14.0, 9.50 ppm. 119Sn (187 MHz, C6D6, 20 
oC): δ = -41.06 ppm.  Anal. Calcd for C18H38Sn: C 

57.93, H 10.26.  Found: C 58.55, H 10.76. 

 

 

Entry 13: (E)-5-(tributylstannyl)pent-4-enenitrile.  NMR yield >99%, β:α = 39:61.  1H 

NMR (500 MHz, C6D6, 20 
oC): δ = 5.96 (d, J = 18.7, JSn-H = 38.5 Hz, 1H), 5.76 (dt, J = 19.1, 6.2 

Hz, 1H), 1.90 (m, 2H), 1.73 – 1.29 (m, 18H), 0.94 (m, 9H) ppm; α-isomer: δ = 5.65, (s, JSn-H = 

68.6, 1H), 5.21 (s, JSn-H = 31.2 Hz, 1H), 2.15 (t, J = 7.33 Hz, JSn-H = 22.4 Hz, 2H) ppm. 119/117Sn 

NMR (187 MHz, C6D6, 20 
oC): δ = -48.4 ppm.   

 

 

Entry 14: (E)-1-(2-(tributylstannyl)vinyl)cyclopentan-1-ol.  Colorless oil, (93 mg, 92%, 

β:α = 90:10).  1H NMR (500 MHz, C6D6, 20 
oC): δ = 6.35, 6.31 (ABq, JAB = 19.8 Hz, 2H), 1.87 
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(m, 2 H), 1.77 – 1.50 (m, 12H)1.38 (m, 6H), 1.02 – 0.9 (m, 15H) ppm. 13C{1H} NMR (126 MHz, 

C6D6, 20 
oC): δ = 155.3, 122.3, 83.5, 40.9, 29.6, 27.7, 24.3, 14.0, 9.8 ppm.  FTIR (film, cm-1): ṽ = 

3429, 3350, 2957, 2925, 2872, 2854, 2815, 1599, 1464, 1377, 1070, 1029, 992, 691, 597 cm-1.  

HRMS (ESI-TOF, neg. ion; CH2Cl2) m/z calcd for [C19H37OSn]- (M−H)− 401.1875; found 

401.1881. 

 

 

 Entry 15: (E)-1-(2-(tributylstannyl)vinyl)cyclooctan-1-ol.  Colorless oil, (87 mg, 91%, 

β:α= 97:3). 1H NMR (400 MHz, C6D6, 20 
oC): δ = 6.27 (ABq, JAB = 19.5 Hz, 1H), 1.85 – 1.72 (m, 

4H), 1.71 – 1.18 (m, 26H), 0.95 – 0.76 (m, 9H); minor α-isomer: δ = 5.62 (s, JSnH = 147.0 Hz, 1H), 

5.29 (s, JSnH = 73.9 Hz, 1H) ppm. 13C{1H} NMR (126 MHz, C6D6, 20 
oC): δ = 157.0, 122.2, 76.2, 

36.8, 29.6, 28.7, 27.7, 25.0, 22.5, 14.0, 9.8 ppm; 119Sn (187 MHz, C6D6, 20 
oC): δ = -44.4 ppm.   

 

 

Entry 16: (E)-3-methyl-1-(tributylstannyl)pent-1-en-3-ol.  Colorless oil, (72 mg, 92%, 

β:α = 83:17).  1H NMR (500 MHz, C6D6, 20 
oC): δ ppm 6.19 (ABq, JAB = 19.6 Hz, JSnH,gem = 72 

Hz, JSnH,cis = 66 Hz,  2H), 1.77-1.31 (m, 18H), 1.183 (s, 3H), 0.99-0.86 (m, 12H); α-stannane: δ = 

5.56 (d, 2JHH,gem = 1.65 Hz, JSnH = 145 Hz, 1H), 5.28 (d, 2JHH,gem = 1.65 Hz, JSnH = 71 Hz, 1H) ppm.  

13C{1H} NMR (126 MHz, C6D6, 20 
oC): δ = 155.7, 122.9, 74.5, 35.2, 29.6, 28.0, 27.7, 14.0, 9.8, 

8.5 ppm. 119Sn NMR (187 MHz, C6D6, 20 
oC): δ = -44.0 ppm.  
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Entry 17: (E)-4-(tributylstannyl)but-3-en-2-one.  1H NMR (300 MHz, C6D6, 20 
oC): δ = 

7.45 (d, J = 19.8 Hz, 1H), 6.69 (d, J = 19.8 Hz, 1H), 1.94 (s, 3H), 1.75 – 1.56 (m, 6H), 1.47 – 1.27 

(m, 6H), 1.03 – 0.83 (m, 15H); α-isomer: δ = 6.26 (d, J = 1.5 Hz, 1H), 5.95 (d, J = 1.5 Hz, 1H), 

1.94 (s, 3H).  Decomposition precluded isolation by chromatography. 

  

 

Hydrostannation of Mifepristone.  Colorless residue, (29 mg, 98%, >99% β-isomer). 1H 

NMR (500 MHz, C6D6): δ = 7.06 (d, J = 8.80 Hz, 2 H), 6.63 (d, J = 8.07 Hz, 2 H), 5.88 (s, 1 H), 

5.80 (s, JSnH = 77.0 Hz, 1 H), 4.25 (d, J=7.34 Hz, 1 H), 2.56 (s, 6 H), 2.40 - 2.53 (m, 2 H), 2.37 (d, 

J = 1.47 Hz, 2 H), 2.23 - 2.36 (m, 4 H), 2.07 - 2.20 (m, 3 H), 1.95 - 2.06 (m, 1 H), 1.69 - 1.76 (m, 

1 H), 1.48 - 1.69 (m, 9 H), 1.33 - 1.45 (m, 6 H), 1.15 - 1.17 (m, 3 H), 0.89 - 1.09 (m, 15 H), 0.79 

(s, 3 H) ppm.  13C{1H} NMR (126 MHz, C6D6): δ = 197.3, 155.0, 149.0, 145.6, 144.6, 142.8, 

132.6, 129.6, 123.6, 113.2, 86.8, 50.8, 48.4, 40.4, 39.9, 39.8, 39.4, 38.8, 37.4, 31.1, 29.8, 28.0, 

27.9, 26.2, 24.1, 22.3, 15.5, 14.1, 9.8 ppm.  119Sn NMR (187 MHz, C6D6): δ = -35.6 ppm.  HRMS 

(ESI-TOF, pos. ion; acetonitrile) m/z calcd for [C41H64NO2Sn]+ (M+H)+  722.3962; found 

722.3970. 
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2.6 Determination of Kinetic Isotope Effect and Hammett Correlations. 

 Kinetic Isotope Effect by Intermolecular Competition 

CH3

HSnBu3/DSnBu3

MoI2(CO)2(CNArDipp2)2

C6D6

H/D

H/D

CH3

SnBu3

SnBu3

[αααα-vinylH/D + ββββ-vinylH/D] = [vinylH/D]

(n:m, XS)
CH3

 

Figure 2.8. Hydrostannation of 1-phenyl-1-propyne gave ratios of vinylH : vinylD with linear 
dependence on the relative loading of HSnBu3/DSnBu3 in the reaction mixture.      

The absence of primary kinetic isotope effect (KIE) has been determined by intermolecular 

competition experiments (Figure 2.8).  Because a wide range of potential energy surfaces give rise 

to observable KIE in competition experiments, the absence of a primary KIE by this method is 

more informative than when the same observation is made from independently measured rate-

constants (i.e. kH/kD).35  Accordingly, the small KIE of 1.108(7) strongly indicates that Sn-H bond 

cleavage does not occur in the rate-limiting step. 

The experiment was carried out at four ratios of HSnBu3/DSnBu3 and these values were 

plotted versus the ratio of isotopic enrichment in the product (vinylH/vinylD).  In this way, the KIE 

could be extrapolated directly from the slope (KIE = [vinylH/vinylD]/[HSnBu3/DSnBu3]o).  

Although duplicate experiments at 1:1 ratio HSnBu3/DSnBu3 are commonly used for KIE 

determination (where vinylH/vinylD = KIE), linear regression was favored for two reasons: (1) 

systematic error due to minor variations in purity of the tin reagents are mitigated, and (2) 

agreement between KIE values determined by linear regression and the value determined at 1:1 

HSnBu3/DSnBu3 would provide added certainty to physical measurements.       

Experimental: The general procedure (see Section 1.2.3) was modified such that H/D-

SnBu3 was added in three-fold excess relative to alkyne, and the reaction was carried out at ratios 



 

55 

m:n HSnBu3/DSnBu3 (m:n = 1:3, 1:1, 3:1 and 0:4).  Consistent with standard conditions, the 

alkyne (1-phenyl-propyne, 0.17 mmol, 1 equiv.) and tin reagents were added to a frozen C6D6 

solution (1.0 mL) of MoI2(CO)2CNArDipp2 (4.7 mg, 0.02 equiv).  NMR indicated complete 

consumption of the alkyne in <10 minutes.  Deuterium enrichment of the vinylstannane was 

determined by NMR as described below. 

Analysis: NMR was obtained on a JEOL ECA-500 spectrometer.  T1 was estimated from 

the null-point value, and the relaxation delay was set to five-times T1.  The FID was phased and a 

baseline correction was applied.  1-Phenyl-1-propyne was chosen as the acetylenic substrate 

because the methyl proton resonance at 2.17 ppm provide a convenient internal reference which 

was used to normalize the integral values of vinylic protons for the α,β-vinylstannane products 

(vinylH/D).   

The integrated spectrum in Figure 2.9 shows the standardized integral value of -CH3 (int. 

= 30) and the corresponding values for for α-vinylH and β-vinylH obtained by hydrostannation of 

1-phenyl-1-propyne with 1:0 HSnBu3/DSnBu3.  Spectra obtained for each reaction at ratio m:n 

HSnBu3/DSnBu3 were similarly normalized to -CH3 (int. = 30).  As the concentration of DSnBu3 

was increased relative to HSnBu3, decreased integral values of vinylH relative to -CH3 were 

observed due to deuterium incorporation.  By subtracting the observed integral value [vinylH] at 

m:n HSnBu3/DSnBu3 from the value [vinylH]o at 1:0 HSnBu3/DSnBu3, a normalized integral value 

[vinylD] was obtained.  Taking the ratio of these values [vinylH/vinylD] and plotting against the 

fractional ratio [HSnBu3/DSnBu3] (table 5.1) present in the initial reaction mixture gave a line with 

the value of the slope being the KIE (Figure 2.10).   
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Figure 2.9. Reference spectra showing crude 1H NMR data for hydrostannation of 1-phenyl-1-
propyne with 3 equiv. HSnBu3 (1:0 HSnBu3/DSnBu3).  The sum of α- and β-vinyl integral values 
give [vinylH]o. Generation of H2 ensues upon complete consumption of alkyne. 

Experimental determination of KIE:  As shown in Figure 2.10, least squares fitting 

shows that the experimentally determined ratio for deuterium enrichment in the final product 

([vinylH]/[vinylD]) shows the expected linear dependence on the fractional ratio of deuterium in 

the tin reagent.  The near-zero value for the y-intercept indicates a suitable level of precision in the 

measured values (NMR integration), as the expected ratio [vinylH]/[vinylD] when only DSnBu3 is 

present is zero.  The excellent linear-fit (R2 = 0.9999) of the data indicates good precision in 

addition of tin reagents.  High purity of the regents can be assumed since deviation in purity of the 

reagents would be expected to cause regular deviation in the m:n ratio, thus resulting in second-

order curvature.  The kinetic isotope effect can be extracted from the slope of the line 1.108(7).   
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Figure 2.10.  Experimental values [vinylH] / [vinylD] versus ratio of m:n HSnBu3/DSnBu3. 
Analysis by least squares linear regression gives KIE as the slope. 

We have proposed that reversible migratory insertion of hydride into the alkyne ligand as 

a key mechanistic feature by which regioselectivity is derived in Mo-catalyzed hydrostannation.  

The absence of a primary kinetic isotope effect is consistent with this result.  Observation of KIE 

would indicate rate-limiting cleavage of the Sn-H bond and would therefore place the highest 

energy barrier before the selectivity determining step – this cannot be the case if the selectivity 

determining step (migratory insertion) is reversible.     

 

 

 

 

 

 

[HSnBu3]:[DSnBu3] 

(m:n) 
[vinylH]/[vinylD] 

3 : 1 3.34 
1 : 1 1.13 
1 : 3 0.40 
0 : 1 0 

KIE = 1.108 ± 0.007 
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 Hammett Correlations 

 

Figure 2.11 Plot of log(observed selectivity) (i.e. log(β/α)) vs. Hammett σ+ parameter36 para-
substituted aryl alkynes in Table 1.   
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 Results of Computational Studies 

Results of Computational Studies Density Functional Theory (DFT) calculations were 

performed with ORCA 3.0.3 program suite37 using the BP86 functional.38,39 The all-electron 

Ahlrichs triple-ζ basis sets def2-TZVP (standard)40,41 and def2-TZVP/J (auxiliary)42–45 were used 

in all calculations. Relativistic effects were included by use of the zeroth-order regular 

approximation (ZORA).41,46–49 Input molecular structures were generated with ChemCraft 1.8.50 

ββββ-Intermediates: 

 

Figure 2.12.  Optimized β-intermediates, Mo(CO)2(CNPh)2(η1-RArCHCH)(SnMe3), R = NMe2, 
OEt, Me, H, NO2.  Optimized coordinates of β-H were modified and used as starting coordinates 
for all p-functionalized derivatives. 
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Figure 2.13.  Optimization of p-NO2-vinyl complex with SnBu3 gives an agostic complex 
analogous to the SnMe3 complex ββββ-NO2.  Selected bond distances (Å):  SnCH–Mo = 2.326, SnC–
Mo = 2.905. 
 
 

 

 
 
 
 
 
 

 

Table 2.2. Calculated structural parameters for β-vinylstannane producing intermediates 
Mo(η1–C–(C(H)=C(H)C6H4-p-X))(SnMe3)(CNPh)2(CO)2. 

Intermediate 
Hammett 

Param. (σ+) 

[αC–βC] 

(Å) 

[αC–Mo] 

 (Å) 

[βC–Mo] 

(Å) 

[Sn–Mo] 

(Å) 

ββββ-NO2 0.79 1.356 3.301 2.201 2.761 

ββββ-H 0 1.352 3.298 2.186 2.859 

ββββ-Me -0.31 1.339 3.319 2.187 2.86 

ββββ-OEt -0.93 1.363 3.232 2.187 2.886 

ββββ-NMe2 -1.70 1.368 3.146 2.165 2.894 
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X = NO2 

Mo      2.049166    3.016081   -3.482691 
C       2.341569    3.915788   -1.720669 
N      -1.102328    2.189187   -3.725492 
N       5.292276    3.279488   -3.771889 
C      -3.689823   -0.254094   -4.632375 
H      -3.766287   -1.233396   -5.105745 
C      -2.336690    1.599751   -3.871148 
C       7.250280    2.808843   -5.088207 
C       0.024323    2.557827   -3.631634 
C       4.115285    3.210964   -3.652558 
C       6.655218    3.354622   -3.936534 
C      -3.490042    2.258685   -3.410043 
C       2.400120    1.512649   -5.051222 
C      -2.437253    0.336841   -4.484333 
C      -4.840208    0.397909   -4.176555 
H      -5.817403   -0.071209   -4.295226 
C       4.164424   -1.606173   -6.216947 
H       4.722175   -1.760913   -5.290673 
C       3.191060    0.417666   -5.168275 
C       8.824235    4.050528   -3.129816 
H       9.437270    4.530951   -2.366139 
C       7.444319    3.977001   -2.952679 
C      -4.734565    1.651347   -3.565766 
H      -5.628821    2.161981   -3.206896 
C       3.300691   -0.489450   -6.311427 
C       9.421894    3.512509   -4.274136 
H      10.502871    3.574431   -4.406277 
C       8.631653    2.893230   -5.247932 
H       9.093846    2.470344   -6.140773 
C       2.589066   -0.320537   -7.523144 
H       1.913668    0.528856   -7.636756 
C       2.729467   -1.210656   -8.576801 
H       2.183236   -1.081853   -9.509889 
C       3.594156   -2.303549   -8.441179 
C       4.315967   -2.507789   -7.262474 
H       4.978170   -3.368905   -7.186655 
H      -3.394886    3.233809   -2.933842 
H      -1.532192   -0.161092   -4.830701 
H       6.965002    4.388713   -2.064736 
H       6.621564    2.327442   -5.836988 
O       2.646701    4.270775   -0.645924 
Sn      1.019034    5.576346   -3.402306 
C       2.082134    7.323118   -2.663179 
H       1.727233    8.215932   -3.193680 
H       3.158945    7.198975   -2.828154 
H       1.894629    7.442597   -1.589182 
C      -1.107637    6.035049   -3.462669 
H      -1.241950    7.032213   -3.902067 
H      -1.635207    5.291311   -4.069894 
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H      -1.517327    6.036261   -2.445494 
C       1.767364    5.060307   -5.434354 
H       2.258875    4.073407   -5.574385 
H       2.519947    5.809717   -5.706773 
H       0.914623    5.088291   -6.121908 
C       2.043775    1.452546   -2.298289 
O       2.007829    0.517454   -1.612186 
H       3.830830    0.132372   -4.323722 
H       1.756594    1.722801   -5.927235 
N       3.743909   -3.247648   -9.553503 
O       4.518642   -4.203451   -9.403593 
O       3.087595   -3.037828  -10.584237 
 
 
X = H 

C       2.688851    4.613514   -1.849941 
Mo      2.275961    3.328114   -3.347447 
C       2.688851    4.613514   -1.849941 
N      -0.749661    2.205165   -3.715584 
N       5.529634    3.304383   -3.701017 
C      -2.876526   -0.365135   -5.246391 
H      -2.793191   -1.177608   -5.969870 
C      -1.855551    1.443750   -4.009819 
C       7.337675    2.262469   -4.894097 
C       0.320592    2.705145   -3.574042 
C       4.355740    3.349469   -3.549256 
C       6.877924    3.184304   -3.935876 
C      -3.085820    1.717723   -3.386688 
C       2.595985    1.814190   -4.890925 
C      -1.749479    0.395020   -4.942986 
C      -4.103260   -0.096273   -4.629781 
H      -4.980611   -0.696745   -4.872542 
C       2.963259   -1.789824   -5.935932 
H       2.796193   -2.200641   -4.937087 
C       2.724364    0.469040   -4.929369 
C       9.151518    3.853789   -3.466786 
H       9.857356    4.471486   -2.910232 
C       7.786712    3.981801   -3.217989 
C      -4.201374    0.943627   -3.700531 
H      -5.154486    1.156055   -3.214895 
C       2.962999   -0.389301   -6.101821 
C       9.615483    2.941147   -4.419723 
H      10.685426    2.846472   -4.609567 
C       8.706112    2.148799   -5.127737 
H       9.064627    1.433704   -5.869574 
C       3.187104    0.110164   -7.402462 
H       3.206086    1.189710   -7.566926 
C       3.389140   -0.748445   -8.480089 
H       3.560802   -0.333735   -9.475435 
C       3.379717   -2.136565   -8.295037 
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C       3.166930   -2.652170   -7.013863 
H       3.161055   -3.732203   -6.852254 
H      -3.148563    2.531565   -2.664110 
H      -0.786319    0.195607   -5.412112 
H       7.409669    4.686564   -2.476647 
H       6.616388    1.649994   -5.434418 
O       3.060551    5.228247   -0.927800 
Sn      0.742769    5.735846   -3.499919 
C       1.535918    7.621660   -2.738714 
H       0.963033    8.445378   -3.185524 
H       2.593723    7.726832   -3.008235 
H       1.440541    7.663340   -1.646997 
C      -1.377452    5.735543   -2.989259 
H      -1.791955    6.728761   -3.208688 
H      -1.914524    4.981642   -3.575833 
H      -1.505828    5.524733   -1.920190 
C       0.946117    5.813387   -5.696563 
H       1.998297    5.769366   -6.003852 
H       0.525827    6.773237   -6.028368 
H       0.392133    4.992416   -6.166005 
C       2.184375    2.154042   -1.814607 
O       2.104756    1.431725   -0.901334 
H       2.640734   -0.089413   -3.988339 
H       3.541320   -2.806284   -9.141026 

 

X = Me 

Mo      2.285035    3.144274   -3.299326 
C       2.686493    4.278001   -1.596986 
N      -0.808582    2.142810   -3.914918 
N       5.648037    3.405329   -3.712812 
C      -3.169784   -0.054354   -5.645594 
H      -3.153623   -0.867364   -6.359547 
C      -2.003510    1.566090   -4.321061 
C       7.521102    2.377344   -4.800243 
C       0.233416    2.559046   -3.656855 
C       4.517799    3.367337   -3.520905 
C       7.010834    3.380834   -3.984007 
C      -3.207706    2.037271   -3.810823 
C       2.664289    1.640101   -4.950155 
C      -1.975597    0.520169   -5.238302 
C      -4.379156    0.408678   -5.141236 
H      -5.308318   -0.043963   -5.462219 
C       2.939101   -1.993135   -5.886326 
H       2.682940   -2.371952   -4.903957 
C       2.618450    0.301793   -4.979397 
C       9.196338    4.319722   -3.714759 
H       9.847100    5.074230   -3.292935 
C       7.838192    4.354270   -3.437111 
C      -4.395241    1.452743   -4.225208 
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H      -5.335067    1.816130   -3.830684 
C       2.955773   -0.615210   -6.101201 
C       9.718538    3.322253   -4.528763 
H      10.779226    3.299217   -4.742005 
C       8.880975    2.353844   -5.069014 
H       9.286023    1.575771   -5.702401 
C       3.287401   -0.180466   -7.390953 
H       3.302893    0.877381   -7.614713 
C       3.588159   -1.079821   -8.398148 
H       3.834317   -0.702035   -9.384304 
C       3.575715   -2.458791   -8.175317 
C       3.242670   -2.895503   -6.899385 
H       3.215985   -3.957674   -6.685318 
H      -3.205930    2.851343   -3.099522 
H      -1.026094    0.171672   -5.620271 
H       7.416960    5.123272   -2.804889 
H       6.855018    1.631465   -5.211210 
O       2.976401    4.829648   -0.663158 
Sn      0.756905    5.643037   -3.364458 
C       1.919018    7.480762   -3.019135 
H       1.288294    8.363405   -3.167650 
H       2.763628    7.550350   -3.712366 
H       2.314863    7.515113   -1.999850 
C      -0.966680    5.787988   -2.009791 
H      -1.518716    6.715891   -2.190660 
H      -1.656411    4.950204   -2.149521 
H      -0.643187    5.785771   -0.964496 
C      -0.042289    5.854904   -5.406598 
H       0.761381    5.859413   -6.149640 
H      -0.590771    6.798142   -5.498941 
H      -0.725900    5.038062   -5.655702 
C       2.115054    1.637143   -1.892293 
O       2.005016    0.791172   -1.172757 
H       2.310965   -0.236254   -4.084063 
H       3.005840    2.099802   -5.887329 
C       3.931749   -3.428470   -9.278491 
H       5.015676   -3.479043   -9.426256 
H       3.583616   -4.437167   -9.046680 
H       3.485518   -3.129072  -10.230277 
 

 

X = OMe 

Mo      2.339811    3.188609   -3.976695 
C       2.518622    4.568474   -2.518987 
N      -0.713254    2.141134   -4.349983 
N       5.594554    3.581074   -4.047200 
C       7.795845    2.887338   -4.727359 
C       0.382808    2.587657   -4.217268 
C       4.413667    3.472436   -4.022921 
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C       6.956984    3.745662   -3.993942 
C       2.889310    1.536064   -5.299654 
C       2.072243   -2.033558   -6.227233 
H       1.334257   -2.180983   -5.434542 
C       2.363111    0.282398   -5.390561 
C       8.887667    4.932846   -3.154694 
H       9.313322    5.728783   -2.542024 
C       7.504955    4.772585   -3.203000 
C       2.712220   -0.784047   -6.331422 
C       9.727006    4.082435   -3.881887 
H      10.809075    4.213668   -3.837156 
C       9.176569    3.062120   -4.664341 
H       9.827170    2.394525   -5.230776 
C       3.662220   -0.636630   -7.369233 
H       4.179027    0.316602   -7.491072 
C       3.948236   -1.671928   -8.243083 
H       4.678449   -1.548940   -9.044544 
C       3.295480   -2.913949   -8.115670 
C       2.350676   -3.091371   -7.094847 
H       1.829871   -4.039273   -6.969617 
H       6.838562    5.424619   -2.638936 
H       7.352452    2.093977   -5.328844 
O       2.757376    5.261018   -1.605679 
Sn      0.835965    5.606140   -4.447273 
C       1.909749    7.497605   -4.207886 
H       1.288850    8.312267   -4.605132 
H       2.856403    7.466573   -4.761088 
H       2.117856    7.684510   -3.148020 
C      -1.088942    5.856005   -3.457040 
H      -1.563573    6.774612   -3.828007 
H      -1.745454    5.002964   -3.666294 
H      -0.941656    5.941916   -2.373429 
C       0.478181    5.381668   -6.608111 
H       1.422789    5.252520   -7.149854 
H      -0.015372    6.296309   -6.965954 
H      -0.169116    4.516950   -6.794372 
C       2.166446    2.108798   -2.376438 
O       2.031217    1.444224   -1.427314 
H       1.577020   -0.008216   -4.681064 
H       3.722089    1.730222   -5.999173 
O       3.649952   -3.867827   -9.028393 
C       3.023622   -5.158640   -8.938645 
H       1.929423   -5.045361   -9.039241 
H       3.231812   -5.600323   -7.947774 
C       3.586394   -6.022348  -10.050325 
H       4.673998   -6.134757   -9.945439 
H       3.375091   -5.580315  -11.033652 
H       3.129583   -7.020971  -10.014578 
C      -1.974611    1.619053   -4.483528 
C      -2.409501    1.143057   -5.734933 
C      -2.831457    1.559021   -3.368201 
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C      -3.692568    0.614969   -5.860319 
C      -4.110730    1.026826   -3.513665 
C      -4.547634    0.554028   -4.755291 
H      -1.732181    1.191067   -6.587481 
H      -2.478926    1.927529   -2.405418 
H      -4.025767    0.245990   -6.831172 
H      -4.771697    0.981251   -2.646895 
H      -5.549932    0.138056   -4.860676 

 

X = NMe2 

Mo      2.462755    2.797822   -3.577420 
C       2.583926    4.119410   -2.069964 
N      -0.679759    1.971167   -3.792845 
N       5.653145    3.538301   -3.695653 
C      -4.274355    1.561458   -4.433894 
H      -5.079070    2.070298   -4.966124 
C      -1.947987    1.449640   -3.771282 
C       7.918210    3.241664   -4.453334 
C       0.469305    2.290098   -3.728470 
C       4.496949    3.270589   -3.650775 
C       6.969819    3.925833   -3.671444 
C      -2.207890    0.259861   -3.062550 
C       3.142573    1.113522   -4.754938 
C      -2.989984    2.100885   -4.458088 
C      -4.534674    0.379166   -3.733912 
H      -5.542152   -0.038210   -3.719586 
C       1.626836   -1.485416   -7.047961 
H       0.601080   -1.362767   -6.691360 
C       2.312357    0.232949   -5.393537 
C       8.702131    5.398416   -2.848323 
H       9.006778    6.239334   -2.223742 
C       7.365073    5.008546   -2.863595 
C      -3.497907   -0.265145   -3.050502 
H      -3.694196   -1.187613   -2.502522 
C       2.645887   -0.707351   -6.457581 
C       9.648577    4.722583   -3.625329 
H      10.693428    5.034501   -3.608078 
C       9.251267    3.645294   -4.423576 
H       9.985643    3.112943   -5.029406 
C       3.952995   -0.906457   -6.954417 
H       4.778525   -0.331019   -6.532331 
C       4.227386   -1.816444   -7.961705 
H       5.256373   -1.931389   -8.298455 
C       3.193717   -2.591288   -8.554125 
C       1.878510   -2.401908   -8.059636 
H       1.048876   -2.977016   -8.467314 
H      -1.392607   -0.230871   -2.531660 
H      -2.776645    3.022116   -4.999319 
H       6.617668    5.524519   -2.261630 



 

67 

H       7.595225    2.403130   -5.070115 
O       2.804802    4.783704   -1.130919 
Sn      1.114480    5.309244   -4.077299 
C       2.344859    7.116358   -3.951911 
H       1.760920    7.978465   -4.302804 
H       3.239252    7.012274   -4.578589 
H       2.650835    7.289535   -2.913259 
C      -0.718405    5.755206   -2.983861 
H      -1.236614    6.593506   -3.468978 
H      -1.382616    4.882532   -2.963717 
H      -0.470836    6.035933   -1.952858 
C       0.591713    5.079770   -6.205764 
H       1.496647    4.937229   -6.808287 
H       0.082884    5.997625   -6.533122 
H      -0.073463    4.219527   -6.345192 
C       2.361194    1.572109   -2.066409 
O       2.269420    0.824480   -1.178690 
H       1.249358    0.223535   -5.122793 
H       4.208748    1.014145   -5.007140 
N       3.460648   -3.485869   -9.570364 
C       4.829851   -3.718909   -9.996946 
H       5.459735   -4.119109   -9.181501 
H       4.831369   -4.446198  -10.816260 
H       5.301345   -2.793365  -10.367565 
C       2.396829   -4.315559  -10.108275 
H       2.797151   -4.929673  -10.922708 
H       1.967133   -4.991282   -9.346448 
H       1.577070   -3.703531  -10.519594 
 
X = NO2, SnBu3 
 
Mo      1.910710    3.744492   -3.137779 
C       2.040321    5.069578   -1.638814 
N      -1.240208    3.316055   -3.891847 
N       5.131748    3.397237   -2.713352 
C      -4.057736    1.406593   -5.270648 
H      -4.231159    0.507051   -5.862773 
C      -2.526389    2.939045   -4.196608 
C       7.043373    2.007206   -3.160950 
C      -0.102114    3.545676   -3.635158 
C       3.968196    3.564969   -2.866642 
C       6.470590    3.134673   -2.544709 
C      -3.611296    3.708995   -3.739991 
C       2.239817    1.821853   -4.164185 
C      -2.751628    1.781034   -4.964073 
C      -5.139863    2.169786   -4.820431 
H      -6.159370    1.868542   -5.063089 
C       3.417609   -1.755445   -4.047851 
H       3.656241   -1.752034   -2.982060 
C       2.765958    0.625232   -3.805068 
C       8.612412    3.714282   -1.586503 
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H       9.222859    4.377858   -0.972251 
C       7.257460    3.991767   -1.754631 
C      -4.910984    3.317267   -4.054849 
H      -5.751328    3.914121   -3.698303 
C       2.926530   -0.566932   -4.638726 
C       9.187726    2.594208   -2.195235 
H      10.248465    2.381555   -2.056659 
C       8.399698    1.745607   -2.979657 
H       8.843362    0.868893   -3.453173 
C       2.624460   -0.606652   -6.021203 
H       2.251999    0.291878   -6.515760 
C       2.796510   -1.761503   -6.768714 
H       2.566833   -1.793111   -7.832753 
C       3.282134   -2.917146   -6.143800 
C       3.595167   -2.920966   -4.781970 
H       3.970114   -3.835450   -4.324986 
H      -3.420473    4.598443   -3.139598 
H      -1.900531    1.190563   -5.301787 
H       6.794543    4.857813   -1.282069 
H       6.414869    1.352842   -3.764982 
O       2.200044    5.663373   -0.640160 
Sn      1.402396    6.385784   -3.913048 
C       2.657529    8.078144   -3.272110 
H       3.702352    7.751447   -3.387314 
H       2.475834    8.186375   -2.191991 
C      -0.605404    7.105359   -4.479933 
H      -1.304881    6.279625   -4.287751 
H      -0.850112    7.913497   -3.773056 
C       2.384640    5.248421   -5.578171 
H       2.572313    4.176378   -5.325098 
H       1.623572    5.206378   -6.371680 
C       1.391677    2.608987   -1.625649 
O       1.058155    1.925889   -0.748602 
H       3.110919    0.486042   -2.773050 
H       1.876877    1.878623   -5.208155 
N       3.468051   -4.139368   -6.932185 
O       3.905880   -5.143633   -6.351764 
O       3.177340   -4.102577   -8.137070 
C       3.703615    5.858906   -6.065594 
H       4.430669    5.890882   -5.236659 
H       3.543130    6.908668   -6.365625 
C       4.324267    5.094290   -7.245824 
H       4.502649    4.048714   -6.943289 
H       3.592859    5.052145   -8.071213 
C       5.630196    5.718892   -7.746020 
H       6.047993    5.150800   -8.589400 
H       5.471705    6.753406   -8.086323 
H       6.390777    5.743896   -6.950380 
C       2.401020    9.395091   -4.009040 
H       2.604805    9.276738   -5.088013 
H       1.334998    9.672926   -3.932786 
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C       3.250431   10.558592   -3.472839 
H       3.045099   10.684030   -2.395894 
H       4.317994   10.288966   -3.549464 
C       2.995908   11.878299   -4.205328 
H       3.612851   12.690914   -3.795896 
H       3.228850   11.791356   -5.277791 
H       1.941897   12.184365   -4.118882 
C      -0.720343    7.591852   -5.928736 
H       0.007063    8.398541   -6.122999 
H      -0.460433    6.776243   -6.625500 
C      -2.127961    8.103078   -6.276908 
H      -2.858284    7.299127   -6.084267 
H      -2.390634    8.924924   -5.589051 
C      -2.252019    8.580245   -7.726332 
H      -3.266953    8.941069   -7.947021 
H      -1.552331    9.404144   -7.934440 
H      -2.027461    7.767137   -8.433678 
 
 

2.7 Crystallographic Structure Determinations 

Single-crystal X-ray structure determinations were carried out at low temperature on 

Bruker Kappa Diffractometers equipped with a Mo radiation source and a Bruker APEX II 

detector. Structures were solved by direct methods using SHELXS.51 All structures were refined 

by full matrix least-squares procedures utilizing SHELXL51 within Olex2 small-molecule solution, 

refinement, and analysis software package.52 Crystallographic data-collection and refinement data 

are listed in Table S6.1. Rotation of one m-terphenyl isopropyl group resulted in two-site positional 

disorder of the methyl groups which refined anisotropically with equivalent ADPs. All H-atoms 

were refined using standard HFIX instructions.  



 

70 

 

Figure 2.14.  Mo((η2-H,C-(H3CCH(CH3))-η1-N-N(H)(i-Pr))(CO)2(CNArDipp2)2 (3).  Selected 
bond lengths (Å) and angles (deg.): Mo1-H1 = 2.1234(5), Mo1-C1 = 2.807(7), Mo1-N1 = 
2.326(5), Mo1-C2 = 1.918(6), Mo1-C3 = 1.928(6), Mo1-C4 = Mo1-C5 = 2.061(6), C2-O1 = C3-
O2 = 1.163(8), C4-N2 = 1.183(7), C5-N3 = 1.162(7), H1-Mo-N1 = 70.7(16), N1-Mo1-C2 = 
110.8(2), C2-Mo1-C3 = 86.5(3), N1-Mo1-C3 = 162.6(2), H1-Mo-C2 = 175.9(16), H1-Mo1-C3 = 
92.2(16), C4-Mo-C5 = 173.2(2).  The methyl protons of C1 were refined using HFIX 137. 
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Table 2.3.  Crystallographic data collection and refinement information. 

 

Mo((η2-H,C-(H3CCH(CH3))-
κ1-N-N(H)(i-Pr))(CO)2-

(CNArDipp2)2 (3) 

Formula C70H89MoN3O2 

Crystal System Orthorhombic 

Space Group Pna21 

a, Å 31.7613(8) 

b, Å 12.9281(4) 

c, Å 15.4134(4) 

α, deg 90 

β, deg 90 

γ, deg 90 

V, Å3 6328.9(3) 

Z 4 

Radiation (λ, Å) Mo-Kα, 0.71073 

ρ (calcd.), g/cm3 1.115 

Temp, K 100 

θ max, deg 25.681 

data/parameters 12071/708 

R1 4.03 

wR2 0.0985 

GooF 1.012 
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2.8 1H and 13C-NMR Spectra of Isolated Vinylstannanes 

 

 

Figure 2.15.  1H and 13C NMR of (E)-tributyl(1,2-diphenylvinyl)stannane. 
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Figure 2.16.  1H and 13C NMR of (E)-N,N-dimethyl-4-(2-(tributylstannyl)vinyl)aniline. 
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Figure 2.17.  1H and 13C NMR of (E)-tributyl(1,3,5-trimethylphenyl)vinylstannane. 
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Figure 2.18. 1H and 13C NMR of (E)-tributyl(4-ethoxystyryl)stannane
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Figure 2.19.  1H and 13C NMR of (E)-tributyl(4-methylstyryl)stannane. 



 

77 

 

 

Figure 2.20.  1H and 13C NMR of (E)-tributyl(styryl)stannane. 
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Figure 2.21.  1H and 13C NMR of (E)-tributyl(1-phenylprop-1-en-2-yl)stannane 
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Figure 2.22.  1H and 13C NMR of (E)-tributyl(1-phenylbut-1-en-2-yl)stannane. 
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Figure 2.23.  1H and 13C NMR (E)-tributyl(hex-1-en-1-yl)stannane. 
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Figure 2.24.  1H and 13C NMR of (E)-tributyl(hex-2-en-2-yl)stannane. 
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Figure 2.25.  1H and 13C NMR of (E)-tributyl(2-cyclopropylvinyl)stannane. 
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Figure 2.26.  1H and 13C NMR of N-(E)-(5-(tributylstannyl)pent-4-en-1-yl)phthalimide. 
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*Impurity formed during flash chromatography 

 

 

Figure 2.27.  1H and 13C NMR of (E)-1-(2-(tributylstannyl)vinyl)cyclopentan-1-ol. 
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Figure 2.28.  1H and 13C NMR of (E)-1-(2-(tributylstannyl)vinyl)cyclooctan-1-ol. 
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Figure 2.29.  1H and 13C NMR of (E)-3-methyl-1-(tributylstannyl)pent-1-en-3-ol. 
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Figure 2.30.  1H and 13C NMR of mifepristone hydrostannation. 
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Figure 2.31. 1H and 13C NMR of tributyl(1-(4-nitrophenyl)vinyl)stannane. 
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Chapter 3  

 

Photolytic Reductive Elimination of White Phosphorus from a 

Mononuclear cyclo-P4 Complex: Bespoke P4 Release Using Benign 

Stimulus 

3.1 Introduction  

Among the common allotropes of elemental phosphorus, the synthetic utility of the 

molecular form, white phosphorus (P4), stands out when compared to the more stable polymeric 

allotropes.1 Accordingly, P4 is an essential precursor in industrial-scale synthesis of 

organophosphorus derivatives and high purity phosphoric acid.2,3 This importance of P4 is further 

underscored by its recent addition to the European Union’s list of 27 critical raw materials of high 

economic importance for which “high supply-risk” is of immediate concern.4 Adding to challenges 

in supply chain management, the high reactivity and instability that make P4 so interesting for 

chemical transformations also render it challenging to transport and handle. P4 is the most toxic 

allotrope of phosphorus, it combusts at room-temperature in air, and it slowly decomposes to 

polymeric red phosphorus upon exposure to ambient light.1 Furthermore, stringent regulations for 

the distribution and transport of even very small quantities of P4 have greatly limited its 

commercial availability.  Although development of more efficient methods for the derivatization 

of P4 remains an important research objective,5–7 such efforts are becoming increasingly impeded 

by its restricted accessibility.  

To address these challenges, there has been considerable effort aimed at the discovery of 

air-stable platforms for the safe storage and release of P4. The most common strategy involves the 

encapsulation of P4 within supramolecular cages or porous materials.8–12  In an exemplary recent 

application of this approach, Scheer and co-workers demonstrated that the porous structure of 
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activated carbon could be intercalated with P4.  In that work, the resulting phase, P4/C, could be 

used directly as a P4 source for solution-phase reactions, or induced to release gaseous P4 when 

subjected to vacuum.13 As a complementary strategy, molecular coordination complexes bearing 

intact P4 tetrahedra have been envisaged as suitable candidates for P4 storage and selective 

release.14 To this end, it was also recently shown that the P4-bridged β-diketimido complex 

[(LCu)2(μ,η2:2-P4)] (L = [{N(C6H3iPr2-2,6)C(Me)}2CH]–) released white phosphorus, albeit 

irreversibly, upon treatment with an excess of pyridine.15 

A commonality among these P4-storage systems is the preservation of the P4 tetrahedron. 

Indeed, the maximal retention P-P bonding for both host-guest and transition metal P4-storage 

systems is a rational design principle when considering the high heat of formation of tetrahedral 

P4.16,17 However, the long-term stability, retention and safety of white phosporus as a simple 

coordinated ligand, or within non-covalent encapsulation, remains an open question due to the lack 

of detailed information on P4-tetrahedra dissociation/release kinetics from metal centers or 

supramolecular systems, respectively.18 An intriguing alternative, which can prevent the accidental 

release of a highly reactive entity, is the storage of the P4 unit in an activated, kinetically inert 

form. Furthermore, such an added safety-control would be particularly advantageous if the storage 

system allowed for bespoke release of tetrahedral P4 molecules upon application of a benign 

stimulus. Accordingly, herein we describe a potential storage strategy which sequesters white 

phosphorus as a kinetically deactivated, planar cyclo-P4 unit covalently linked to a mononuclear 

molybdenum fragment. Tetrahedral P4 is released from these (cyclo-P4)-molybdenum complexes 

using UV light from readily available light-emitting diode (LED) sources. This approach relies on 

the advent of straightforward, high-yielding syntheses of mononuclear cyclo-P4 transition metal 
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complexes and the ability of  photo-excited, non-cage P4 species to undergo rapid unimolecular 

collapse to the tetrahedral P4 molecule.19 

3.2 Synthesis and photolytic reactivity of a mononuclear cyclo-P4 complexes 

Recently we reported the synthesis of a zero-valent molybdenum-complex, Mo(η2-C,H:κ1-

N-(HN(i-Pr)2)(CO)2(CNArDipp2)2 (1; ArDipp2 = 2,6-(2,6-(i-Pr)2C6H3)2C6H3)) which serves as a 

reactive source of the 14e– fragment [Mo(CO)2(CNArDipp2)2] by virtue of facile displacement of 

its η2-C,H:κ1-N-diisopropylamine chelate.20 Treatment of 1 with 1.0 equiv of white phosphorus in 

n-pentane/toluene mixture proceeds in near-quantitative yield with the exclusive formation of a 

single diamagnetic product, as assayed by 1H and 31P{1H} NMR spectroscopy. Structural 

characterization of orange crystals of this product revealed the mononuclear complex (η4-

P4)Mo(CO)2(CNArDipp2)2 (2), which possesses symmetrical η4-coordination of a planar cyclo-P4 

unit to the Mo center (Scheme 3.1; Figure 3.1). While several dinuclear, bridging cyclo-P4 

complexes (i.e. (µ2-(η4:η4-cyclo-P4)M2) have now been reported,6,7,21–27 it is notable that 

mononuclear cyclo-P4 complexes are limited only to the Group 5 species CpR2M(η4-P4)(CO)2 (M 

= V, R = Me; Nb, R = Me; Ta, R = t-Bu)28–30 and the iron complex Fe(η4-P4)(PhPP2
Cy2) recently 

reported by Mézailles (PhPP2
Cy2 = PhP(CH2CH2PCy2)2).31  DFT calculations on 2 revealed the 

presence of two occupied non-bonding d-orbitals on the Mo center, consistent with a d4 electronic 

configuration. In addition, the calculations show that the interaction between the cyclo-P4 unit and 

the Mo center is best described as three-fold, a+2e molecular orbital framework, such that the 

complex is best formulated as featuring the coordination of an ostensible aromatic, six π-electron 

[cyclo-P4]2– dianion (see Section 3.4.4, Figure 3.13).32,33 Most importantly however, complex 2 

possesses high-lying filled molecular orbitals that are P-P σ-bonding in character, in addition to 
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several low-lying empty orbitals featuring substantial anti-bonding character between the cyclo-P4 

unit and the Mo center. We hypothesized that these electronic features would potentially allow for 

an energetically accessible ligand-to-metal charge-transfer (LMCT) excitation that resulted in 

extrusion of the P4 from the metal center. In addition, complex 2 is stable for days in air and resists 

thermal degradation up to 90 ˚C (24 h) in C6D6 solution. Accordingly, this property rendered 

complex 2 a viable candidate for a storage/photolytic-release system for white phosphorus. 

 

Scheme 3.1.  Synthesis of η4-(cyclo-P4) complexes 2 and 5. 
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Figure 3.1. Molecular structures of η4-(cyclo-P4) complexes 2 (top) and 5 (bottom). 

To test the applicability of complex 2 as a white phosphorus release reagent, its 

photochemical properties were investigated. When dissolved in 1,2-dimethoxyethane (DME), 

complex 2 showed no evidence of reaction when exposed to 385-396 nm violet light. However, 

upon irradiation with a 284 nm light source for 1 h, the solution became turbid and 31P{1H} NMR 

spectroscopy indicated complete disappearance of the resonance of 2 located at δ = +113 ppm. 

However, this 31P{1H} spectrum was completely devoid of resonances between -1000 and +1000 
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ppm. While these experimental conditions did not establish the suitability of complex 2 as a source 

of P4, the absence of  detectable 31P{1H}NMR signals following irradiation is consistent with 

release of the cyclo-P4 unit followed by photo-induced catenation to red phosphorus.19,34 Im-

portantly, when irradiated at wavelengths less than 300 nm, white phosphorus is known to undergo 

photo-dissociation to two P2 molecules, which rapidly polymerize to red phosphorus.34,35 The 

formation of insoluble products upon 284 nm irradiation of 2 was thus hypothesized to proceed 

after reductive elimination of the P4 from the Mo center.  In support of this notion, 1H NMR 

analysis of the reaction mixture after irradiation of 2 revealed the presence of the zero-valent, 

tetracarbonyl complex Mo(CO)4(CNArDipp2)2 (3) as well as the free isocyanide CNArDipp2 as 

exclusive products.34-35 Notably, the formation of 3 and CNArDipp2 have been previously 

established as the products of rapid ligand redistribution when the reactive 14e– species 

[Mo(CO)2(CNArDipp2)2] is generated in solution.36,37 Accordingly, the formation of the zero-valent 

complex 3 upon irradiation of complex 2, as well as the formation of particulate matter, provide 

strong evidence for photo-reductive release of the cyclo-P4 unit from the Mo center in complex 2. 

To our knowledge, photo-dissociation of coordinated cyclo-Pn ligands from transition metal 

centers has not been reported previously.   

Given that the short wavelengths of light required to release P4 from 2 also induce P4 

catenation, we reasoned that an electronic modification, where the metal center was formally 

oxidized relative to complex 2, could result in lower-lying vacant d-orbitals for a P4-releasing 

LMCT, thereby enabling photolytic-P4 extrusion at longer wavelengths.38 Satisfying this criterion, 

we found that the divalent, diiodide complex MoI2(CO)2(CNArDipp2)2 (4),37 which is the precursor 

to complex 2, also reacts cleanly with white phosphorus to produce the mononuclear cyclo-P4 

complex, (η4-P4)MoI2(CO)(CNArDipp2)2 (5), concomitant with loss of one CO ligand in 90% yield 
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(Scheme 3.1.  Synthesis of η4-(cyclo-P4) complexes 2 and 5.). Remarkably, complex 5 also 

remains unchanged upon standing as a solid in air for several days and retains its integrity for at 

least two days when heated to 80 ˚C in C6D6 solution. Structural characterization of 5 revealed a 

η4-(cyclo-P4) unit and retention of both iodide ligands, with one occupying the position trans to 

the cyclo-P4 ring centroid (Figure 3.1). This particular orientation de-symmetrizes the 31P{1H} 

NMR signal of the η4-P4 unit into an AA’BB’ spin pattern centered at +75 ppm (JAA’ = 298 Hz, 

JBB’ = 339 Hz, JAB = 278 Hz, JAB’= 1 Hz; Figure 3.2, top). In addition, DFT calculations revealed 

that the highest-lying, filled molecular orbital manifold for complex 5 consists predominantly 

orbitals with both iodide lone pair and P-P σ-bonding character (see Section 3.4.4. Figure 3.14). 

Correspondingly, the lowest-lying unoccupied orbitals for 5 possess significant η4-P4/Mo 

antibonding character, which, when coupled with its formally d2 electronic configuration, signifies 

that lower-energy P4-releasing LMCTs relative to complex 2 may be accessible.  

To evaluate this hypothesis, the photolytic behavior of complex 5 was evaluated. Irra-

diation of a 2.5 mM C6D6/DME solution (85:15 v/v% ) of 5 with an 18W violet LED (385-395 

nm) for 30 min, followed by analysis of the reaction mixture by 31P{1H} NMR spectroscopy, 

revealed the complete consumption of the starting material and formation of a single peak centered 

at –525 ppm (see Section 3.3.2., Figure 3.5).  Remarkably, the latter is indicative of white 

phosphorus, and notably, no significant formation of other phosphorus-containing by-products 

were observed in this spectrum of the post-photolysis reaction mixture. In addition, integration of 

the of the white phosphorus signal obtained after photolysis versus an internal standard (PPh3) 

revealed greater than 95% retention of phosphorus in a soluble form, thereby indicating that 385-

395 nm irradiation did not lead to substantial catenation of Pn units under these conditions. 

Analysis of the post-photolysis reaction mixture by 1H NMR spectroscopy showed the clean 
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formation of a single new CNArDipp2-containing product. Structural determination of crystals of 

this product revealed it to be the 16e– κ1-O DME-adduct, MoI2(CO)( κ1-O-DME)(CNArDipp2)2 (6), 

thereby strongly suggesting that photo-reductive elimination of P4 from complex 5 produces the 

14e– species, [MoI2(CO)(CNArDipp2)2], which is efficiently trapped by the DME solvent. Most 

notably however, post-photolysis mixtures of white phosphorus and complex 6 remain unchanged 

when left standing in the dark for up to 2 h. However, heating this mixture to 80 ˚C for 45 min, 

results in the compete reversion to the η4-P4 complex 5, thereby establishing that white phosphorus 

can be easily and reversibly re-incorporated onto the Mo center in this system (Figure 3.2).  

 

Figure 3.2 Photolytic release and recapture of white phosphorus (P4). Top left: Expanded 31P{1H} 
NMR spectrum of complex 5 showing AA’BB’ coupling pattern. Top right: Release/recapture 
cycle for P4 via photolysis of complex 5 and thermolysis of the DME-complex 6 in the presence 
of liberated P4. Bottom: 31P{1H} NMR stack showing complex 5 before photolysis with violet-
light LEDs (A). The post-photolysis mixture showing exclusive formation of white phosphorus (δ 
= –535 ppm) (B). Regeneration of complex 5 via heating (80 °C; 30 min) the post-photolysis 
mixture of DME complex 6 and liberated of white phosphorus (C). 
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Figure 3.3.  Major TD-DFT calculated excitations for model 5m corresponding to P4-releasing 
LMCTs. 
 

Insight into the specific photo-induced excited states involved in reductive elimination of 

white phosphorus were obtained by UV-Vis spectroscopy and time-dependent density functional 

theory (TD-DFT) calculations. The lowest energy absorptive feature in the UV-vis spectrum of 5 

is a broad tailing-absorption extending from 425 to 550 nm (see Section 3.4.1 Figure 3.10). The 

feature is well reproduced in the TD-DFT calculations, and is attributed to LMCT transitions 

involving electron-transfer from iodine lone pairs into the d-orbital manifold of molybdenum. To 

the blue of this feature is a comparatively intense shoulder at 350-425 nm, and the TD-DFT 

calculations reveal two high-extinction absorptive features in this region corresponding to 

electron-transfer from the cyclo-P4 σ-bonding framework into the an Mo/η4-P4 anti-bonding orbital 

possessing significant d-orbital character (Figure 3.3). We believe promotion of an electron in one 

or both of these singlet LMCT excited states are the initial perturbation by which subsequent 
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relaxation pathways make accessible the release of the cyclo-P4 unit for the ultimate production of 

tetrahedral white phosphorus.19  Accordingly, from a conceptual standpoint, we contend that this 

photo-elimination approach from a deactivated P4 unit serves as a method and/or potential guide 

post for the transport and on-demand utilization of white phosphorus, while minimizing the 

hazards associated with the native, bulk material.  

3.3 Synthetic Procedures and Characterization Data 

 General considerations.   

All manipulations were carried out under an atmosphere of purified dinitrogen using 

standard Schlenk and glovebox techniques. Unless otherwise stated, reagent-grade starting 

materials were purchased from commercial sources and either used as received or purified by 

standard procedures.39 Solvents were dried and deoxygenated according to standard procedures.40 

Benzene-d6 (Cambridge Isotope Laboratories) was distilled from NaK alloy/benzophenone ketyl 

and stored over 4 Å molecular sieves under N2 for at least 24 h prior to use. Celite 405 (Fisher 

Scientific) was dried under vacuum (24 h) at a temperature above 250 ˚C and stored in the 

glovebox prior to use. KBr (FTIR grade from Aldrich) was stirred overnight in anhydrous THF, 

filtered and dried under vacuum at a temperature above 250 ˚C prior to use. The m-terphenyl 

isocyanide CNArDipp2 was prepared as previously reported.41 

General photolysis experiments were carried out using an iLumen8 (100 LEDs, 18W, 385-

395 nm).  Shortwave photolysis experiments were carried with a 254 nm Hg lamp.  UV-Vis spectra 

were obtained on a Shimadzu UV-3600.   Solution 1H, 13C{1H}, 31P NMR spectra were recorded 

on a Bruker Avance 300, a Jeol ECA 500, or a Varian X-SENS 500 spectrometer. 1H and 13C{1H} 

chemical shifts are reported in ppm relative to SiMe4.  1H and 13C δ = 0.0 ppm) with reference to 

residual solvent resonances of 7.16 ppm (1H) and 128.06 ppm (13C) for C6D6.  31P chemical shifts 
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are reported in ppm relative to H3PO3 with reference to PPh3 as an internal standard with a 

resonance of -6.00 ppm.  FTIR spectra were recorded on a Thermo-Nicolet iS10 FTIR 

spectrometer.  FTIR samples were prepared as C6D6 or THF solutions injected into a ThermoFisher 

solution cell equipped with KBr windows.  Solvent peaks were digitally subtracted from all spectra 

by comparison with an authentic spectrum obtained immediately prior to that of the sample. The 

following abbreviations were used for the intensities and characteristics of important IR absorption 

bands: vs = very strong, s = strong, m = medium, w = weak, vw = very weak; br = broad, sh = 

shoulder.  Combustion analyses were performed by Midwest Laboratories of Indianapolis, IN 

(USA). 

 Synthesis of (ηηηη4-P4)Mo(CO)2(CNArDipp2)2 (2).  

 To a cold pentane solution of Mo(CO)2(CNArDipp2)2(N,CH-HNiPr2) (1, 0.0991 g, 90.1 

µmol, 1.0 equiv, 10 mL, -40 oC) was added a toluene solution of P4 (0.012 g, 96.4 µmol, 1.07 

equiv, 1 mL).  The reaction mixture was stirred at room temperature for 1 h, at which time a pale 

orange color persisted in solution.  The reaction mixture was concentrated in vacuo to give 2 

(0.0992 g, 88.3 µmol, 98% yield) as the sole reaction product as estimated by 1H and 31P NMR.  

To obtain analytically pure samples, the solid was taken up in 3:2 mixture of Et2O/pentane (10 

mL), the solution was filtered and the volume was reduced in vacuo to ca. 0.400 mL and placed in 

the freezer at -40 oC to afford 2 as an orange crystalline solid suitable for X-ray diffraction.  Yield: 

0.068 g, 60.4 µmol, 67%. Analytically pure samples were obtain 1H NMR (500 MHz, C6D6) δ 7.38 

(t, J = 7.8 Hz, 4H), 7.20 (d, J = 7.8 Hz, 8H), 6.92 (d, J = 7.2 Hz, 4H), 6.87 – 6.83 (m, 2H), 2.62 

(sept, 6.8, 8H), 1.28 (d, J = 6.8 Hz, 24H), 1.07 (d, J = 6.8 Hz, 24H) ppm;  13C{1H} NMR (126 

MHz, C6D6) δ ppm 227.2, 177.6, 146.2, 139.0, 134.5, 130.36, 129.9, 128.1, 123.7, 31.4, 24.8, 24.3 

ppm; 31P{1H} NMR (121 MHz, C6D6) δ 113.6 (s) ppm. FTIR (KBr windows, C6D6, 25 ˚C): 
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υ(C≡N) = 2130 (s), 2101 (vs), υ(C≡O) = 2001 (m), 1941(vs), other: 1461, 1414, 1385, 1363, 2962, 

2928, 2906, 2868, 1057, 757 cm-1.  Anal. Calcd. for C64H74MoN2O2P4: C 68.44; H, 6.64; N, 2.49. 

Found: C, 67.94; H 6.80; N, 2.60. 

 

Figure 3.4.  1H NMR (500.0 MHz, C6D6, 20 °C) spectrum of of 5. 
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Figure 3.5.  31P{1H} NMR (121.4 MHz, C6D6, 20 °C) spectrum of 2 

 Synthesis of (ηηηη4-P4)MoI2(CO)(CNArDipp2)2 (5).  

 Synthesis of (η4-P4)MoI2(CO)(CNArDipp2)2 (5). A 4:1 toluene/DME solution of 

MoI2(CO)2(CNArDipp2)2 (1, 0.030 g, 0.024 mmol, 1 equiv, 5 mL) and P4 (0.0035 g, 0.029 mmol, 

1.2 equiv) was stirred in a sealed 25 mL Schlenk ampoule at 80 °C for 4 h. To the reaction mixture 

was added 2 mL n-pentane, and the solution was chilled at –40 °C for 30 min and then filtered. 

The filtered solution was concentrated, then washed with cold n-pentane (ca. 5 mL, –40 °C) to 

give 5 as a yellow solid (0.029 g, 0.022 mmol, 90%). X-ray diffraction quality crystals were grown 

from a concentrated Et2O solution at –40 °C. Analytically pure crystals were grown from a 1:1 

Et2O/toluene mixture and were obtained as a solvate with two molecules of toluene per unit 5. 1H 

NMR (300.0 MHz, C6D6, 20 °C): δ = 7.46 (q, J = 7.5 Hz, 4H), 7.23 (d, J = 7.8 Hz, 8H), 6.91–

6.83 (m, 4H), 6.78 (dd, J = 8.6, 6.3 Hz, 2H), 2.62 / 2.60 (m), 1.43 (t, J = 6.3 Hz, 24H), 0.99 (dd, J 

1
1
3
.3

4
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= 6.7, 3.3 Hz, 24H); 13C{1H} NMR (126.0 MHz, C6D6, 20 °C): δ = 203.0, 153.3, 146.6, 146.5, 

140.2, 134.8, 131.1, 129.9, 124.3, 124.0, 31.5, 31.4, 25.18, 24.9, 24.3, 24.2; 1P{1H} NMR (121.0 

MHz, C6D6, 20 °C): δ = 90.3 (m) and 59.6 (m) ppm (AA’BB’ JAA’ = 298 Hz, JBB’ = 339 Hz, 

JAB = 278 Hz, JAB’= 1 Hz). FTIR (KBr windows, C6D6, 25 °C): υ(C≡N) = 2142 (s), 2104 (w), 

υ(C≡O) = 2007 (s) cm-1, also 2961, 2928, 2868, 1179, 794, 757 cm-1. Anal. Calcd. for 

C77H90N2OMoI2P4 (6·2(C7H8)): C, 60.32; H, 5.92; N, 1.83. Found: C, 60.31; H, 6.13; N, 2.06. 

 

Figure 3.6.  1H NMR (500.0 MHz, C6D6, 20 °C) spectrum of of 5. 

 



 

106 

 

Figure 3.7.  31P{1H} NMR (121.4 MHz, C6D6, 20 °C) spectrum of 5 and evaluation of 
homonuclear coupling: WinDNMR42 simulated AA’BB’ spectrum gives JAA’ = 298 Hz, JBB’ = 
339 Hz, JAB = 278 Hz, JAB’= 1 Hz. 

  Variable Temperature (VT) 31P NMR Analysis of MoI2(CO)(CNArDipp2)2 (5) 

Hindered rotation of cyclo-P4 is apparent by 31P NMR of 5.  Accordingly, the Cs symmetric 

complex gives rise to two independent chemical shifts within a distinctive AA’BB’ spin system 

(Figure 3.7).  Variable Temperature (VT)-NMR up to 75 oC (C6D6, 202.4 Hz) did not show 

coalescence, however, line-broadening characteristic of hindered rotation is observed.    

 

 



 

107 

 

Figure 3.8.  VT 31P-NMR (202.404 MHz, C6D6) of 5 indicates hindered rotation of cyclo-P4 is 
persistent up to 75 oC.   

 Photolytic Reductive Elimination of White Phosphorus, and Thermal Regeneration 

of (cyclo-P4)MoI2(CO)(CNArDipp2)2 (5) 

Experimental procedure.  A 25 mL ampoule was charged with a 1.0 mM solution of 5 

(2% DME in C6H6, 6 mL) under N2 atmosphere.  The sealed ampoule was irradiated (385-395 nm, 

LED) while stirring for 20 min.  31P NMR showed consumption of 5 with release of P4 (Figure 

3.9, middle).  cyclo-P4 complex 5 was regenerated (93% yield by NMR vs. internal standard of 

PPh3, not shown) upon heating the irradiated solution for 30 min at 70 oC (Figure 3.9, bottom).  
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Figure 3.9.  31P NMR showing 5 prior to photolysis (top), after 20 min photolysis (middle), and 
thermal regeneration of 5 at 70 oC. 

3.4 Analysis of Electronic Structure: UV-vis Spectroscopy, TD-DFT 

Analysis, and Structural Optimizations 

Methods.  Density Functional Theory (DFT) calculations were performed with ORCA 

4.0.0 program suite43 at the BP86 level of theory.44,45 Relativistic effects were accounted for by 

zeroth-order regular approximation (ZORA).46–50  The relativistic recontracted Ahlrichs triple-ζ 

basis set ZORA-def2-TZVP was used with a segmented all-electron relativistically contracted 

SARC/J auxiliary basis set.46,51  Atomic coordinates obtained by single-crystal XRD used as the 

starting point for optimizations, however, structures were truncated with phenyl isocyanide 

(CNPh) in place of CNArDipp2.  ChemCraft 1.8 was used for visualization of geometry optimized 

structures and molecular orbitals (MO).52   
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 UV-vis Spectroscopy and TD-DFT Calculations.   

 

Figure 3.10. Experimental UV-vis spectrum of 5 (left) and zoomed-in view of UV-vis with 
calculated vertical transitions represented by black bars (right).   

Table 3.1. TD-DFT difference density plots (red = ground state, blue = excited state) and the 
corresponding orbital transitions. 

   

State 14 (transition, weight): 
160a � 165a, 0.903 

162a � 167a, 0.0564 

State 21 (transition, weight): 
160a � 166a, 0.619 
162a � 168a, 0.014 
163a � 171a, 0.302 
164a � 170a, 0.013 
164a � 171a, 0.017 

 

State 24 (transition, weight): 
159a � 166a, 0.704 
162a � 168a, 0.187 
162a � 169a, 0.031 
163a � 171a, 0.021 
164a � 171a, 0.025 
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 Example ORCA input file for geometry optimization 

! RKS Opt BP86 ZORA ZORA-def2-TZVP SARC/J KeepDens VerySlowConv 
TightSCF 
 %basis  
 NewGTO Mo "old-ZORA-TZVP" end 
 NewGTO I "old-ZORA-TZVP" end 
 end 
  
 %output 
 Print[ P_Basis ] 2 
 Print[ P_MOs ] 1 
 end 
 
* xyz 0 1 
I      -1.764806    7.553053   12.608138 
I      -1.118485    9.801704    9.655824 
I      -1.764806    7.553053   12.608138 
Mo      0.419455    9.228118   11.937475 
P       2.926667    8.907011   12.566388 
P       1.549457    7.543662   13.490519 
P       1.949251   10.575033   13.542520 
P       0.579301    9.194346   14.482547 
N      -1.659539   11.446428   13.052225 
C       0.963061    4.448178    7.043893 
H       0.446332    4.269799    6.266019 
C      -3.542893   12.923736   12.658504 
C       2.839011    3.902766    8.424145 
H       3.594074    3.354103    8.603667 
C       2.504175    4.924962    9.296275 
C      -2.739383   12.544476   14.945058 
C      -4.538926   13.718376   13.160684 
H      -5.153365   14.132293   12.566433 
C       2.083717    3.682434    7.305383 
H       2.333645    2.993878    6.698949 
C       0.578962    5.466762    7.895222 
C      -3.769640   13.340922   15.407123 
H      -3.864663   13.490043   16.339767 
C      -4.663125   13.926066   14.524594 
H      -5.365064   14.473537   14.857697 
C      -2.682401   12.316920   13.564806 
C       1.396251    5.706960    9.022899 
C      -0.891994   10.716804   12.677819 
C       1.520100   10.500084   10.832530 
O       2.148134   11.236932   10.201090 
C       0.895965    7.626738   10.626012 
N       1.080332    6.745410    9.889085 
H      -3.430298   12.774036   11.594872 
H      -2.011048   12.116859   15.618164 
H       3.099973    5.109202   10.178024* 
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 Geometry optimized of cyclo-P4 model complexes 2M and 5M 

 

Figure 3.11. Optimized model complex (η4-P4)Mo(CO)2(CNPh)2 (2M). 

 

 

Figure 3.12. Optimized model complex (η4-P4)MoI2(CO)(CNPh)2 (5M). 
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 Molecular orbital analysis of cyclo-P4 complexes 2M and 5M 

 

 

Figure 3.13. Molecular Orbitals Calculated for (η4-P4)Mo(CO)2(CNPh)2 (2M). 
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Figure 3.14. Molecular orbitals calculated for (η4-P4)MoI2(CO)(CNPh)2 (5M). 
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 Geometry Optimized Coordinates 

 

 

 

 

(η4-P4)Mo(CO)2(CNPh)2 (2M) 

Mo 13.00873877 13.6560661 16.59656447 
P 13.05853934 15.17328834 18.73165746 
P 14.56155805 13.60111343 18.70896928 
P 11.4695764 13.65351571 18.71947963 
P 12.97264079 12.08162237 18.68961664 
N 10.90690135 15.87377824 15.47378327 
N 15.10599406 11.47332412 15.39896737 
O 14.91798491 15.51749065 14.8840022 
O 11.08561673 11.842108 14.84891889 
C 15.99175453 10.55285318 14.88760871 
C 9.928989728 18.06595009 15.63397899 
C 17.03509523 8.377217385 14.98817004 
H 17.1502889 7.407667969 15.47439093 
C 16.13669157 9.302850673 15.51414562 
C 11.65857587 15.07497717 15.9150223 
C 9.309422563 16.5624788 13.81259161 
C 14.35719302 12.25858969 15.868547 
C 16.74193627 10.8697691 13.74213446 
C 10.05157759 16.82975245 14.97590665 
C 17.6324588 9.929107084 13.22901116 
H 18.21323733 10.1715656 12.33817495 
C 17.78272805 8.683986908 13.84718161 
H 18.48199632 7.952646029 13.4398643 
C 8.451266866 17.5393361 13.31194405 
H 7.877572035 17.33570403 12.40697875 
C 14.21336824 14.82955676 15.49529768 
C 9.06301451 19.02850159 15.11989036 
H 8.966313787 19.98798797 15.62969278 
C 8.32462092 18.771634 13.96052154 
H 7.650849048 19.53172648 13.56305995 
C 11.79665464 12.51332247 15.47115864 
H 10.51140179 18.25128542 16.53589192 
H 9.417420782 15.59736002 13.31837749 
H 15.54668687 9.078272082 16.40218183 
H 16.61595657 11.84463912 13.27199574 
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(ηηηη4-P4)MoI2(CO)(CNPh)2 (5M) 

I -1.50463869 7.33524229 12.85397306 
Mo 0.59029921 9.23708057 12.03684502 
P 1.81279360 7.55526193 13.53532052 
P 3.15179726 9.03925004 12.61175866 
P 2.11326887 10.63919142 13.66199678 
P 0.76792950 9.16611212 14.59058173 
N 1.39410672 6.76754466 10.02852629 
C 1.13727225 7.65395449 10.75901450 
N -1.64358559 11.40369661 13.07846019 
C -2.94318534 13.40045620 12.76017742 
C 2.88348754 4.24241085 7.81895863 
H 3.86709412 3.92530417 7.47125993 
C 2.78236974 5.31079008 8.70768257 
C 0.47423289 3.98960225 7.82223002 
H -0.42306798 3.47445995 7.47782837 
C -3.42018682 11.88811752 14.62042840 
C -4.45471625 12.72904729 15.02394893 
H -5.04515561 12.46871237 15.90314720 
C 0.35107785 5.05419157 8.71195361 
C -3.98283284 14.22749682 13.17944978 
H -4.20436402 15.13592981 12.61826769 
C 1.73470167 3.58094601 7.37497991 
H 1.82208130 2.74490132 6.67978071 
C -2.66686520 12.23067327 13.48587796 
C 1.51242204 5.71170785 9.15042003 
C -0.81844105 10.64573066 12.71877927 
C -4.73789404 13.89680342 14.30865056 
H -5.55042666 14.54953165 14.63039338 
C 1.52455054 10.61286968 10.87956497 
O 2.07558936 11.39784533 10.23725473 
I -1.08906565 9.65885311 9.70661101 
H -3.18931741 10.96992610 15.15979430 
H -2.34723593 13.63776927 11.87940179 
H -0.62042832 5.38772365 9.07495551 
H 3.66706460 5.83899621 9.06194828 

 

3.5 Crystallographic Structure Determinations 

General. Single X-ray structure determinations were performed at 100 K on Bruker Kappa 

diffractometers equipped with a Mo radiation source and an APEX-II CCD area detector. All 
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structures were solved via direct methods with SHELXS13 and refined by full-matrix least-squares 

procedures using SHELXL13 within the Olex214 software. All hydrogen atoms were omitted for 

clarity. Crystallographic data collection and refinement information is listed in Table 3.2. 

 

Figure 3.15. Molecular structure of (η4-P4)Mo(CO)2(CNArDipp2)2 (2). Selected bond distances (Å) and 
angles (deg). Mo-P1 = Mo-P2 = 2.574(2), Mo-P3 = Mo-P4 = 2.582(2), Mo-P4(centroid) = 2.075, Mo-C1 
= 2.005(5), Mo-C2 = 2.022(6), Mo-C3 = 2.115(5), Mo-C4 = 2.013, C1-O1 = 1.142(6), C2-O2 = 1.136(7), 
C3-N1 = 1.153(6), C4-N2 = 1.152(6), P1-P2 = 2.152(2), P1-P4 = 2.173(2), P2-P3 = 2.180(2), P3-P4 = 
2.148(2),  C3-Mo-C4 = 147.4(2), C2-Mo-C1 = 111.6(2), P1-P2-P3 = 90.07(8), P1-P4-P3 = 90.38(8), P2-
P3-P4 = 89.73(8). 

 

Figure 3.16.  Molecular structure of (η4-P4)MoI2(CO)(CNArDipp2)2 (5).  Selected bond distances 
(Å) and angles (deg):  Mo-P1 = Mo-P4 = 2.599(5), Mo-P2 = Mo1-P3 = 2.552(4), Mo-C1 = Mo-
C2 = 2.12(1), Mo-C3 = 2.01(2), Mo-I1 = 2.8109(9), Mo-I2 = 2.833(2), C3-O1 = 1.15(3), P1-P2 = 
2.147(6), P1-P4 = 2.166(5), P2-P3 = 2.156(5), P3-P4 = 2.160(6), P1-P2-P3 = P2-P3-P4 = P2-P1-
P4=90.2(3), P3-P4-P1 = 89.4(2).  C1-Mo-C2 = 152.1(4), C3-Mo-I1 = 74.0(5), C3-Mo-I2 = 
157.7(5). 
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Figure 3.17. Molecular structure of MoI2(CO)2(CNArDipp2)2(DME) (6).  C1-Mo = C2-Mo = 
2.142(8), Mo-O1 = 2.271(4), Mo1-I1 = Mo-I2 = 2.731(1), C1-Mo-C2 = 178.5(2), O1-Mo-C3 = 
179.5(3), I1-Mo-I1 = 178.01(3). 

Table 3.2.  Crystallographic Data Collection and Refinement Information 

 

(η4-P4)Mo(CO)2 

(CNArDipp2)2 (2) 

(η4-P4)MoI2(CO) 
(CNArDipp2)2 • 0.32 Et2O 

(5) 

MoI2(CO)2(CNArDipp2)2 

(DME) (6) 

Formula C69H84MoN2O2P4 C63.6H75.5I2MoN2O1.2P4 C74.9H102I2MoN2O6.9 

Crystal System Monoclinic Monoclinic Triclinic 

Space Group P21/c C2 P-1 

a, Å 17.3171(9) 25.103(4) 12.745(2) 

b, Å 17.4470(11) 18.060(3) 16.4561(18) 

c, Å 21.4553(12) 17.710(5) 18.975(3) 

α, deg 90 90 104.653(3) 

β, deg 90.034(2) 122.973(3) 94.687(3) 

γ, deg 90 90 98.460(4) 
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V, Å3 6482.3(6) 6736(2) 3778.8(9) 

Z 4 4 2 

Radiation (λ, Å) Mo-Kα, 0.71073 Mo-Kα, 0.71073 Mo-Kα, 0.71073 

ρ (calcd.), g/cm3 1.223 1.327 1.312 

Temp, K 100 100 100 

θ max, deg 25.377 20.9 25.079 

data/parameters 11464/722 12464/660 13391/830 

R1 0.0574 0.0525 0.0549 

wR2 0.1398 0.1157 0.1440 

GooF 1.009 0.991 1.008 
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Chapter 4  

 

A cyclo-P4 Analog of Mo(CO)3(ηηηη6-benzene) 

4.1 Introduction 

Nearly 70 years ago, Peter L. Pauson and Thomas J. Kealy confounded the field of 

inorganic chemistry with a report describing the unintended synthesis of a compound with the 

formula Fe(C5H5)2.1,2  The subsequent discovery that all six π-electrons from each 

cyclopentadienyl ligand were engaged in chemical bonds with the Fe(II) metal-center marked a 

renaissance in the understanding of chemical structure and bonding.3–6  A short time later, Fischer 

and co-workers showed that the same principles were applicable in the coordination of neutral 

aromatic ligands with the preparation of (η6-C6H6)Cr(η6-C6H6)7 and (η6-C6H6)Cr(CO)3.8  This 

concept was further extended with an interesting proposal by Orgel and Longuet-Higgens 

suggesting that cyclobutadiene, despite being antiaromatic, could be stabilized in transition metal 

complexes by donation of its 4n π-electrons.9 

It followed, therefore, that when this prediction came to fruition10–12 cyclobutadiene (Cb) 

ligands were regarded as being transition-metal-stabilized antiaromatic species which were 

otherwise analogous to other cis-dienes.13–15  Purporting to support this view was the ligand-based 

reactivity toward nucleophiles,10,14,16,17 and the release of neutral cyclobutadiene from 

Fe(CO)3(Cb), which was thought to result from metal-based oxidation.14,18,19  Contrasting this 

notion, however, were structural and spectroscopic investigations showing the four C-H groups of 

Fe(CO)3(Cb) to be equivalent,20 suggesting instead that cyclobutadiene was aromatic.  This view 

became widely accepted following investigations showing participation of ligated cyclobutadiene 

in electrophilic aromatic substitution.21,22   
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Two common interpretations describing the origins of aromaticity have been offered.  With 

respect to Fe(CO)3(Cb), Bursten and Fenske suggested d8-configuration is retained, and Hückels 

4n+2 rule is satisfied due to a high degree of covalency between iron and the degenerate π-orbitals 

of cyclobutadiene.23  Conversely, Clack and Warren suggested that cyclobutadiene becomes 

aromatic in what can be considered a formal two-electron metal-to-ligand charge transfer.  In their 

analysis of electron distribution in CpCoCb, they suggest Cb is best regarded as a dianionic ligand 

interacting with a d6-metal center to give an overall electronic structure resembling ferrocene.24  

By this interpretation, the interactions of a metal-center with the six π-electrons of cyclobutadiene 

should be analogous to interactions with benzene.  Admittedly, the distinction between these two 

explanations may be relegated to a matter of formalisms, however, this view neglects the 

conceptual importance of charge distribution in covalent metal-ligand interactions.  Indeed, the 

conceptual formalism by which Cp came to be understood as an anionic, six-electron donor has 

provided an important basis for pursuit and discovery of anionic Cp-metallates supported by 

otherwise neutral ligand fields while also helping to confirm the analogy between coordination 

complexes of benzene and Cp (Scheme 4.1).25–27  Absent from the literature are dianionic 

cyclobutadienyl complexes which would serve as an important step toward inclusion of 4-

membered rings into the well-established analogy between η5-cyclopentadiene and η6-benzene 

(Scheme 4.1). 

 

Scheme 4.1. Isolobal analogy of n-membered aromatic rings with Group 6 carbonyls. 
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Hindering this objective is the large extent of charge localization in all-carbon 

cyclobutadiene ligands preventing substantial π-backdonation from the metal-center.  The 

challenge has been overcome in this work by utilizing the enhanced π-acceptance28 of a carbon-

free analog to cyclobutadiene, tetraphospha-cyclobutadiene  (cyclo-P4).  Providing further kinetic 

stabilization of the highly reduced metal complexes in this work are kinetically stabilizing m-

terphenyl isocyanide ligands CNArDipp2 (2,6-(2,6-(i-Pr)2C6H3)2C6H3) which are isolobal to CO.  

By applying these strategies, unlikely analogs to the canonical Group 6 η6-benzene complexes,8 

M(CO)3(η6-C6H6), have been prepared.  Reported herein is the synthesis of cyclo-P4 dianions [(η4-

P4)Mo(CO)3-n(CNArDipp2)n]2-, n = 1 [1·K2], n = 2 [2·K2].    

4.2 Results and Discussion 

 Synthesis and characterization of dianionic cyclo-P4 complexes [1·K2] and [2·K2]   

In the previous chapter, syntheses of the first examples of mononuclear Group 6 cyclo-P4 

complexes, (η4-P4)Mo(CO)2(CNArDipp2)2 (3) and (η4-P4)MoI2(CO)(CNArDipp2)2 (4).  In that work, 

spectroscopy and DFT investigations were consistent with coordination of a formally dianionic 

cyclo-P4 ligand to transition to formally di- and tetravalent metal centers, respectively.  

Importantly, these complexes provided the first examples demonstrating the ability of cyclo-P4 to 

support a metal in multiple oxidation states.  In consideration of this fact and previous work 

whereby cyclo-P5 ligands were found to support highly reduced analog to titanocene dianion,28 we 

sought to determine if cyclo-P4 would provide similar stabilization of highly reduced species.  

When a thawing THF solution of 3 was allowed to react with 2.1 equivalents of KC8 the color 

deepened from orange to dark red.  31P NMR (THF, 122 MHz) of the crude reaction mixture 
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showed two independent chemical shifts in a 2:1 ratio at 105 and 121 ppm, thus indicating the 

formation of two new products wherein the cyclo-P4 substituent had remained intact without 

undergoing further activation.  Confirmation of a metal-based reduction was obtained by FTIR 

(THF, KBr windows), which showed a large bathochromic shift of CO stretching frequencies as 

low as 1635 cm-1.  Also observed by FTIR, however, was the presence of free isocyanide at 2116 

cm-1. 1H NMR provided additional insight into the distribution of isocyanide containing products 

by analysis of septet peaks corresponding to methine proton resonances of the CNArDipp2 isopropyl 

groups.  Interestingly, 1H NMR (300 MHz) in C6D6 showed only two soluble products: the major 

phosphorus-containing product, with two magnetically inequivalent isopropyl groups at 3.10 and 

3.05 ppm, and free isocyanide at 2.70 ppm.  Noting that magnetic inequivalence of the isocyanide 

isopropyl groups likely suggested bis-isocyanide coordination in the major product, the integration 

of the 1H CNArDipp2 methine resonances corresponded to a 2:1 molar ratio of the major product to 

free CNArDipp2 – the same ratio as was observed between the major and minor phosphorus-

containing species by 31P NMR in THF. 
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Scheme 4.2.  Synthetic pathway for synthesis of cyclo-P4 dianions [2·K2] and [1·K2] (gives 2:1 
ratio), and rectification of [1·K2] by thermolysis in presence of CO. 
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Conveniently, solubility differences enabled facile separation of the three spectroscopically 

observed products.  First, free ligand was removed by extracting an acetonitrile solution of the 

crude reaction mixture with pentane.  The acetonitrile phase, containing both phosphorus 

containing products, was concentrated and dissolved in a 2%-THF/pentane solution.  The resulting 

solution was stored 3h at -40 oC to afford the minor dicarbonyl dianion [(η4-

P4)Mo(CO)(CNArDipp2)2][K2] ([2·K2]), as confirmed by X-ray crystallography (Figure 4.1),  as a 

pure, yellow, microcrystalline product in 11% yield.  Reduction of the solution phase afforded the 

major product as an analytically pure amorphous red solid.  Spectroscopy and combustion analysis 

of this material were consistent with formulation of [2·K2] as the mono-decarbonylated product 

[(η4-P4)Mo(CO)(CNArDipp2)2][K2], obtained in 64% yield. 

Consistent with other zero-valent metallates were broad C≡N and C≡O stretching 

frequencies by FTIR of .  We attribute complexity in the FTIR data to exchanging interactions 

between and the potassium counterions.  Supporting this assessment, X-ray crystallography of 

[1·K2] (Figure 4.1)  showed the presence of two non-equivalent potassium ions in the asymmetric 

unit; one formed close-ion-interactions with a flanking 2,6-diisopropyl arene of the ligand, a P-

atom lone pair, and the CN π-electrons; the other cation interacted primarily with the O-atom of 

the CO ligand.  Interestingly, the extended structure reveals that each potassium cation forms an 

additional bridging interaction with the cyclo-P4 ring of an adjacent molecule.  Crystals of [1·K2] 

are thus comprised of linear metallopolymers with each monomer forming two symmetrically 

inequivalent linkages through 1,1’-(P,P) and 3,3’-(P,P) bridging interactions of adjacent cyclo-P4 

rings with the cation Figure 4.2.   Despite the apparent fluxionality these interactions in THF, as 

indicated by the presence of a single ligand environment by 1H and 31P NMR, it is interesting to 

note that unlike the amorphous material in the crude reaction mixture, crystals of [1·K2] are 
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completely insoluble in C6D6.  Even when an amorphous solid of [1·K2] is prepared by 

concentrating a solution in which crystals were dissolved in THF, the solubility in C6D6 remains 

negligible.  It is thus likely that, although fluxional, the presence of four ionic linkages per 

monomeric unit (Figure 4.2, bottom) of crystalline [1·K2] are sufficient to retain some connectivity 

in the solution phase.     

 
 

Figure 4.1.  Molecular structure of [1]2- (K+ and THF excluded for clarity). 
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Figure 4.2.  Polymeric structure of [1·K2] and zoomed-in image showing cationic linkages.   
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Figure 4.3. Molecular structure of [(db18-C-6)·K][2·K]. 

Although spectroscopic data and combustion analysis confirmed isolation of [2·K2], 

multiple attempts to obtain diffraction quality crystals of the bis-isocyanide dianion only afforded 

an amorphous red solid.  Noting the polymeric structure of crystalline [1·K2], it is likely that the 

presence of two isocyanide ligands hinder organization of bridging interactions required for 

nucleation.  To obtain structural data, therefore, we sought to prepare the discrete anion by 

sequestration of bridging cations.  Treatment of a THF solution of [2·K2] with 1 equiv dibenzo-

18-crown-6 (db-18-C-6) showed an expected blue shift of CNAr and CO stretching frequencies as 

is consistent with the loss of K+···πCO/CN interactions.29 Satisfyingly, overnight storage of the 

reaction mixture at -40 oC afforded bright-red, diffraction quality crystals.  X-ray crystallography 

revealed that sequestration of a single cation provided [(db18-C-6)·K][2·K] as discrete molecular 
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species (Figure 4.3).  The molecular structure of [(db18-C-6)·K][2·K] was consistent with NMR 

evidence indicating two ArDipp2 magnetic environments by 1H NMR.  Accordingly, intramolecular 

interactions between two ArDipp2 groups with K+ appear to fix the m-terphenyl framework into 

position.  The presence of two well-defined septets in the 1H NMR suggests this interaction is not 

fluxional on the NMR timescale.  This is further supported by the inability of up to 4 equiv db-18-

C-6 to affect sequestration of the second cation after 24 h at rt. 

It is important to note that molecular structures of both [1·K2] (Figure 4.1) and [(db18-C-

6)·K][2·K] (Figure 4.3) corroborate spectroscopic data suggesting coordination of a dianionic 

cyclo-P4 ligand30 to a formally zero-valent metal center.  Accordingly, increased π-backdonation 

in (db18-C-6)·K][2·K] and [1·K2] is indicated by shortening of M-CO and M-CN bond lengths 

by ca. 0.1 Å compared to 3.  Increased backdonation to ligand π*-orbitals is also reflected in small 

bond elongation of C≡O and and C≡N bond lengths (Figure 4.1 and Figure 4.3), however, the 

measured distances remain consistent with sustained triple bond character for both CNArDipp2 and 

CO ligands.  Although redox noninnocence has been observed previously in cyclo-P4 complexes, 

as was exemplified by Driess and co-workers with [Co-η4,η4-P4-Co] inverse sandwich 

complexes,30 this can be ruled out in [1·K2] and [db18-C-6)·K][2·K] by comparison of P-P bond 

distances which remained ca. 2.16 Å after reduction.  Instead, increased repulsion between the 

Mo0 and [cyclo-P4]2- give longer Mo-P4(centroid) distances in the dianionic complexes, e.g. [1·K2] 

= Mo-P4(cent) = 2.1959(3) Å] compared to the neutral complex 3 [2.0749(9) Å].  The structural 

parameters are thus strongly consistent with sustained dianionic character of the 

cyclophoshabutadiene ligand irrespective of metal valency.  Noting that the two additional 

electrons are expected to fill the degenerate P4-π-orbitals of eg parentage, a clear analogy to the six 

π-electrons of benzene emerges.   
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 DFT investigation of isolobal analogy between dianionic cyclo-P4 complexes and (ηηηη6-

C6H6)Mo(CO)3.  

 

Figure 4.4.  Filled d-orbitals of (η6-C6H6)Mo(CO)3 (top) and [1]2- (bottom). 

Density functional theory (DFT) investigations provided a more detailed picture of the 

isolobal relationship between cyclo-P4 dianions and (η6-C6H6)Mo(CO)3.  Accordingly, Figure 4.4 

shows nearly perfect overlap in the symmetry adapted linear combinations of frontier d-orbitals 

for (C6H6)Mo(CO)3 and [1]2-. Indeed, the only notable difference in the decomposition of d-

orbitals between (C6H6)Mo(CO)3 and [1]2- is the presence of a greater δ-backbonding interaction 

[Mo(dx2-y2)�P(π∗)]  in [1]2- which stabilizes dx2-y2 by 0.37 eV relative to dxy.  The similar 

electronic structure of [1]2- and (η6-C6H6)Mo(CO)3 becomes even more apparent in an analysis of 

the ligand π-systems (Figure 4.5).  Both complexes meet Huckel’s criteria for aromaticity with 

4n+2 electrons occupying the three ligand-based π-orbitals.  Aromaticity in [1]2- was further 
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supported by the presence of diatropic ring current 1 Å above the P4-plane, as indicated by the 

NICS value of -6.98 ppm.31–33  Expectedly, stronger σ-donation of the dianionic cyclo-P4 ligand is 

 

Figure 4.5.  Aromatic π-orbitals of Mo(CO)3(η6-benzene) and [1]2-. 

apparent by the increased hybridization in the orbitals of e-parentage compared to (η6-

C6H6)Mo(CO)3 (Figure 4.5).  Accordingly, an evaluation of combined e-orbital electron-

distributions in (η6-C6H6)Mo(CO)3 showed greater retention of electron density within the arene, 

giving an 85:15 distribution between C6H6 and Mo, respectively.  The more strongly donating 

cyclo-P4 ligand shed more electron density to give a more even 70:30 distribution between P4 and 

Mo.  Apart from subtle differences, however, the interactions between [Mo(CO)3] and the three 

filled π-orbitals of cyclo-P4 in [1]2- are analogous to those with benzene in Mo(CO)3(η6-C6H6). 

4.3 Conclusions 
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The establishment of cyclopentadiene as an aromatic, monoanionic ligand in coordination 

complexes was achieved relatively early following the discovery of ferrocene.2,3,34  Interestingly, 

the natural extension of this idea to the four-membered rings of cyclobutadienyl complexes has 

been slower to develop.  This work exploits the enhanced π-accepting properties of the all-

phosphorus cyclobutadiene ligand, cyclo-P4, to provide the first examples of dianionic 

cyclobutadienyl complexes.  DFT confirmed interactions of cyclo-P4 with a zero-valent metal 

center in [1]2- to be analogous to those with benzene in (η6-C6H6)Mo(CO)3. 

4.4 Experimental 

 Synthesis and isolation of [(ηηηη4-P4)Mo(CO)(CNArDipp2)2][K2] ([2·K2]) and [(ηηηη4-

P4)Mo(CO)2(CNArDipp2)2][K2] ([1·K2]) from a 3:1 [2·K2]/[1·K2])mixture 

To a thawing THF solution (10 mL) of 3-P4 (143 mg, 0.127 mmol, 1 equiv) was added a 

suspension of finely dispersed KC8 (39 mg, 0.289 mmol, 2.25 equiv) in THF (2 mL).  The reaction 

mixture was shaken rigorously for ca. 5 min. while warming to r.t.  The resulting graphite 

suspension was filtered then concentrated to a solid.  31P and 1H NMR indicated a 2:1:1 ratio of 

[2·K2], [1·K2], and free isocyanide ligand (CNArDipp2), respectively.  To remove liberated 

CNArDipp2, the solid was taken up in acetonitrile (3 mL) and washed with pentane (5 x 1 mL).  The 

acetonitrile phase was then concentrated, and solids were then taken up in 0.2 mL THF, and 10 

mL of pentane were added.  After 1 h at -40 oC, microcrystalline [1·K2] was isolated as a pale 

yellow solid by filtration and subsequent drying in vacuo (0.010 g, 12.9 µmol, 11% yield); X-ray 

quality crystals of [1·K2] were obtained by storage of a THF solution at -40 oC for four weeks. 

The solution phase was concentrated to give analytically pure [2·K2] as an amorphous red solid 

(0.096 g, 85 µmol, 64% yield).  1H NMR (500 MHz, C6D6) 1H NMR (500 MHz, cdcl3) δ 7.54 – 

7.40 (m, 4H), 7.39 – 7.22 (m, 8H), 6.90 (d, J = 7.4 Hz, 4H), 6.82 (t, J = 7.5 Hz, 2H), 3.13 – 2.97 
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(br m, 4H), 2.96 – 2.86 (sept, J = 6.9 Hz, 4H), 1.57 (br, 12H), 1.28 – 1.21 (d, J = 6.5 Hz, 12H), 

1.17 (d, J = 6.6 Hz, 12H), 1.11 – 1.04 (d, J = 6.2 Hz, 12H); 13C{1H}  NMR (126 MHz, C6D6) δ 

226.4 (13C≡O, m), 148.5, 147.9, 139.7, 134.9, 130.9, 128.8,123.5, 123.2, 122.2, 31.6, 31.4, 31.3, 

25.3, 25.0, 24.4, 24.0. 31P NMR (162 MHz, C6D6) δ 105.5 (br m).  FTIR (KBr windows, C6D6, 25 

˚C): υ(C≡N) = 1981 (s, br), 1935 (sh), 1915 (vs) cm-1, υ(C≡O) = 1760 (vs, br), 1679 (vs, br) cm-1, 

other: 3059 (w, br), 2961 (m), 2929 (w), 2904 (vw), 2867 (w), 1572 (m), 1461 (w), 1410 (m), 1109 

(vw), 1057 (vw), 789 (vw), 766 (w), 756 (w) cm-1.  Anal. Calcd for C71H90K2MoN2O3P4: C, 64.72; 

H, 6.89; N, 2.13.  Found: C, 64.32; H, 6.67; N, 2.08.     

 
 

 

Figure 4.6.  1H (300 MHz, C6D6, top) and 31P NMR (122 MHz, C6D6, bottom) of [2·K2]).   

-320-280-240-200-160-120-80-60-40-20020406080100120140160180200220240
f1 (ppm)

103.0104.0105.0106.0107.0108.0
f1 (ppm)
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 [(ηηηη4-P4)]Mo(CO)2(CNArDipp2)]2K ([1·K2]) 

To a 50 mL Schlenk ampoule charged with a THF solution of 6-P4 (50 mg, 0.064 mol, 1 

equiv., 10 mL) was added 1 atm CO.  The sealed reaction vessel was then heated at 90 oC for 6 h.  

The solution volume was then reduced by ca. 75% in vacuo, layered in pentane (5 mL) and stored 

at -40 oC for 18 h. Filtration afforded [1·K2] as a yellow solid (0.022 g, 28.8 mol, 45% yield).  31P 

NMR (162 MHz, THF/d8) 120.4 ppm. 1H NMR (300 MHz, THF) δ 7.21 (m, 5H), 6.98 (m, 4H), 

2.92 (sept, 4H), 1.32 (d, J = 6.8 Hz, 6H), 1.12 (d, J = 6.8 Hz, 6H). δ 7.22 (dd, J = 8.8, 6.1 Hz, 3H), 

7.19 – 7.16 (m, 4H), 6.96 (td, J = 8.7, 3.2 Hz, 3H), 2.89 (sept, J = 6.8 Hz, 4H), 1.26 (d, J = 6.8 Hz, 

13H), 1.08 (d, J = 6.8 Hz, 6H). 13C NMR (126 MHz, thf) δ 147.7, 140.2, 136.1, 130.3, 130.1, 

128.3, 123.6, 121.2, 31.7, 27.6, 26.4.  

   [[(ηηηη4-P4)Mo(CO)(CNArDipp2)2][2K(dibenzo-18-crown-6)] ([(db18-C-6)·K][2·K])   

To a toluene solution of [2·K2] (50 mg, 0.043 µmol, 1 equiv, 5 mL) was added dibenzo-

18-crown-6 (0.16 g, 0.044 µmol, 1.04 equiv).  The reaction mixture was allowed to stir 18 h at r.t., 

then concentrated to a red solid, taken up in Et2O/pentane (3:1, 4 mL) and filtered to remove the 

unreacted crown-ether as an insoluble solid.  Volatiles were removed in vacuo to afford [(db18-C-

6)K][2·K] as a dark red solid (0.063 g, 0.41 µmol, 96%).  1H NMR (500 MHz, C6D6) δ 7.38 – 7.24 

(m, 8H), 7.09 (d, J = 6.9 Hz, 4H), 7.01 (d, J = 7.5 Hz, 4H), 6.90 – 6.79 (m, 6H), 6.49 (m, 4H), 3.97 

(br, 8H), 3.62 (br, 8H), 3.14 (sept, J = 6.8 Hz, 4H), 3.03 (sept, J = 6.8 Hz, 4H), 1.56 (d, J = 6.8 Hz, 

12H), 1.18 (br, 12H), 1.14 (d, J = 6.8 Hz, 24H).  13C{1H} NMR (126 MHz, C6D6) δ 239.2 (13C≡O), 

147.7, 147.2, 146.7, 140.1, 139.5, 137.2, 134.7, 130.7, 129.7, 129.6, 129.3, 125.7, 123.4, 123.2, 

122.8, 121.4, 120.3, 111.6, 69.2, 67.7, 31.5, 31.2, 31.6, 25.5, 25.1, 24.9, 24.7, 24.5, 24.3 ppm.  31P 

NMR (161.9 MHz, C6D6) 112.4 ppm. FTIR(KBr windows, C6D6, 25 ˚C):  υ(C≡N) = 1877 (vs, br), 

1780 (vs, br) cm-1, υ(C≡O) = 1654 (vs, br), 1635 (vs, br) cm-1, other: 3065 (vw), 3039 (vw), 2960 
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(s), 2927(m), 2866 (m), 1558 (vs), 1506 (vs), 1455 (vs), 1406 (vs), 1251 (vs), 1217 (s), 1128 (vs), 

1059 (m), 957 (w), 944 (w), 753 (w), 742 (w) cm-1.  Anal. Calcd for C83H94K2MoN2O7P4: C, 66.24; 

H, 6.94; N, 1.83.  Found: C, 64.85; H, 6.65; N, 1.69.   

 

 

Figure 4.7.  1H (300 MHz, C6D6, top) and 31P NMR (122 MHz, C6D6, bottom) of ([(db18-C-
6)·K][2·K]).   

-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1 (ppm)

2.953.003.053.103.153.20
f1 (ppm)

6.56.66.76.86.97.07.17.27.37.47.57.6
f1 (ppm)
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 Molecular orbital correlation diagram of (ηηηη6-C6H6)Mo(CO)3 and [(ηηηη4-P4)Mo(CO)2-

(CNArDipp2)]2- 

 

Figure 4.8 MO correlation diagram of (‐6-C6H6)Mo(CO)3 (left) and [(‐4-P4)Mo(CO)2-
(CNArDipp2)]2- (right). 

 Geometry Optimized Coordinates 

 
(η6-C6H6)Mo(CO)3 
  Mo  0.20763554459187     -0.40565877575475     -1.75950217079973 
  O  -1.42390124942505      1.86714111461542     -3.18719435269776 
  O   2.33231912126108     -0.15903077627440     -4.05990450198079 
  C   1.53229629970061     -0.24923503825065     -3.21919196918340 
  O  -1.33197669280719     -2.45483407757600     -3.57456947667530 
  C  -0.81220469911667      1.01931709358743     -2.67464772755506 
  C  -0.75645197597012     -1.68486571110915     -2.91761650768514 
  C  -0.75458949251895     -1.09621634141087      0.32245848673375 
  C  -0.53969042302847      0.29705328927620      0.38716141717341 
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  C   0.34216172642225     -1.96600006348066      0.03027054508444 
  H  -1.37632694166801      0.96632832019218      0.58284693825618 
  H   0.17398728314964     -3.03979343148286     -0.04543635981885 
  C   0.77276081544836      0.83685537375920      0.20751899875410 
  C   1.64197284458009     -1.44388256854773     -0.14643916681659 
  H   0.93423286661185      1.91197675576124      0.26338880488019 
  H   2.47619323810385     -2.10888741096462     -0.36274745392888 
  C   1.84889203145388     -0.03020709444327     -0.08014642643199 
  H   2.84549143652103      0.37779415545248     -0.24323267680250 
  H  -1.75321364631005     -1.50513413834918      0.46387535849392 
 
(η4-P4)Mo(CO)2(CNArDipp2)2 ([1]2-) 

Mo     13.443390    6.538117   11.683976 
O      10.381703    7.004862   11.152243 
N      14.455253    9.539683   11.892590 
C      13.963552    8.403844   11.775496 
C      16.629313   10.486555   14.579972 
O      13.947836    6.471281    8.581341 
C      15.656947   11.522121   12.487830 
C      16.710145   10.712566   13.184369 
C      11.539425    6.871105   11.348642 
C      17.687558    9.839146   15.232806 
H      17.624079    9.657816   16.308464 
C      14.539810   10.874053   11.842535 
C      18.855557    9.569935   13.146126 
H      19.709803    9.180368   12.586876 
C      15.398923   10.897264   15.379281 
H      14.666631   11.287669   14.656906 
C      17.820157   10.217014   12.457839 
C      13.754647    6.501220    9.748017 
C      14.757078    9.692165   16.089236 
H      14.562176    8.873095   15.383335 
H      13.803177    9.986194   16.554710 
H      15.408856    9.298588   16.886777 
C      15.781596   12.910193   12.457509 
H      16.641726   13.363315   12.958835 
C      17.901418   10.343502   10.941441 
H      16.994340   10.871388   10.612929 
C      18.801795    9.392072   14.526944 
H      19.612559    8.875760   15.047205 
C      11.184453   10.932000   11.177814 
C      12.384272   11.153495   10.459096 
C      13.583239   11.716999   11.160013 
C      11.264795   10.473228    8.412662 
H      11.294771   10.266409    7.340324 
C      10.078906   10.272012    9.114996 
H       9.189053    9.906417    8.597458 
C      12.427724   10.904403    9.064958 
C      10.045548   10.495353   10.488369 
H       9.126759   10.293184   11.042542 
C      11.101875   11.169146   12.681650 
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H      12.117855   11.412233   13.025228 
C      15.711417   12.028693   16.375688 
H      16.463674   11.709007   17.115392 
H      14.802679   12.324986   16.924709 
H      16.104077   12.916889   15.858695 
C      13.709699   11.105947    8.262811 
H      14.530576   11.199370    8.990289 
C      14.843644   13.722053   11.802514 
H      14.953207   14.808385   11.790128 
C      19.109720   11.187628   10.497145 
H      19.081647   12.190793   10.947231 
H      19.119047   11.303152    9.401318 
H      20.059319   10.712212   10.792281 
C      14.036391    9.914633    7.347262 
H      14.051429    8.966370    7.900309 
H      15.025185   10.058533    6.882044 
H      13.304563    9.813707    6.529022 
C      13.761242   13.102437   11.163239 
H      13.011329   13.714253   10.652717 
C      17.904373    8.961601   10.264422 
H      18.803399    8.382937   10.534687 
H      17.892680    9.071798    9.168525 
H      17.024201    8.372883   10.557878 
C      13.660071   12.416107    7.453748 
H      12.830453   12.394144    6.727448 
H      14.597549   12.564589    6.892186 
H      13.513661   13.285001    8.111428 
C      10.211373   12.383736   13.006825 
H      10.587738   13.294850   12.517042 
H      10.185169   12.564723   14.093882 
H       9.175848   12.220778   12.666846 
P      14.891238    5.937676   13.782589 
P      15.282375    4.660850   12.052416 
P      13.238702    3.870354   12.160725 
P      12.842943    5.171314   13.883590 
C      10.644329    9.917427   13.447141 
H       9.617265    9.627464   13.177387 
H      10.665140   10.107938   14.532564 
H      11.297775    9.060232   13.231777 
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4.5 Crystal Structure Data 

Table 4.1.  Crystallographic Data Collection and Refinement Information 

 

[(η4-P4)Mo(CO)2 (CNArDipp2)] 
[K2(THF)3] ([1·K2]) 

[(η4-P4)Mo(CO)2 (CNArDipp2)][K2 

(dibenzo-18-crown-6)2]• 
3.5(C6H6)•0.5(C5H12) 

([(db18-C-6)·K][2·K]) 

Formula C45H53K2MoNO5P4 C106.5H124.1K2MoN2O7P4 

Crystal System Triclinic Triclinic 

Space Group P-1 P-1 

a, Å 12.502(2) 14.4244(10) 

b, Å 13.836(2) 26.5836(17) 

c, Å 16.348(3) 28.7659(18) 

α, deg 82.769(5) 109.476(2) 

β, deg 68.987(5) 104.353(2) 

γ, deg 66.288(5) 98.248(2) 

V, Å3 2416.3(7) 9761.0(11) 

Z 2 4 

Radiation (λ, Å) Mo-Kα, 0.71073 Mo-Kα, 0.71073 

ρ (calcd.), g/cm3 1.355 1.254 

Temp, K 100 100 

θ max, deg 25.101 25.751 

data/parameters 8517/649 37091/2248 

R1 0.0520 0.0793 

wR2 0.1282 0.1874 

GooF 1.002 1.174 
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Chapter 5  

 

The Electrochemistry of Molybdenum cyclo-P4 Complexes and 

Isolation of the First Mononuclear cyclo-P4 Radical 

5.1 Introduction  

The first example of transition-metal-mediated activation of white phosphorus, marked by 

the synthesis of RhCl(PPh3)(η2-P4),1,2 opened new frontiers in chemical research which have 

persisted to now, nearly 50 years later.  Since that discovery, intense research has revealed 

remarkable electronic and structural diversity accessible to all-phosphorus ligands derived from 

elemental sources.  In addition to fundamentally interesting coordination chemistries accessed 

upon activation of P4, interest in transition metal mediated activation has been sustained, in large 

part, by the goal of developing cost-effective strategies for the derivatization of phosphorus 

directly from elemental sources.3,4  Paradoxically, however, the diverse topologies, coordination 

modes, and degradation pathways that have rendered the subject of P4-activation so interesting 

also present a significant challenge in building the conceptual framework required for developing 

scalable, industrially relevant processes.   

Further complicating this objective, even where well-defined P4-activation modes have 

been established, reactivity of the resulting metal-phosphide intermediates remains intertwined 

with fundamental M-P interactions defined by each complex’s electronic structure.  In chapter 3, 

the oxidation state of molybdenum was found to be critical for efficient photolytic reductive 

elimination of P4 from cyclo-P4 complexes.  Accordingly, the tetra-valent oxidation state of (η4-

P4)MoI2(CO)(CNArDipp2)2 (1) provided unoccupied d-orbitals which were readily populated by 

photoexcitation from high-lying P-P σ-bonding orbitals.  In that system, therefore, photolysis with 

violet light (385 nm) gave tetrahedral-P4 and the divalent solvento-complex 
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MoI2(CO)(CNArDipp2)2(DME).  Despite the identical cyclo-P4 ligand topology in the divalent 

complex (η4-P4)Mo(CO)2(CNArDipp2)2 (2), the absence of low-lying d-orbitals prevented efficient 

reductive elimination of P4.  Divergent reactivity of has also been found in investigations of cyclo-

P3 group transfer.  In those studies, treatment of [(η3-P3)Nb(ODipp)3]– with AsCl3 resulted in cyclo-

P3 transfer to give AsP3, whereas the neutral tungsten valence analog (η3-P3)W(ODipp)3 resisted 

group-transfer, giving instead the ligand exchange product (η3-P3)W(Cl)(ODipp)2(THF).5,6  It is 

thus apparent that a complete survey of chemical reactivity for a given Pn-ligand topology requires 

accessibility to a diverse library of coordination complexes spanning a range of oxidation states, 

metal-centers, and coordination geometries.     

Although recent progress has expanded accessibility of cyclo-P4 complexes to include 

Fe(η4-P4)(PhPP2
Cy2) (PhPP2

Cy2 = PhP(CH2CH2PCy2)2)31 and CoCp(η4-P4) in addition to Scherer’s 

seminal reports of the Group 5 sandwich complexes CpR2M(η4-P4)(CO)2 (M = Group 5),28–30 

limited access has restricted investigation of reactivity and redox properties.  In this work, cyclic 

voltammetry (CV) studies reveal rich redox chemistry accessible to cyclo-P4 complexes 1 and 2.  

Parallel synthetic efforts enabled isolation of intermediates observed by CV, including the first 

radical cyclo-P4 complex (η4-P4)MoI(CO)(CNArDipp2)2.  The accessibility of new cyclo-P4 

complexes with diversified coordination geometries and metal oxidation-states is thus expected to 

provide a firm platform by which new methodologies for functionalization of white phosphorus 

can be developed.    
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5.2 Results and Discussion 

 Redox properties of (ηηηη4-P4)Mo(CO)2(CNArDipp2)2 (2) 

Sweeping of a 1 mM THF solution of 2 toward negative potentials resulted a large 

reduction wave at -2.48 vs Fc+/Fc which is followed by a major and minor overlapping feature 

at -3.08 and 3.21 V vs Fc+/Fc, respectively (Figure 5.1, see Figure 5.2 for DPV).   Previously, we 

reported that treatment of 2 with 2 equiv KC8 resulted in simultaneous formation of the highly 

reduced mono and dicarbonyl cyclo-P4 dianions [(η4-P4)Mo(CO)(CNArDipp2)2]2K ([3][K2]) and 

[(η4-P4)Mo(CO)2(CNArDipp2)2]2K ([4][K2]) in a 1:3 ratio.  Importantly, CV of [3][K2] (1 mM, 

THF, 100 mV/s) showed no reductive features in the solvent window of THF, suggesting that the 

two over-lapping features at -3.08 and -3.21 V vs Fc+/Fc can be attributed to the formation of [4]– 

and [3]–.  It can thus be surmised that the first reductive feature at -2.48 V vs Fc+/Fc arises by 

single electron reduction of 2.  Furthermore, irreversibility of this feature is consistent with rapid 

dissociation of either CO or CNArDipp2 from the 19 e– intermediate [2]•– (Scheme 5.1).  

Furthermore, the presence of CO or CNArDipp2 dissociation likely follows the first reduction is 

consistent with the presence of two overlapping cathodic features in the second reduction wave.  

Importantly, as a consequence of increased σ-donation and decreased π-acceptance of isocyanides 

relative to carbonyls,9–13 isocyanide for CO ligand substitution has been shown to facilitate 

oxidation of metal complexes at lower potentials.14,15  By the same effect, increased π-backbonding 

in dicarbonyl species [4]– would be expected to undergo reduction at less negative potentials than 

the monocarbonyl.  It is, therefore, informative that the minor feature (Ered = 3.08 V vs Fc+/Fc) is 

formed at less reducing potentials than that of the major feature (Ered = -3.21 vs Fc+/Fc), as this 

observation is corroborates synthetic studies showing that formation of the bis-isocyanide 

monocarbonyl dianion [3]– is favored by a ratio of 2:1 [3]–/[4]–.   
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Figure 5.1.  CV of cyclo-P4 complex 2 (0.3M [NBu4][PF6] THF solution, υ = 100 mV/s). 
 

 

 

Figure 5.2.  DPV of 2 (1.0 mM complex, 0.3M [NBu4][PF6], THF solution). 
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Scheme 5.1.  Proposed mechanism for the formation of dianionic cyclo-P4 complexes. 

 Redox properties of (ηηηη4-P4)MoI2(CO)(CNArDipp2)2 (1) 

With assignment of the reductive processes of 2 in hand, we next sought to investigate the 

redox chemistries accessible to 1 (Figure 5.3).  Following an initial reduction wave at -2.43 vs 

Fc+/Fc are two sequential one-electron cathodic events at -2.79 and -3.16 V vs Fc+/Fc consistent 

with the Mo(II) � Mo(I) � Mo(0) transitions observed in the reduction of 2 (Figure 5.1).  

Importantly, the shift of the Mo(II) � Mo(I) process to negative potentials in 1 (2.8 vs Fc+/Fc 

compared to  2.48 vs Fc+/Fc with 2) reflects the less π-accepting coordination environment of the 

monocarbonyl analyte 1 compared to dicarbonyl complex 2.  Furthermore, the observation of a 

single, non-overlapping reduction at -3.16 vs Fc+/Fc further supports our assignment of that 

transition to [(η4-P4)Mo(CO)(CNArDipp2)2)]•– �[(η4-P4)Mo(CO)(CNArDipp2)2]2– since the presence 

of only three L-type ligands in 1 precludes formation of the related dicarbonyl species.     
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Figure 5.3.  CV of cyclo-P4 complex 1 (1.0 mM complex, 0.3M [NBu4][PF6], THF solution, 
scan rate 100 mV/s). 

 

Figure 5.4.  Resolution of oxidative feature at -1.00 V by reversing sweep after the first cathodic 
event (1.0 mM complex 1, 0.3M [NBu4][PF6], THF solution, scan rate 100 mV/s). 
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Scheme 5.2.  Summary of electrochemical processes accessible to 1 (CV potentials vs Fc+/Fc in 
parenthesis) and chemical reagents utilized in synthetic routes. 

Of particular interest in the redox chemistry of 1 was the two-electron irreversible wave 

associated with a Mo(IV) � Mo(II) transition at -1.87 V vs Fc+/Fc and an anodic event at -1.00  

vs Fc+/Fc (Figure 5.4).16,17  Previously, we showed that reduction of the related mixed carbonyl-

isocyanide, XMn(CO)3(CNArDipp2)2 (X = halide) exhibited similar irreversible two-electron 

cathodic wave which was separated from an accompanying oxidative feature by 1.1 V.18  
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Importantly, this oxidation was attributed to single electron oxidation of the electrochemically 

generated [Mn(CO)3(CNArDipp2)2]- to give the neutral radical Mn(CO)3(CNArDipp2)2.  We thus 

considered the possibility that the anodic process in Figure 5.4 arose through an analogous single-

electron oxidation of an anionic cyclo-P4 intermediate.  Noting that synthesis of the Mn-radical by 

chemical oxidation of Na[Mn(CO)3(CNArDipp2)2] with 1.0 equiv TlOTf closely resembled the 

electrochemical pathway,19 we were encouraged to pursue a similar synthetic strategy toward 

isolation of a radical cyclo-P4 complex.     

As an entryway to this oxidative strategy, we initially sought to isolate the intermediate 

generated electrochemically in the first reduction of 1.  Satisfyingly, treatment with 2.0 equiv 

CoCp2 resulted in complete consumption of 1 and a single CO stretching frequency at 1884 cm-1  

in the FTIR (C6D6, 25 ˚C) which was revealed to be the cobaltocenium salt [CoCp2][(η4-

P4)MoI(CO)(CNArDipp2)2] ([5][CoCp2]) by X-ray crystallography (Figure 5.5).  Consistent with 

the 2e–  reductive process observed by CV, treatment of 1 with 1.0 equiv CoCp2 in thawing THF 

resulted in only partial consumption of the starting complex and formation of [5][CoCp2] as the 

major product.  Insight into the 2e– reductive process of 1 was obtained by comparison to the cyclic 

voltammogram of [5][CoCp2] (Figure 5.6).  The electrochemical oxidation of [5][CoCp2] shows 

two reversible features  completely reversible (Scheme 5.2).  Furthermore, reversible 1e– oxidation 

of 5 supported our hypothesis that the 17e– radical would be accessible by double reduction of 1 

followed by a 1 e– oxidation.   
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Figure 5.5.  Molecular structure of [CoCp2][(η4-P4)MoI(CO)(CNArDipp2)2] ([5][CoCp2]).   

 

Figure 5.6.  Cyclic voltammetry of [5][CoCp2] (1.0 mM complex, 0.3M [NBu4][PF6], THF 
solution, scan rate 100 mV/s). 
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With [5][CoCp2]  in hand, we again considered the strategy wherein TlOTf was used as a 

mild oxidant for the preparation of Mn(CO)3(CNArDipp2)2.20  Interestingly, however, spectroscopic 

analysis of the reaction between TlOTf and [5][CoCp2] revealed only a small shift in the CO 

stretching frequency to 1893 cm-1, which is inconsistent with oxidation of the Mo metal-center.  

We initially suspected Tl+ coordination with cyclo-P4 similar to observations by Scheer and co-

workers in the preparation of soluble coordination polymers linked by µ2-(η1,η5)-(cyclo-P5) 21 and 

µ2-(η1, η2)-(cyclo-P3)22 interactions with Tl+.  To our surprise, however, X-ray crystallography 

revealed the product to be thallium adduct [5•Tl] which contains an exceedingly rare Mo � Tl+ 

Z-type interaction whereby thallium is situated in the cleft formed by m-terphenyl arenes (Figure 

5.7, Scheme 5.3).  A CSD search of Group 6 metals with M···Tl bonding interactions indicates 

only three structural motifs are known to support the Z-type interaction.  Among these are Tl3+ 

adducts with [CpM(CO)3]– (M = Cr, Mo)23–25 and [Cr(CO)5]– ligating fragments,26 and one Tl+ 

adduct with the dianionic metallaborane [(nido-7,8-C2B9H11)Mo(CO)3].2-27    

 

Scheme 5.3. Synthesis of thallium adduct [5•Tl]   

Due to Z-type character of the M···Tl bonding interaction, the CO stretching frequency of 

[5•Tl]  showed a +26 cm-1 blue-shift in the FTIR, as is consistent with donation of electron density 

from the d-manifold of the metal-center into Tl+.  This is further supported by the precise 180.00o  
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Figure 5.7 Molecular structure of (η4-P4)MoI(CO)(CNArDipp2)2(Tl) ([5•Tl]). 

Tl+-Mo-[cyclo-P4] (centroid) bond angle which orients the cation directly across from the strongly 

donating cyclo-P4 group.  Notwithstanding, however, the measured Mo-Tl bond distance of 

3.269(8) Å was longer than expected for an unsupported M-Tl bond.  Providing insight into Mo-

Tl bond elongation was the presence of two uncharacteristically distinct magnetic shielding 

environments for the flanking arene rings of the CNArDipp2 ligands by 1H NMR (500 MHz, C6D6).  

Accordingly, the methine protons of the CNArDipp2 isopropyl groups showed two independent 

septets separated by 0.06 ppm.  We thus propose that stabilization of the Mo-Tl bond is bolstered 

by secondary intramolecular cation-π interactions with the flanking arene rings of the m-terphenyl 

groups.  Supporting this assessment is the alignment of both CNArDipp2 in such a way as to 

minimizes the two Tl+···ArDipp distances to 3.25 Å.  Importantly, the agreement of spectroscopic 
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features with structural data indicate that Mo···Tl+ and the accompanying Tl+···ArDipp cation-π 

interactions are persistent in solution. 

 

Figure 5.8.  Molecular structure of (η4-P4)MoI(CO)(CNArDipp2)2 (6). 

In contrast to M-M adduct formation in [5•Tl], treatment of [5][CoCp2] with 1 equiv 

AgBF4 in THF resulted in large 100 cm-1 blue shift in the CO stretching frequency to 1984 cm-1 

indicating a metal-based oxidation.  X-ray crystallography confirmed the structure to be the neutral 

cyclo-P4 complex 6 (Figure 5.8.  Molecular structure of (η4-P4)MoI(CO)(CNArDipp2)2 (6).  The 

broad, featureless 1H NMR spectrum provided initial evidence of radical character with Evans 

method giving µeff = 1.71(3) µB, as is consistent with the presence of a single unpaired electron.  

EPR analysis at 5 K in (10 mM, THF) provided further insight into the magnetic properties of 6 

giving a rhombic signal centered at g = 2.0, consistent with a spin-½ complex of low-symmetry.  

Although resolution of hyperfine splitting was limited by significant line broadening, resolved 

features on the high field feature confirms spin-density at phosphorus as predicted by DFT [Figure 
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5.10(b)]. Furthermore, comparison of the SOMO to the calculated spin-density surface in Figure 

5.10 reveals minimal spin-polarization so as to maintain localized spin density within the SOMO.  

Most importantly, 6 provides the first example of a cyclo-Pn complex supported by a d3 metal 

center, and the first example of a mononuclear cyclo-P4 radical.   

 

Figure 5.9.  EPR of 6 (10 mM complex in THF, 5K, 9.64 GHz) 

 

Figure 5.10.  DFT optimized (BP86, ZORA-def2-TZVP) structure of 6 showing SOMO (a) and 
spin-density-surface (b). 



 

156 

Table 5.1.  Selected bond parameters for 6 (XRD and DFT), [5][CoCp2], and [5•Tl]. 

  
6 [5][CoCp2]   [5•Tl]   

Method  Calculated XRD  XRD XRD 

NC-Mo-CN deg 145.3 147(4) 121.9(5) 136.0(4) 

OC-Mo-I deg 120.3 124(1) 134.2(4) 132.4(5) 

I-Mo-P4(cent.) deg 129.4 128 112.98(11) 115.94(3) 

OC-Mo-P4(cent) deg 110.2 107 134.2(4) 111.6(5) 

Mo-P4(cent) Å 2.082 2.022 2.051 (2) 2.047(2) 

Mo-I Å 2.831 2.815(5) 2.871(1) 2.733(1) 

Mo-CNAr Å 2.086 2.093(9) 2.066(16) 2.096(7) 

 

Interestingly, the identical coordination environment of 6 to the anion [5][CoCp2] provided 

a basis of comparison for the consequences of the singly occupied orbital on geometric parameters. 

As shown in Table 5.1  The most noticeable structural change in the 6 is an opening of the ArCN-

Mo-CNAr bond angle from 129o in [5][CoCp2]  to 147o in the radical species (6), which is 

accompanied by a tightening of the OC-Mo-I bond angle from 134o to 124o, and a slight 

constriction in the Mo-I bond length (Table 5.1, Figure 5.5).  Taken together, these structural 

features are consistent with the removal of a single electron from the metal-centered SOMO, which 

is primarily dz2 in character [Figure 5.10(a)].  Accordingly, decreased electron density of the dz2 

relaxes π-backbonding interactions with the CN π*, thus allowing the encumbering isocyanides to 

take more-sterically favored positions with the ligands approaching trans positions as 

backdonation from the SOMO to one CO ligand is sufficient to compensate for the lost CN π* 

interactions.  It is interesting to note that decreased localization of electron density in dz2-orbital 

due to the Z-type interaction with Tl+ appears to have a similar effect on the NC-Mo-CN bond 

angle.  Further reflecting increased π-backdonation into the CO π* is a shortening of the Mo-I 
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bond.  Accordingly, polarization of the dz2 orbital in the direction of CO reduces the Mo-I 

antibonding interaction with a the π⊥⊥⊥⊥-orbital of the iodine lone pair [Figure 5.10(a)].   

5.3 Synthetic procedures, characterization data, and calculations 

General considerations. All manipulations were carried out under an atmosphere of 

purified dinitrogen using standard Schlenk and glovebox techniques. Unless otherwise stated, 

reagent-grade starting materials were purchased from commercial sources and either used as 

received or purified by standard procedures.29 Solvents were dried and deoxygenated according to 

standard procedures.30 Benzene-d6 (Cambridge Isotope Laboratories) was distilled from NaK 

alloy/benzophenone ketyl and stored over 4 Å molecular sieves under N2 for at least 24 h prior to 

use. Celite 405 (Fisher Scientific) was dried under vacuum (24 h) at a temperature above 250 ˚C 

and stored in the glovebox prior to use. KBr (FTIR grade from Aldrich) was stirred overnight in 

anhydrous THF, filtered and dried under vacuum at a temperature above 250 ˚C prior to use. The 

m-terphenyl isocyanide CNArDipp2 was prepared as previously reported.31 

Solution 1H, 13C{1H}, 31P NMR spectra were recorded on a Bruker Avance 300, a Jeol 

ECA 500, or a Varian X-SENS 500 spectrometer. 1H and 13C{1H} chemical shifts are reported in 

ppm relative to SiMe4 ( 1H and 13C δ = 0.0 ppm) with reference to residual solvent resonances of 

7.16 ppm (1H) and 128.06 ppm (131C) for C6D6, 7.26 ppm (1H).  FTIR spectra were recorded on a 

Thermo-Nicolet iS10 FTIR spectrometer.  FTIR samples were prepared as C6D6 or THF solutions 

injected into a ThermoFisher solution cell equipped with KBr windows.  Solvent peaks were 

digitally subtracted from all spectra by comparison with an authentic spectrum obtained 

immediately prior to that of the sample. The following abbreviations were used for the intensities 

and characteristics of important IR absorption bands: vs = very strong, s = strong, m = medium, w 

= weak, vw = very weak; br = broad, sh = shoulder.  Combustion analyses were performed by 
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Midwest Laboratories of Indianapolis, IN (USA) or or Robertson Microlit Laboratories of 

Madison, NJ (USA). 

All cyclic voltammetry (CV) and differential pulse voltammetry (DPV) were performed at 

room temperature under dinitrogen atmosphere with a Gamry Interface 1010E potentiostat. A 

single-compartment cell was used for all experiments. Voltammograms were recorded in 0.3M 

[NBu4][PF6] THF solution at υ = 100 mV/s with a 3mm glassy carbon working electrode, a Pt wire 

counter electrode and a silver wire pseudoreference electrode (separated from the bulk solution by 

a Vycor tip). . Potentials were calibrated against the Fc/Fc+ redox couple (internal standard). Mo 

complex concentrations ranged from 1-1.5 mM.  

[(ηηηη4-P4)MoI(CO)(CNArDipp2)2][CoCp2] ([5][CoCp2]). To a thawing 2:1 THF/pentane 

solution of (η4-P4)MoI2(CO)(CNArDipp2)2 (0.100 g, 74 µmol, 1 equiv, 2 mL) was added a thawing 

THF solution of CoCp2 (0.029 g, 153 µmol, 2.07 equiv, 1 mL).  The reaction mixture was stirred 

at r.t. for 1 h, stored overnight at -40 oC, filtered, and concentrated in vacuo.  The resulting solid 

was taken up in toluene (0.5 mL), layered with pentane, and recrystallized at -40 oC to afford black 

crystalline needles (0.079 g, 56 µmol, 74%).  1H NMR (500 MHz, THF/d8) δ 7.18 (t, J = 7.5 Hz, 

2H), 7.14 (t, J = 7.7 Hz, 4H), 7.08 (d, J = 7.5 Hz, 4H), 7.05 (d, J = 7.7 Hz, 4H), 7.01 (d, J = 7.5 

Hz, 4H), 5.13 (br, 10H, +Co(C5H5)2), 2.60 (sept, J = 6.5 Hz, 8H), 1.18 (m, J = 5.4 Hz, 24H), 0.99 

(d, J = 6.8 Hz, 24H).  13C NMR (126 MHz, THF/d8) δ 146.6, 146.5, 139.2 (br), 136.5, 130.9, 129.0, 

126.1, 123.6, 123.5, 31.6, 25.1, 25.0 (CO and CNArDipp2 signals could not be resolved even after 

scanning for long durations).  31P{1H} (161.9 MHz, THF/d8, 55-80 (br, m) ppm.  FTIR (KBr 

windows, C6D6, 25 ˚C): υ(C≡N) = 2077 (sh), 2050 (vs), 1997(sh),  υ(C≡O) = 1884, other: 2960 

(s), 2928(m), 1579 (vw), 1413(w), 1007 (w), 757 (w).  
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(ηηηη4-P4)MoI(CO)(CNArDipp2)2(Tl) ([5•Tl]).  To a thawing DME solution of [5][CoCp2] 

(0.100 g, 71 µmol, 1 equiv, 3 mL) was added a thawing DME solution of TlOTf (0.026 g, 74 µmol, 

1.04 equiv, 1 mL).  The reaction mixture was stirred at r.t. for 1 h, stored overnight at -40 oC, 

filtered, and concentrated in vacuo.  The resulting solid was taken up in toluene (0.5 mL), layered 

with pentane, and recrystallized at -40 oC to afford large red crystals (0.076 g, 51 µmol, 74%).   1H 

NMR (500 MHz, C6D6) δ 7.43 (t, J = 7.7 Hz, 4H), 7.22 (d, J = 7.1 Hz, 4H), 7.18 (d, J = 7.7 Hz, 

4H), 6.89 – 6.82 (m, 4H), 6.80 – 6.73 (m, 2H), 2.68 (sept, J = 6.8 Hz, 4H), 2.60 (sept, J = 6.8 Hz, 

4H), 1.44 (d, J = 6.9 Hz, 12H), 1.35 (d, J = 6.9 Hz, 12H), 0.98 (d, J = 6.7 Hz, 12H), 0.97 (d, J = 

6.6 Hz, 12H).  13C NMR (126 MHz, C6D6) δ 147.8, 147.2, 138.3, 135.8, 130.9, 130.0, 129.0, 

127.4(br), 124.1 (br), 31.4, 25.83, 24.9, 24.2 (br) (CO and CNArDipp2 signals could not be resolved 

even after scanning for long durations).  31P{1H} 145-182 (br, m).  FTIR (KBr windows, C6D6, 25 

˚C): υ(C≡N) = 2048 (vs), 2071 (sh), 1994 (w), υ(C≡O) = 1893 (s), other: 2962 (s), 2931 (m), 

2866(m), 1068 (m), 914 (w), 914 (m), 760 (m) cm-1.   

(ηηηη4-P4)MoI(CO)(CNArDipp2)2 (6).  To a thawing DME solution of [5][CoCp2] (0.100 g, 

71 µmol, 1 equiv, 3 mL) was added a thawing DME solution of AgBF4 (0.014 g, 72 µmol, 1.01 

equiv, 1 mL).  The reaction mixture was stirred at r.t. for 1 h, stored at -40 oC overnight, filtered, 

and concentrated in vacuo.  It was then taken up in Et2O (0.5 mL) and recrystallized at -40 oC to 

afford dark red crystals (0.052 g, 42.4 µmol, 60%).   1H NMR (300 MHz) δ 11.47, 7.57, 7.27, 7.17, 

7.12, 7.05, 3.12, 1.68, 1.29 (all signals are broad). FTIR (KBr windows, C6D6, 25 ˚C): υ(C≡N) = 

2137 (sh), 2121 (s), υ(C≡O)  = 1984 (s), other: 2962 (s), 2927 (m), 2870 (w), 1469 (w), 1447 (w), 

1412 (w), 1385(w), 1321 (w), 1056 (w), 801 (w), 757 (m), 438(w) cm-1. 
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Figure 5.11.  1H NMR (500 MHz, THF/d8) of [(η4-P4)MoI(CO)(CNArDipp2)2][CoCp2] 
([5][CoCp2]).  Rapid ion exchange in THF enables resolution of coupling constants and the time-
averaged cobaltocenium (+CoCp2) chemical shift (br, 5.6 – 4.8 ppm). *C6H6, **Si-grease 
 

 

 

Figure 5.12. 1H NMR (500 MHz, C6D6) of (η4-P4)MoI(CO)(CNArDipp2)2(Tl) ([5•Tl]), THF 
solvated crystals).  *Si-grease present in the instrument probe.  
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Figure 5.13.  1H NMR (C6D6, 300 MHz) of (η4-P4)MoI(CO)(CNArDipp2)2 (6). 

5.4 Details of DFT computational studies 

 

Figure 5.14. Optimized coordinates for model cyclo-P4 radical complex 6M. 
 

-7-6-5-4-3-2-1012345678910111213141516171819
f1 (ppm)
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 Geometry optimized coordinates 

(η4-P4)MoI(CO)(CNPh)2 (6M) 
 
  Mo  13.45702853271695     14.38550246113488     16.62422124582854 
  I   11.67988355836503     12.64113790286165     15.27818784857020 
  N   15.41324637697775     11.96212836005349     15.63963590957479 
  C   17.45438331703170     10.83914134320485     15.03412805160577 
  C   16.05296403956130     10.85527886753850     15.12937441149356 
  C   18.08708891395993      9.71329086868521     14.51097265365850 
  H   19.17521636719389      9.69613086597995     14.43409886131454 
  C   17.33565397920454      8.61349694129658     14.08442516819603 
  H   17.83738171286499      7.73565999075131     13.67551728674726 
  C   15.28894152032466      9.75396801391929     14.70482481942484 
  C   15.94047336980099      8.63904494944923     14.18221208080061 
  H   15.35265938810458      7.78296220156228     13.84877687665016 
  C   14.70395816973928     12.82639172660938     16.02083686960735 
  P   13.74907958826891     16.19380288610505     18.46230070979239 
  O   15.38671813368406     16.30548198750885     15.01748733715941 
  C   14.67095793109859     15.59324797269585     15.58398422661331 
  P   15.28587937321956     14.63607684419530     18.44605789129183 
  P   12.21740445145211     14.67281588373263     18.88858943232018 
  P   13.74929964250500     13.12044386673075     18.87205318462824 
  N   11.05012689876249     16.38639926716964     15.68836479279771 
  C    8.91263398040813     16.36240383709873     14.59415106478450 
  C    9.94833125286197     17.07099087765804     15.22826090241692 
  C    7.80152587736946     17.06093424122457     14.12755758310998 
  H    6.99514709039177     16.51610970904930     13.63444335819717 
  C    7.71426719368095     18.44745722558282     14.29145615354897 
  H   6.83904799080641     18.98555939349638     13.92533177274789 
  C   9.87160441315312     18.46390123196372     15.39380140780620 
  C   8.74900061359422     19.14319401894453     14.92471025314584 
  H   8.68291737957594     20.22432056003755     15.05522862335246 
  C   11.90815203814946    15.66148038481922     16.05277585522258 
  H   14.20275770069214     9.79553614953487     14.78944397189986 
  H   18.02435787613746    11.70527356366123     15.36992167233980 
  H   8.99969085550409     15.28172227948864     14.47900790287698 
  H   10.68822453283843    18.99080705425568     15.88716980947571 
 

5.5 Crystallographic determination of molecular structures 

Positional disorder of the [(η4-P4)MoI(CO)(Tl)] fragment was refined over two positions 

with 63% and 37% occupancy of the major and minor component, respectively.  EADP was 

applied to adjacent disorder components where required.  The PLATON SQUEEZE procedure 

was applied to remove residual electron density from disordered benzene and pentane (134 

electrons found in solvent accessible volume, corresponding to ca. 4.5 equiv benzene).    
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Complex 6: Disorder of [Mo(CO)(η4-P4)] was resolved over two positions, related by 2-

fold rotation, with 50% occupancy.  The corresponding positions of iodine were located at 44.6% 

occupancy, with the remaining balance being accounted for by two additional symmetry-related 

positions (5.4% occupancy).  C- and O-atom positions of carbon monoxide were refined with dfix 

instructions due to instability of refinement imparted by overlapping electron density of iodine. 

Disorder of CNArDipp2 flanking rings and isopropyl groups were also resolved with 50% 

occupancy.  EADP was applied to adjacent disorder components where required.  Residual 

electron density from heavily disordered pentane was removed with PLATON SQUEEZE (217 

electrons in solvent-accessible void, corresponding to ca. 8 equiv pentane in the unit cell).   

Table 5.2.  Crystallographic Data Collection and Refinement Information 

 

[(η4-P4)MoI(CO) 
(CNArDipp2)2][CoCp2]• 

(THF)3 
([5][CoCp2]) 

(η4-P4)MoI(CO) 
(CNArDipp2)2(Tl) 

([5•Tl]) 

(η4-P4)MoI(CO) 
(CNArDipp2)2 

(6) 

Formula C81.6H95.8CoIMoN2O2.9P4 C63H74IMoN2OP4Tl C63H74IMoN2OP4 
Crystal System Triclinic Monoclinic Orthorhombic 

Space Group P-1 P21 Pccn 
a, Å 19.2750(8) 11.8836(5) 17.248 
b, Å 21.6259(9) 20.7901(11) 18.535 
c, Å 23.3225(9) 14.3040(5) 21.558 

α, deg 116.406(2) 90 90 
β, deg 93.467(2) 90.448(2) 90 
γ, deg 108.130(2) 90 90 

V, Å3 8046.1(6) 3533.9(3) 6892 
Z 4 2 4 
Radiation (λ, Å) Cu-Kα, 1.54184 Cu-Kα, 1.54184 Cu-Kα, 1.54184 

ρ (calcd.), g/cm3 1.343 1.340 1.178 
Temp, K 100 100 100 
θ max, deg 138.924 117.68 59.048 
data/parameters 30075/1807 6392/705 4955/385 

R1 0.1307 0.0473 0.0842 

wR2 0.3019 0.1281 0.2437 
GooF 1.260 1.049 1.028 
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Chapter 6  

 

Reactivity of cyclo-P4 Opens New Routes to Phosphaallenes and 

cyclo-P3 

6.1 Introduction 

A longstanding objective of organometallic chemistry has been the development of new 

methodologies for the derivatization of white phosphorus.  Today, P4 remains a critical source of 

phosphorus used in the preparation of organophosphorus products for food, pharmaceuticals, 

detergents, and other specialty products.  Currently, the derivatization of phosphorus into valuable 

consumer products typically begins with oxidation of P4 with Cl2-gas to deliver PCl3, which may 

then be submitted to multistep synthesis for further derivatization.1,2  The ability of transition 

metals to activate the P4-tetrahedron of elemental phosphorus has thus motivated a large body of 

work with the goal of developing direct synthetic routes to valuable phosphorus-containing 

derivatives.     

In the preceding chapters, the synthesis of stable, mononuclear cyclo-P4 complexes was 

described.  The unique electronic structure of (η4-P4)MoI2(CO)(CNArDipp2)2 1 with P-P sigma 

bonding orbitals lying above the three π-orbitals together with low-lying vacant d-orbitals was 

found to enable photolytic reductive elimination to regenerate tetrahedral P4 as a free species in 

solution.  In chapter 4 and 5, the redox chemistry of 1 and (η4-P4)Mo(CO)2(CNArDipp2)2 (2) 

revealed the cyclo-P4 fragment to be surprisingly resilient, enabling isolation of the first cyclo-P4 

radical species (η4-P4)MoI(CO)(CNArDipp2)2 and highly reduced cyclo-P4 analogs to Mo(CO)3(η6-

C6H6) complexes, i.e. [(η4-P4)Mo(CO)n(CNArDipp2)3-n]2-.  Importantly, these investigations have 

provided high yielding synthetic routes to five unique structural motifs bearing the cyclo-P4 unit – 



 

167 

more than double the number of known mononuclear cyclo-P4 complexes.3–6  Yet to be described, 

here or in the literature, is the utility of these systems for further derivatization of phosphorus.       

 

Figure 6.1.  Space-filling model of 2. 

In this work, the sterically encumbered complex 2 (Figure 6.1) was used to interrogate the 

ligand-based reactivity of cyclo-P4.  Despite excellent kinetic and thermodynamic stability, 2 

readily undergoes nucleophilic addition with oxygen nucleophiles to give anionic η3-

cyclophosphaallyl complexes.  In a departure from the addition of nucleophiles to carbon-based 

cyclobutadiene ligands,7–9 the presence of open coordination-sites at phosphorus enable electron 

density to be to be dispersed in what can be regarded as intramolecular oxidative addition of O-H 

and N-O bonds to give the functionalized η3-phosphaallyls, e.g. P3P(O)H and RN-P(P2)PO2.  The 

reactivity of 2 was also investigated with electrophiles.  Lewis acidic metal fragments were found 

to link two equivalents of 2 through coordination of the phosphorus lone pairs without disruption 

of P-P bonding.  Interestingly, similar reactivity has been utilized previously in the construction 

of remarkable supramolecular structures with fullerene topology.10 More intriguing was the 

formation of (η3-P3)MoI(CO)2(CNArDipp2)2 (3) upon treatment of 2 with 1 equiv I2.  Interrogation 

of the mechanism revealed the formation of cyclo-P3 to be a large thermodynamic driving force 

enabling the loss of one equivalent of iodophosphinidine (PI).  Importantly, the successful trapping 

of P-I with 1,2-bis(diphenylphosphino)ethane (dppe) suggests this process may be a useful source 

of mono-valent phosphorus.  
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6.2 Results and discussion 

 Activation of cyclo-P4 with Nucleophiles 
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Scheme 6.1 Nucleophilic addition reactions with 2. 

Recent investigations by Scheer and co-workers have demonstrated the functionalization 

of cyclo-P5 ligands with main group nucleophiles.11 In that work, addition of strong nucleophiles 

resulted in puckered cyclic phosphides whereby the functionalized P-atom was released from the 

plane of the ring with the functional group occupying that single substituent occupying the 

however.   As an entry to these investigations, NaOH was generated in situ by treatment of 2 with 

1.3 equiv NaCPh3 followed immediately by H2O (1.3 equiv) to give a rare12 phosphaallyl motif in 

complex [3]– (Scheme 6.1 Nucleophilic addition reactions with 2..  Although the hydrogen atom 

could not be located at phosphorus in the difference map by XRD (Figure 6.2), the resulting 

product showed clear evidence of P-H bond formation by 31P NMR with a doublet-of-triplet-of-

doublets at 38 ppm (JPH = 412 Hz) collapsing to a triplet of doublets (td) in the proton decoupled 
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spectrum (Figure 6.3Figure 6.3).  Initially, we considered the possibility that [3]– had been 

generated by electron transfer from trityl anion since the trianionic ligand would be expected to 

rapidly protonate upon addition of H2O.  Inconsistent with this notion, however, 1H NMR showed 

no reaction between 2 and NaCPh3 on the timescale in which this reaction was carried out.  

Furthermore, the direct addition of hydroxide was achieved by treatment of 2 with a THF solution 

containing 1.5 equiv KOH and dibenzo-18-crown-6, as indicated by the identical coupling pattern 

by 31P NMR. We thus speculated that nucleophilic addition of -OH was followed by a rapid 

intramolecular proton-transfer as shown in Figure 6.4.     

 

Figure 6.2.  Molecular structure of [3]–.  



 

170 

 

Figure 6.3  Bottom: Proton-decoupled spectrum of [3]–, 31P{1H} NMR (161.9 MHz, C6D6).  
Top:  31P NMR (161.9 MHz, C6D6) showing 1H /31P coupling of peak at 38 ppm (1JP-H = 412 
Hz). 
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Figure 6.4 Proposed reaction mechanism for the formation of [3]–. 

In further investigations of reactivity with nucleophilic oxygen species, treatment of 2 with 

3-fold excess [TEMPO][Na] was found to result in a sudden darkening of solution to dark violet.  

Remarkably X-ray crystallography revealed the product to be phosphaallene [4]–.  Interestingly, 

despite the transfer of two O-atoms and a piperidine group to phosphorus, [3]– is only 

monoanionic.  This complicates the mechanistic picture indicating electron-transfer equilibria in 

solution likely generate small quantities of the TEMPO radical which participate in O-atom 
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transfer following nucleophilic addition of [TEMPO]– to phosphorus, as is supported by the large 

excess of NaTEMPO required to reach completion.  Although mechanistic insight remains limited, 

the reaction 2 and [TEMPO][Na] provide an intriguing example of the divergent reactivity 

uniquely accessible to cyclo-P4.   

 

Figure 6.5.  Molecular structure of [4]–. 

 Complexation through cyclo-P4 lone pairs 

Treatment of 2 with 3 equiv Mo(CO)3(ACN)3 in acetonitrile resulted in ligand 

rearrangement of the tris-acetonitrile complex to give the bis-[Mo(CO)4] linked dimer 5.  Notably, 

previous work by Scheer and co-workers demonstrated the ability of cyclo-P4 to serve as a 12 

electron donor by pentanuclear coordination in which the phosphorus lone pairs of a 

[W(CO)4(cyclo-P4)] unit were capped by four [W(CO)5] fragments.13  Interestingly, despite 

utilization of a pseudo-trivalent precursor Mo(CO)3(ACN)3, the sterically encumbering 
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isocyanides allowed for only two P-atoms from each ring to engage in coordination with Mo(CO)n  

Interestingly, the dimerization suggests that cis-phosphide coordination has a sufficient 

thermodynamic driving force so as to overcome what is likely a significant entropic barrier.   

 

Figure 6.6.  Molecular structure of 5. 

 Synthesis of (ηηηη3-P3)MoI(CO)(CNArDipp2)2 

As shown in Chapter 3, the molecular orbital picture of cyclo-P4 in (η4-

P4)MoI2(CO)(CNArDipp2)2 (1) and (η4-P4)Mo(CO)2(CNArDipp2)2 (2) unexpectedly reveals the b2u 

P-P σ-bonding interactions to be higher in energy that the π-system.  In that work, photolytic 

reduction elimination of tetrahedral P4 from 1 was initiated by promotion of an electron from the 

σ-bonding framework of the cyclo-P4 ligand into the metal center.  Importantly, it is by this initial 

perturbation in the electronic structure of cyclo-P4 and the ensuing relaxation processes that the 
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P4-tetrahedron is restored and released from the metal-center as white phosphorus.  A remarkable 

aspect of this process, especially when considering the proclivity of phosphorus to form complex 

catenates, is the origami-like control required to generate a highly strained, highly reactive species 

in high yield. Indeed, the high yields of P4 in this process suggests that reconstruction of the P4-

tetrahedron occurs through a well-defined process within the steric protection of the m-terphenyl 

ligands.  Furthermore, the absence of catenates in solution is strong evidence against dissociation 

of a P4-diradical species14 which then must undergo bicyclic ring closure.  Noting that the sequence 

of events leading to formation of white phosphorus were initiated by the photo-oxidation of cyclo-

P4, we were thus intrigued by the possibility that chemical oxidants could induce similar well-

behaved structural reconfigurations.   

Initial attempts to affect oxidation of 2 by stoichiometric metal-based oxidants (AgBF4, 

AgOTf) resulted in consumption of less than 10% of starting material, while the presence of large 

excess of the oxidizing species resulted in intractable mixtures.  Gratifyingly, however, treatment 

with 1 equiv I2 in C6D6 resulted in rapid consumption of starting material by 1H NMR and the 

appearance of a single sharp singlet at -341 ppm by 31P NMR.  Importantly, the high field 

resonance indicated an oxidatively induced re-organization of the phosphide ligand scaffold. 

Crystallographic structure determination of the product obtained from the reaction of 2 and I2 

established the product as the mononuclear cyclo-P3 product (η3-P3)Mo(CO)2(CNArDipp2)2 (6-P3, 

Figure 6.7).  The product was obtained as an orange crystalline solid in 76% yield by washing the 

concentrated reaction mixture with pentane, followed by crystallization at -40 oC from an 

acetonitrile-layered solution of toluene.  Importantly, in addition to demonstrating the ability of 

sterically encumbering ligands to direct chemical oxidation to the cyclo-P4 ligand, isolation of the 



 

174 

resulting P-atom extruded product 6-P3 establishes cyclo-P4 as a well-defined precursor to cyclo-

P3.   

 

Figure 6.7. Molecular structure of (η3-P3)MoI(CO)2(CNArDipp2)2 (6-P3).  Selected bond distances 
(Å) and angles (deg), Mo-P (avg) = 2.53(4), Mo-[η3-P3] (centroid)= 2.444, Mo-C2 = 2.061(6), 
Mo-C3 = 2.061(6), Mo-C4 = 2.013(7), Mo-I = 2.7975(9), C1-N1 = 2.163(5), C2-N2 = 1.155(5), 
C3-O1 = 1.140(7). C4-O2 = 1.13(1). P-P (avg) = 2.11(9), C1-Mo-C2 = 164.5(1), C4-Mo-I1 = 
75.8(2), C4-Mo-I = 83.8(2), C1-Mo-[η3-P3](cent) = C2-Mo-[η3-P3] (cent)= 97.7(2), I-Mo-[η3-
P3](cent) = 176.87. 

 Synthesis of [(ηηηη3-P3)Mo(CO)(CNArDipp2)2]K 

As noted previously, significant interest in cyclo-P3 complexes has been derived from the 

portability of the P3-group for synthesis of atomically precise regents.15  In that work, anionic 

cyclo-P3 complexes were found to be suitable for group transfer due to the increased electron 

density at phosphorus.  We thus sought to determine if cyclo-P3 metallates could be supported in 

our system.  To that end, 6-P3 was treated with 1.1 equiv KC8 in thawing THF.  Following 

filtration, diffraction quality crystals were grown from pentane.  Structural determination revealed 
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the resulting product to be 7-P3
– crystallized in a trimeric donut structure.  Investigations are 

underway to determine if 7-P3
– is a suitable source of cyclo-P3.   
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Figure 6.8.  Synthesis of cyclo-P3 anion 7-P3
–. 

 

 
Figure 6.9.  Expanded view of 7-P3

– showing trimeric structure with P···K+ linkages (isopropyl 
groups excluded for clarity.  
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Figure 6.10. Molecular structure of a 7-P3
– monomeric unit. Mo-C1 = 1.99(1) Mo-C2 = 2.062(8), 

Mo-P1 = 2.580(5), Mo-P2 = 2.571(3), C1-O1 = 1.118(2), C2-N1 = 1.162(10), P1-P1’ = 2.177(5), 
P1’-P2 = 2.197(4), P1-P2 = 2.058(5),  P2-P1 = 2.058(5), Mo-P3 (cent) = 2.256(3), P1-K = 3.331(4), 
P1’-K = 3.294(4), C1-Mo-C1’ = 1.741(17), C2-Mo-C2’ = 150.0(6), C1-Mo-P3 (cent) = 107.9(4), 
C1’-Mo-P3 (cent) = 132.2(4). 

 Analysis of Electronic Structure in cyclo-P3 complexes 

In order to determine the elementary steps leading to the structural reconfiguration from 

cyclo-P4 to cyclo-P3, we sought to establish the distribution of electrons between the [ML4] (L = 

CO, CNArDipp2) fragment and cyclo-P3.  While the electronic structure of cyclo-P3 complexes have 

been analyzed previously, there remains ambiguity regarding the nature of the cyclo-P3 ligand.  

With respect to formalisms, this section addresses ambiguity in the assignment of cyclo-P3 as either 

a trianionic “3X” ligand or a monoanionic, 3e– donor, “LX”-type ligand (here, X refers to an 

anionic 1e– donor, while L is a neutral two-electron donor in accordance with the neutral electron 

counting method).  For our purposes, such designation of cyclo-P3 in 6-P3 provides a basis by 

which to determine if the P-atom extrusion is attributed to metal- or P4-based oxidation events.   
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Previously, molecular orbital analysis of high-valent cyclo-P3 complexes (η3-

P3)Mo(N[iPr]Ar′)3 and (nacnac)V(η3-P3)(Ntolyl2) led Mindiola and co-workers to designate cyclo-

P3 as a trianionic 3X ligand.16  Despite similar bond parameters to these, and other cyclo-P3 

complexes, our analysis suggests that cyclo-P3 in 6-P3 should be formally regarded as an LX-donor 

ligand coordinated to the d4, 15e– metal fragment [MoIII(CO)2(CNArDipp2)2].  Intuitively, the 

existence of 6-P3 as a stable dicarbonyl complex is inconsistent with assignment of the metal center 

as a d2, MoIV species.  Although d2 metal-carbonyls have been reported for early transition metals 

with strongly-donating anionic ligands, the interest in these complexes typically stems from 

atypical reactivity and lability of CO in these systems.17–21  Furthermore, the presence of π-

accepting isocyanide ligands has been shown to facilitate oxidative decarbonylation of complexes 

related to 6-P3.22  It is significant, therefore, that 6-P3 is stable for weeks at room-temperature, and 

shows no decomposition after 24 h at 90 oC in C6D6. 

To probe the electronic structure of the metal-center more directly, the CO stretching 

frequency of 6-P3 was evaluated by FTIR.  Because of the sensitivity of the CO stretching 

frequency to π-backdonation into the CO π* orbital,23–26 CO ligands have been well-established 

spectroscopic as reporter ligands for assessment of the distribution of electron density between 

metal and ligand.27  Accordingly, the CO stretching frequency of 6-P3 is expected to resemble that 

of other formally divalent complexes.  Importantly, the 6-P3 CO stretching frequency of 1983 cm-1 

is similar to the related complexes MoI2(CO)2(CNArDipp2)2 (νCO = 2004 and 1994 cm-1) and to 

MoI2(THF)(CO)2(CNArDipp2)2 (νCO = 1969 and 1947 cm-1),22 thus supporting our assessment that 

6-P3 should formally be regarded as a 3e– LX-donor ligand coordinated to the d4, 15e– metal 

fragment [MoIII(CO)2(CNArDipp2)2].   
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The electronic structure of 6-P3 and 7-P3 was further assessed by density functional theory 

(DFT: BP86, ZORA-def2-TZVP).  Orbital analysis of 7-P3 was clearly consistent with 

coordination of a monoanionic ligand to a zero-valent d6 metal center as indicated by the presence 

of three filled d-orbitals in Figure 6.11.  The distribution of electrons in 6-P3 is more challenging 

to assess due to hybridization of filled-orbitals of e-parentage.  Importantly though, the relative 

contribution of the Mo and P the d(π)-P(π*) interactions are opposite of those calculated in the 

high-valent systems.16  Accordingly, dπ-stabilization of CO and CNArDipp2 gives mainly d-orbital 

contribution, forming σ-backbonding interactions with the π*-orbitals of cyclo-P3 (Figure 6.12, 

1e-orbitals).  These findings are consistent with the isolobal analogy between cyclo-P3 and the 

hydrocarbon analog cyclo-C3H3 in coordination complexes (references include examples of 

isolobal complexes of Ni28–30 and Mo31,32).  Further supporting our assessment that cyclo-P3 should 

be regarded as an anionic 3e- donor is the presence of three, metal-based d-orbitals in the anionic 

cyclo-P3 complex.  Interestingly, in the dianion the NC-Mo-CN bond angle is constrained to 126o, 

while the OC-Mo-CO bond angle is 153o.  This change, which resembles a C4v�C2v distortion in 

the MO diagram, isolates the Mo�P σ-backbonding interaction to a single orbital at E = -1.34 eV, 

which is significantly stabilized in comparison to the other Mo-based orbitals.  
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Figure 6.11.  Occuppied metal-based orbitals of the anionic cyclo-P3 complex [7-P3]–. 
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Figure 6.12.  Selected molecular orbitals.  Mulliken designations are based on simplified C4v 
symmetric geometry. 

Although the designation of cyclo-P3 as a 3e–, monoanionic ligand is clearly a suitable 

description of that moiety in 6-P3, we do acknowledge that the extent of electron localization at 

phosphorus will depend on both the identity of the metal and the ability of the other ligands to 

stabilize low-valency at the metal-center.  Accordingly, the wide range of 31P NMR chemical shifts 

observed in 31P NMR seems to imply that a continuum exists.  For example, the chemical shifts of 

formally divalent complexes 6-P3 and CpMo(η3-P3)(CO)2
30 are -341 ppm and -352 ppm by 31P 



 

181 

NMR,  while those of the aforementioned high-valent Mo and V complexes are found at -85 ppm 

and 185 ppm.  Interestingly downfield 31P chemical shifts of (η3-P3)Mo(N[iPr]Ar′)3 and 

(nacnac)V(η3-P3)(Ntolyl2), were determined to result from a strongly deshielding interaction 

which arises by coupling of a filled e-set with vacant a1-orbitals.16,33  The shift of 6-P3 to higher 

fields can thus be attributed to stabilization of filled d-orbitals in 6-P3 to give comparatively large 

energy difference between filled and unfilled orbitals, thereby decreasing the deshielding 

interactions.  Accordingly, the 1e�2a1 transition in 6-P3 (Figure 6.12) shows ΔE1e�2a1 = 3.6 eV, 

while the similar e�a1 deshielding transition of the three-fold symmetric, high-valent Mo and V 

species give ΔEe�a1 values of only 2.3 and 1.4, respectively.16  It is important to note that the higher 

lying vacant M-based d-orbitals of these high-valent species are not invoked in deshielding 

interactions, thus preventing the use of 31P NMR from providing direct indication of the metal-

center’s oxidation state.  Notwithstanding, however, the trend showing low-valent metal-centers 

to be substantially upfield is likely to be useful for initial assessment of electron distribution in P3-

M coordination complexes by 31P NMR.   

 P-Atom Extrusion from cyclo-P4 via Iodophosphinidene (P-I) Intermediate 

Typically, cyclo-P3 complexes are prepared as fortuitous P4-degradation products in low-

to-moderate yields from the reaction between white phosphorus and a reactive metal fragment.16,34–

36  Limiting the utility of cyclo-P3 functionalities, therefore, is a lack of high yielding syntheses 

based on rational methodologies.  The direct P-atom extrusion from cyclo-P4 described in this work 

may thus serve as a convenient method for the efficient preparation of cyclo-P3 under mild 

conditions.  Interestingly, the mechanism of P3 formation in this system appears to diverge from 

that of known examples.  Recent mechanistic studies have posited two mechanisms by which 

cyclo-P3 is generated – transfer of P2 to a monometallic phosphide complex,37 and bimolecular P-
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atom removal via a bimetallic, P4-bridging intermediate.33  Clearly, in the absence of a 

thermodynamic driving force for generation of terminal phosphide, the former may be excluded 

from consideration in the formation of 6-P3.  Furthermore, the latter mechanistic proposal is also 

unlikely in the present work due to the absence of metals bearing open coordination sites (and the 

mild reaction conditions preventing the formation of such species).  The feasibility of this pathway 

is further restricted by the sterically encumbering nature of CNArDipp2 ligands—to date, the 

tetranuclear compound 5 remains the sole example of bimetallic reactivity among complexes 

bearing ≥2 CNArDipp2 ligands.  Notwithstanding, the formation of 6-P3 from 2 does resemble the 

synthesis of (triphos)Rh(η3-P3) from the mixture of [Rh(C2H2)2(Cl)]2, triphos, and P4.36  In that 

system, formal loss of [P-Cl]38 from the dinuclear precursor can more easily be considered as 

proceeding by bimolecular extrusion of the more thermodynamically favorable dimer, P2Cl2.   

 

Scheme 6.2.  P-atom extrusion pathways for synthesis of 6-P3 from di- and tetravalent cyclo-P4 
complexes, 1 and 2, respectively.   
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Noting that the steric encumbering ligand environment rendered binuclear extrusion of P2I2 

unlikely in the synthesis of 6-P3, we were intrigued by the possibility that iodophosphinidine (P-I) 

was generated as a fleeting intermediate.  Although phosphorus monohalides39–42 and the related 

arsenic species43,44 have long been known known to spectroscopists, the participation of these 

intermediates in chemical synthesis has only rarely been invoked.45,46  The general absence of 

phosphorus monohalides from the literature is surprising when considering the potential 

application of P-X in synthesis of coordinatively unsaturated phosphorus derivatives. 

As a starting point toward establishing the intermediacy of P-X in the formation of 6-P3, 

we sought to establish the 1:1 ratio of P:I atoms in the leaving group.  Importantly, formation of 

common PxIy allotropes (e.g. PI3, P2I4) in the reaction between 2 and I2 (1 equiv) was ruled out by 

the absence of observable side-products by 31P NMR.  To further ensure a single iodine atom was 

involved in the P-atom abstraction, we considered an alternative pathway utilizing the tetravalent 

complex 1.  Satisfyingly, thermolysis of a THF solution of 2 at 80 oC under 1 atm CO showed 

complete conversion of 1 to the desired cyclo-P3 product 6-P3 by 31P and 1H NMR.  Importantly, 

the intramolecular elimination from 1 confirms that PI is a competent leaving group in the 

formation of 6-P3.       
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Figure 6.13.  Geometry optimization of plausible intermediates in the elimination of PI from 
tetravalent cyclo-P4 model complex (η4-P4)MoI2(CO)(CNPh)2 (1M). 

Previously, it was shown that low-lying d-orbitals in the tetravalent cyclo-P4 complex 

provided low-lying excited states by which reductive elimination of white phosphorus was 

achieved.  Accordingly, we propose that accessibility of the low-lying d-orbital manifold in 1 could 

facilitate reductive elimination of PI upon coordination of a CO ligand.  To further explore 

mechanistic aspects of the P-atom extrusion process from 1, a series of potential intermediates 

were identified by DFT (Figure 6.13).  Interestingly, breaking planarity of the cyclo-P4 motif in 
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1M resulted in optimization of the structure INT-1 wherein P4 is bridled in butterfly conformation 

between iodine and Mo.  Importantly, orbital analysis revealed the metal-center of INT-1 showed 

two filled d-orbitals, thus indicating the transition of 1 to INT-1 occurs with a reductive of insertion 

of I with P4, resulting in Mo(IV) � Mo(II).  Coordination of CO displaces bridging iodine to give 

INT-2 while retaining the Mo(II) oxidations state.  Important to note, the formation of the high 

energy intermediate INT-1 is consistent with the elevated temperatures required to access 6-P3 

from 1 compared to 2, which could more easily access INT-T upon addition of I2.  In the next step, 

release of PI, which has a triplet ground-state, is not a thermodynamically feasible endpoint. We 

thus predict that PI exists only as a fleeting intermediate which rapidly associates with additional 

equivalents of PI to provide a significant thermodynamic driving force in the resulting oligomeric 

species PxIy.  Consistent with this notion, formation of the dimeric species (P2I2) was found to 

reduce the overall enthalpy of reaction to -26 kcal/mol.   

With confirmation that release of monovalent phosphorus was thermodynamically feasible 

by DFT, we were intrigued by the possibility that 2 could be used as a mild source of P(I).  In recent 

years, there has been increasing interest in the “transition-metal-like”47–51 coordination chemistry 

of main-group molecules.  Interestingly, treatment of the reaction mixture generated by addition 

of I2 and 2 with 1/4 equiv CNArDipp2 results in an AA’BB’ coupling pattern by 31P NMR (Figure 

6.14) consistent with insertion of an isocyanide into a tetrameric PI ring as is shown in the proposed 

intermediate as shown in (Figure 6.14, Scheme 6.3).52  Unfortunately, further characterization of 

this species was hindered by rapid decomposition leading to complete disappearance of the species 

within 10 minutes at 22 oC.  Motivated by the apparent reactivity of σ-donating isocyanide ligands 

toward the extruded phosphorus iodide products, we turned our attention to chelating phosphines 

since they would be expected to provide enhanced stabilization monovalent phosphorus.45,46  
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Interestingly, treatment of the reaction mixture generated by addition of I2 and 2 with 1 equiv dppe 

resulted in formation of the triphosphazolium salt (7),45,46 which precipitated from the C6D6 

reaction mixture to give 7 in 85% yield (Scheme 6.3).  

 

Figure 6.14.  Proposed intermediate (in brackets), 31P NMR (bottom), and WinDNMR simulated 
spectrum (top) of phosphorus species trapped by CNArDipp2.  Coupling constants: JAA’ = -15 Hz, 
JBB’=193 Hz, JAB = 403 Hz, JAB’ = -184 Hz. 

The rate of 6-P3 formation was not enhanced in the presence of dppe, with a 0.5 M solution 

of 2 reaching complete conversion in about 15 min at r.t.  This suggests that the activation energy 

is not significantly affected by the presence of dppe.  It seems likely therefore, that release of PI 

proceeds by solvent assisted pathways – ultimately leading to PxIx oligomers.  The initial formation 

of these oligomers is supported both by the suprastoichiometric of PI with CNArDipp2, and the 

presence of a broad peak at +40 ppm by 31P NMR which we attribute to low-molecular-weight 

PxIx oligomers.  Importantly, while this intermediate species disappears within 1 h under standard 
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conditions due to further oligomerization, the rate of disappearance for this peak was found to be 

correlated to the growth of phosphazolium 7.  This suggests that the intermediate oligomeric 

species are suitable sources of P-I in the formation of 7.  Importantly, these findings indicate that 

2 is indeed a suitable source of P-I.  Furthermore, the high stability of the 18-e- cyclo-P3 complex 

2 is an important feature of this method, as this “leaving group” is unlikely to interfere in reactions 

where P-I is desired.   

 

Scheme 6.3. [P-I] group transfer with CNArDipp2 and dppe.  
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Figure 6.15.  31P NMR (121.5 MHz, CDCl3) of triphosphazole salt 7, 1JPP = 452 Hz.   

6.3 Conclusions 

The reactivity of the (η4-Mo(CO)2(CNArDipp2)2 (2) has been investigated with nucleophiles 

and electrophiles.  2 was found to undergo nucleophilic attack with -[OH] and [TEMPO]- at cyclo-

P4 to give unusual cyclophosphaallene complexes.  Also described herein is a new, well-defined 

synthetic method for the synthesis of a cyclo-P3 complex (6-P3) by site-directed oxidation of the 

cyclo-P4 unit of complex 2 with diiodide reagent.  Interestingly, 6-P3 is similarly accessible from 

the tetravalent cyclo-P4 complex 2  under thermolytic conditions in the presence of 1 atm CO.  In 

-250-210-170-130-90-60-30020406080110
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-236-232-228-224
f1 (ppm)



 

189 

that process, reconfiguration of cyclo-P4 results in ligand-to-metal-charge transfer, which is 

followed by release of PI – this process can thus be regarded as a two-step reductive elimination 

of PI.  Furthermore, the reaction between I2 and 2 was shown to be a suitable source of PI in 

reactions with neutral electron donating ligands CNArDipp2 and dppe. 

6.4 Synthetic procedures, characterization data, and calculations 

General considerations. All manipulations were carried out under an atmosphere of 

purified dinitrogen using standard Schlenk and glovebox techniques. Unless otherwise stated, 

reagent-grade starting materials were purchased from commercial sources and either used as 

received or purified by standard procedures.53 Solvents were dried and deoxygenated according to 

standard procedures.54 Benzene-d6 (Cambridge Isotope Laboratories) was distilled from NaK 

alloy/benzophenone ketyl and stored over 4 Å molecular sieves under N2 for at least 24 h prior to 

use. Celite 405 (Fisher Scientific) was dried under vacuum (24 h) at a temperature above 250 ˚C 

and stored in the glovebox prior to use. KBr (FTIR grade from Aldrich) was stirred overnight in 

anhydrous THF, filtered and dried under vacuum at a temperature above 250 ˚C prior to use. The 

m-terphenyl isocyanide CNArDipp2 was prepared as previously reported.55 

Solution 1H, 13C{1H}, 31P NMR spectra were recorded on a Bruker Avance 300, a Jeol 

ECA 500, or a Varian X-SENS 500 spectrometer. 1H and 13C{1 H} chemical shifts are reported in 

ppm relative to SiMe4 ( 1H and 13C δ = 0.0 ppm) with reference to residual solvent resonances of 

7.16 ppm (1H) and 128.06 ppm (131C) for C6D6, 7.26 ppm (1H).  FTIR spectra were recorded on a 

Thermo-Nicolet iS10 FTIR spectrometer.  FTIR samples were prepared as C6D6 or THF solutions 

injected into a ThermoFisher solution cell equipped with KBr windows.  Solvent peaks were 

digitally subtracted from all spectra by comparison with an authentic spectrum obtained 
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immediately prior to that of the sample. The following abbreviations were used for the intensities 

and characteristics of important IR absorption bands: vs = very strong, s = strong, m = medium, w 

= weak, vw = very weak; br = broad, sh = shoulder.  Combustion analyses were performed by 

Midwest Laboratories of Indianapolis, IN (USA) or or Robertson Microlit Laboratories of 

Madison, NJ (USA). 

Synthesis of (ηηηη3-P3)MoI(CO)2(CNArDipp2)2 (6-P3).  To a toluene solution of (η4-

P4)Mo(CO)2(CNArDipp2)2 (3-P4, 50 mg, 44.5 µmol, 1 equiv, 5 mL) was added a toluene solution 

of I2 (11.3 mg, 44.5 µmol, 1 equiv).  After 30 min stirring at r.t., the reaction mixture was 

concentrated, and taken up in a 2:1 Et2O/pentane solution (10 mL).  Suspended solids were 

removed by filtration, and the volume was reduced to ca. 0.5 mL.  Storage at -40 oC overnight 

afforded 4-P3 as greenish-yellow suitable for X-ray crystallography. Yield: 33 mg, 27.6 µmol, 

62%.  1H NMR (300 MHz, C6D6) δ 7.39 (dd, J = 13.9, 6.2 Hz, 1H), 7.22 (d, J = 7.7 Hz, 2H), 6.89 

(dd, J = 16.3, 14.2 Hz, 1H), 6.79 (dd, J = 8.8, 6.0 Hz, 1H), 2.63 (sept, J = 6.8 Hz, 8H), 1.42 (d, J 

= 6.8 Hz, 5H), 1.02 (d, J = 6.8 Hz, 5H) ppm; 13C NMR (126 MHz, C6D6) δ 204.9 (CO), 161.5 

(CNAr), 146.5, 139.6, 134.9, 130.5, 130.0, 124.1, 31.5, 24.8, 24.6. ppm; 31P{1H} NMR (121 MHz, 

C6D6) δ ppm -341.2 (s) ppm. FTIR (KBr windows, C6D6, 25 ˚C): υ(C≡N) = 2163 (m), 2098 (vs), 

υ(C≡O) = 1983, other: 2962 (s), 2928 (m), 2870 (w), 1470 (w), 1416 (w), 1362 (w), 1254 (w), 

1056 (m), 756 (m) cm-1.   

Synthesis of [(ηηηη3-P3)Mo(CO)2(CNArDipp2)2][K] (7-P3
–).  To a thawing THF solution of 

(η3-P3)MoI(CO)2(CNArDipp2)2
 (0.040 g, 31.9 µmol, 1.0 equiv, 3 mL) was added THF suspension 

of KC8 (0.015 g, 0.11 mmol, 3.4 equiv, 2 mL).  The reaction mixture was shaken rigorously for 4 

min, filtered through Celite, then reduced in vacuo.  7-P3
–  was the sole reaction product by 1H and 

31P{1H} NMR.  X-ray quality crystals were obtained by crystallization from 0.3 mL Et2O (0.019 
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g, 0.018 µmol, 53%).  1H NMR (500 MHz, C6D6) δ 7.53 (t, J = 7.7 Hz, 4H), 7.39 (d, J = 7.8 Hz, 

8H), 6.93 (d, J = 7.6 Hz, 4H), 6.87 – 6.83 (sept, J = 6.8 Hz, 2H), 2.88 – 2.80 (sept, J = 6.8 Hz, 8H), 

1.50 (d, J = 6.8 Hz, 24H), 1.19 (d, J = 6.8 Hz, 24H) ppm; 13C NMR (126 MHz, C6D6) δ 241.6 (CO, 

m), 195.7 (CNAr), 147.1, 137.0, 136.2, 130.2, 129.7, 129.4, 126.1, 123.7, 31.5, 24.9, 24.7 ppm; 

31P NMR (162 MHz, C6D6) δ -396.4 (s) ppm.  FTIR (KBr windows, C6D6, 25 oC): υ(C≡N) = 2080 

(s), 1986 (vs), 1933(s), υ(C≡O) =  1846 (s), 1705 (m), other: 2962 (s), 2928 (m), 2867 (w), 1575 

(m), 1467 (m), 1413(m), 1250 (w), 1103 (w), 1058 (m), 757 (m). 

Synthesis of phosphaallyl [3]–.  To a thawing THF solution of 2 (0.100 g, 89 µmol, 1.0 

equiv, 1 mL) was added a THF solution of [Na][CPh3] (0.032 g, 135 µmol, 1.5 equiv, 1 mL).  The 

reaction was stirred 1 min at rt then treated with H2O (2.5 μl, 135 µmol, 1.5 equiv).  The reaction 

was stirred overnight, then concentrated, dissolved in Et2O, filtered, and crystallized overnight at 

-40 oC to give 3 as a yellow crystalline solid (0.037 g, 32 µmol, 36%).  1H NMR (500 MHz, C6D6) 

δ 7.67 (t, J = 7.7 Hz, 4H), 7.49 (d, J = 7.8 Hz, 8H), 6.99 (d, J = 7.6 Hz, 4H), 6.91 – 6.87 (m, 2H), 

2.86 (sept, J = 6.8 Hz, 8H), 1.46 (d, J = 6.8 Hz, 24H), 1.21 (d, J = 6.8 Hz, 24H) ppm; 13C{1H} 

NMR (126 MHz, C6D6) δ 227.7 (m, C≡O), 184.0 (d, 2JC,P = 13.7 Hz, C≡NAr), 146.8, 138.1, 135.8, 

130.4, 129.9, 129.1, 127.6. 123.9, 31.6, 24.9, 24.8 ppm; 31P NMR (161.9 MHz, C6D6) δ 38.8, (dtd, 

1JPH = 411 Hz, 1JPP = 238 Hz, 2JPP = 26 Hz, 1P) 2JPP = 26 Hz, 1.06 (t, 1JPP =238, 2P), -14.2 (td, 

1JPP =238, 2JPP = 26 Hz, 1P), see main text for 31P{1H} NMR.  FTIR (KBr windows, C6D6, 25 oC): 

υ(C≡N) = 2095 (m), 2045 (vs), υ(C≡N) = 1962 (w), 1899 (m), υ(P=O) = 1119 (vs), 1073(s), other: 

2975 (vs), 2930 (m), 2868 (s), 1380 (w), 755 (w). 
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6.5 Details of DFT computational studies 

 

Figure 6.16.  Optimized geometry of cis,trans-Mo(CO)2(CNArDipp2)2(η3-P3) ([7-P3]–). 

 
 

 

Figure 6.17.  Optimized coordinates of [3M]– 
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Figure 6.18.  Optimized coordinates of [4M]– 

 Geometry optimized coordinates 

cis,trans-Mo(CO)2(CNArDipp2)2(ηηηη3-P3)]– ([7-P3M] –) 

  Mo  4.56974327017032     17.02047903146969     12.19453191109670 
  P   2.99060850010274     14.98251338238897     12.08274531150489 
  N   5.71142807657383     17.00146188709827      9.16385627001922 
  O   7.67851822386223     17.13261197224541     12.92906636907235 
  C   5.29702245573965     17.04854644655516     10.29538199254060 
  C   6.54070900812159     17.06489566377221     12.69635467119835 
  P   3.53653371924864     15.59570705187885     14.10714284022761 
  P   4.96986040398924     14.55214192750080     12.82403386823038 
  N   4.34299077424741     19.50718811307217     14.24223442108073 
  O   2.03197655458236     18.26651564041313     10.70719339877307 
  C   4.43270963474732     18.60387024964417     13.45098438667282 
  C   2.92076116058939     17.78842799427986     11.28840173154905 
  C   4.21159215990743     20.49024551367113     15.16855424638739 
  C   2.98714022415412     21.22215818859383     15.26156842038283 
  C   5.29732100479553     20.80225203602285     16.04695432649751 
  C   2.88650272065008     22.24870082121930     16.20598249611286 
  C   5.12822275053156     21.82853830451679     16.98117814061646 
  C   3.94224943890578     22.56281116183844     17.06486005668908 
  H   1.94858396020651     22.80512373407405     16.26506447104732 
  H   5.95291443579782     22.04483619377904     17.66330870700117 
  H   3.83807040023513     23.36288214990324     17.79961138462716 
  C   6.20295576969024     16.90269835402202      7.90199319015762 
  C   7.61460243113053     16.92941839915984      7.67802038331445 
  C   5.31229497536288     16.76735849248895      6.79121143741913 
  C   8.09232576251599     16.83227625870956      6.36724135764814 
  C   5.85021680814117     16.67640644778946      5.50376310386772 
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  C   7.22813269527180     16.70787904377755      5.27736606768754 
  H   9.17285701672503     16.86038922084234      6.20924657501472 
  H   5.16054181741555     16.57470171504379      4.66325793160194 
  H   7.62396760844228     16.63616046188025      4.26308479022528 
  C   3.82392233783699     16.70287024308309      6.96119092438623 
  C   3.04526084538147     17.87653236622762      6.81928088697118 
  C   3.19794711399008     15.45299234388736      7.19219018220238 
  C   1.64944706550404     17.77773313983996      6.90050293835212 
  C   1.79983334631010     15.40181233120941      7.26880472861929 
  C   1.02804892956137     16.55231290219965      7.12312188552537 
  H   1.04100116445064     18.67892651345579      6.80326285781199 
  H   1.30737203147608     14.44610134565036      7.45643998223750 
  H   -0.06014626272562    16.49470848090204      7.19842246863647 
  C   8.60398296628999     17.07310464489947      8.79558063572272 
  C   9.01811470452699     18.36366019993425      9.20378803577266 
  C   9.17813054539163     15.91982613430058      9.38285257731545 
  C   10.02105258365336    18.47716818744124     10.17554667636540 
  C   10.18035002714040    16.08120200609435     10.34883776161316 
  C   10.60458223093127    17.34748166129954     10.74194637903766 
  H   10.34385787384000    19.46856346786948     10.50208542612863 
  H   10.62516310578401    15.19917153325073     10.81316721130014 
  H   11.37673550002919    17.45435129725965     11.50658584519693 
  C   6.57765813612107     20.01798671506390     16.04944502736780 
  C   7.73703856641502     20.47071491243267     15.36644291987987 
  C   6.62993804175677     18.82902077242804     16.82408845093820 
  C   8.91604950931318     19.71776958413476     15.48279242011198 
  C   7.83384077363646     18.11742232836239     16.90829589847213 
  C   8.97398352087068     18.55478072455933     16.24328451730956 
  H   9.80529948495541     20.05378776158797     14.94435539322246 
  H   7.87356887074677     17.19891545713767     17.49643784911136 
  H   9.90109557606778     17.98107468722817     16.30090653014373 
  C   1.80362613801128     20.90778614510916     14.39455703617408 
  C   1.64598066642038     21.55582900772954     13.14518308111505 
  C   0.81387438112705     20.00791968843410     14.86246090633402 
  C   0.49528030445733     21.29691521466058     12.38836619526320 
  C   -0.32100896527096    19.78150777152538     14.07212347732725 
  C   -0.48332006263923    20.41843028389765     12.84456616783424 
  H   0.36741874923122     21.78170263221282     11.41845159440761 
  H   -1.08627203793948    19.08347357160509     14.41808837135794 
  H   -1.36631026449887    20.21764106133965     12.23435416961114 
  C   8.74455715053983     14.51348815740478      8.98259569021958 
  H   7.85844201220073     14.61528087957649      8.33785624091335 
  C   8.33516803466905     13.66000058581167     10.19471488486600 
  C   9.83462853581161     13.80660869037311      8.15468769506933 
  H   10.09059100139095    14.38085342312191      7.25221336325865 
  H   10.75547053812807    13.68039008335744      8.74489967026189 
  H   9.49555975024929     12.80773490342091      7.83973671862043 
  H   9.18811132433360     13.46799982186668     10.86394392436826 
  H   7.95350511736603     12.68326645372444      9.86073456960859 
  H   7.54845268552386     14.15087783693042     10.78413080073225 
  C   8.40225085742219     19.62820310701349      8.61549829107875 
  H   7.63822303903055     19.31617092264932      7.88806175779530 
  C   9.44209657143945     20.46646253146289      7.85067635503782 
  C   7.69767008011036     20.46987217508692      9.69272788238391 
  H   6.94429546870390     19.87832272662961     10.23133721106884 
  H   8.41632286184678     20.85288251577773     10.43296093566802 
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  H   7.19405091926589     21.33639507528250      9.23702041040024 
  H   10.23274303138721    20.83214489802230      8.52389363494086 
  H   8.96640307829908     21.34455108854235      7.38679148391653 
  H   9.92311525748131     19.87818579747894      7.05539885885633 
  C   4.00713077652959     14.16494164320985      7.30654741015172 
  H   5.05185876080158     14.44953986881900      7.50117327132678 
  C   3.98283560745528     13.38912208600616      5.97460162229077 
  C   3.55411652165968     13.26599364165789      8.46711316055632 
  H   3.54130632261150     13.81057269060562      9.42181011851055 
  H   2.54556573986195     12.85762385486669      8.29881568152606 
  H   4.23840818133340     12.41102652436165      8.57240063055074 
  H   2.95320402092391     13.09773952229981      5.71497321146927 
  H   4.58859812378843     12.47261494775668      6.04758317213586 
  H   4.38088352637760     13.99658749956218      5.14883926596800 
  C   3.68392679756217     19.23799488264158      6.56672050536994 
  H   4.77227120378622     19.11367858175509      6.67346961382866 
  C   3.23552652969198     20.29340990481946      7.59118539222858 
  C   3.41738328924744     19.72305049844775      5.12968019814386 
  H   3.78729256830958     19.00183253989342      4.38720980374921 
  H   2.33863558846606     19.86036676786268      4.95623488779512 
  H   3.91386432603783     20.68877847039227      4.94606316627093 
  H   2.16238753702922     20.51892613522337      7.49585226010119 
  H   3.78811694480318     21.23294957376704      7.43751626796062 
  H   3.41206147859221     19.95319050502653      8.61981902982208 
  C   0.93527019663799     19.30644691884402     16.21165852039271 
  H   1.96212065220234     19.46362356278123     16.57378725795774 
  C   0.70954374478396     17.78942332925293     16.11506563321181 
  C   -0.01755430301990    19.93718859102730     17.24481861239229 
  H   0.17843650235018     21.01232905471966     17.36837746857779 
  H   -1.06759737961061    19.82063669805935     16.93156509431778 
  H   0.09769682333094     19.45268488947728     18.22684401125918 
  H   -0.32179873772667    17.54972443499988     15.81373144128117 
  H   0.88110544410235     17.31604445163358     17.09392298724951 
  H   1.39106794807813     17.32366842919188     15.39001494161380 
  C   2.68341475096500     22.53982029573691     12.61628311807181 
  H   3.53800913870961     22.51919568326400     13.30926307866515 
  C   2.13530003535908     23.97916819254132     12.61123463878359 
  C   3.21093168306531     22.14672789617573     11.22735674323073 
  H   3.62206795184760     21.12860956343556     11.23148782900724 
  H   2.41698882653908     22.18504740709298     10.46596570791731 
  H   4.00739922533632     22.83834111769197     10.91212381281128 
  H   1.27685201409869     24.07135081857470     11.92743865798958 
  H   2.90965165060590     24.68837430493790     12.27921896839990 
  H   1.79976430714416     24.28290414928736     13.61348112894632 
  C   5.42507315058438     18.33335210073471     17.61900992121498 
  H   4.53061938982595     18.83071084230930     17.21564363519419 
  C   5.54793600724224     18.74864476966542     19.09838738753378 
  C   5.19790977631802     16.81960034235313     17.49240997776397 
  H   5.12019392789778     16.51123272557171     16.44064952096479 
  H   6.00622627584635     16.23797454417209     17.96207630425715 
  H   4.26040055681712     16.53604680618926     17.99405626415147 
  H   6.44731558438211     18.30631469150535     19.55477683827899 
  H   4.67251470642406     18.40621407183859     19.67227167049595 
  H   5.61840740134839     19.84136179101795     19.20181518195840 
  C   7.84149225887023     21.74115937751214     14.51548534231987 
  H   8.79322969334685     21.62335339064203     13.96916335818694 
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  C   7.99191472634124     23.01589657750725     15.36904251274957 
  C   6.75619804228577     21.92229908775540     13.44418323462497 
  H   6.59966445945108     21.00166271228294     12.86668391796621 
  H   5.79558523049445     22.21956762523969     13.88262528351306 
  H   7.05851438216034     22.71669449969972     12.74453048587312 
  H   7.06285461359739     23.24621850663265     15.90777984208866 
  H   8.22672796611259     23.87707813269931     14.72343359633446 
  H   8.80097672277731     22.91016129653220     16.10714901419071 

 
Model Complex 3M 

  Mo  12.84938880311212     13.82110804168593     15.20749212940757 
  P   12.14753165028659     15.03126277344692     17.33390889265780 
  P   14.30330284097314     14.64371741877661     17.28632941595569 
  P   11.65078306242400     12.88686937901048     17.42722881577668 
  P   13.68405875442249     12.75541878858773     18.29154505265953 
  N   10.74173428597284     16.05241443265978     14.19300788764459 
  N   15.08873121960924     11.47821071038000     14.80440383028241 
  O   14.65818359979398     15.32217371760130     13.09247018478326 
  O   11.09566091868264     11.93657325681907     13.36788152866471 
  C   16.04769743361683     10.51384363323516     14.68560699666557 
  C   9.59558614972080     17.69303679778771     15.55833739807875 
  C   17.80072575882966      9.15963696350550     15.67041134112374 
  H   18.39758288940841      8.88028466987031     16.54060447368769 
  C   16.82871637460080     10.14796794667465     15.80220221212367 
  C   11.50183355458335     15.24641073733311     14.67622287487262 
  C   9.27997984657658     17.65082975849007     13.14469415819369 
  C   14.27139480274406     12.31097853640111     15.05697989180588 
  C   16.26164852436740      9.87701704389202     13.44600530916967 
  C   9.88374494963361     17.11913498640334     14.30113930198231 
  C   17.24026482851107      8.89220569268290     13.33355242850713 
  H   17.39924956700172      8.40420239498293     12.37014316938368 
  C   18.01477829613492      8.52690977578834     14.44025072414149 
  H   18.77889792193080      7.75364579221924     14.34499731137222 
  C   8.40872657746338     18.73399773296192     13.24569325622682 
  H   7.94895248510885     19.13830683862652     12.34175163263147 
  C   13.99173878852934     14.75834408071330     13.87006419631106 
  C   8.72131719001201     18.77353364649071     15.64167994204280 
  H   8.50590714407655     19.21040764291158     16.61891332512885 
  C   8.12323024260195     19.30290063968019     14.49144328461725 
  H   7.44194641020623     20.15224404806048     14.56661097401370 
  C   11.74638103239372     12.64425085046218     14.02988650019209 
  H   10.07093543170384     17.27421144409856     16.44686877293950 
  H   9.51011841854908     17.19933678603104     12.17918281967552 
  H   16.65079877013793     10.64490844752812     16.75602089808358 
  H   15.65152524040437     10.16872711284868     12.59122972106907 
  O   13.87424039692370     12.61734421446891     19.78201178222189 
  H   14.35914483895198     11.66478726688358     17.63155656590606 

 

Model Complex 4M 
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  Mo -0.22469515423580      8.40436080701322     10.25837516682995 
  P  -0.65607525677822      6.19362809421945      8.89129702114970 
  P   0.84994032476137      7.62416091415906      8.08968041591302 
  P   0.82119435825700      5.93846194015934     10.41523350358481 
  P   2.51105789495934      6.25302473262295      8.83729758094649 
  N   2.54264768074094      9.00011428654289     11.90103557655259 
  O  -0.18787397224002     11.55141607666578      9.94300727841691 
  N  -3.27461720397701      8.78471440152856      9.22736192517969 
  N   0.79677287793303      8.18962978028137      6.48806559654400 
  O   2.65985787802567      5.02971269169285      7.97518800109194 
  O  -1.56579989701650      8.15833222885190     13.10615861357225 
  O   3.69896200273533      7.02384615813779      9.35299114902948 
  C   1.58015420839296      8.72132743818283     11.26254348843632 
  C  -2.13681410039854      8.57973227623457      9.55674149271747 
  C   0.23121855109816      9.47981820188893      6.10045227483213 
  C   1.04573929511017      7.26858980826350      5.37460816426427 
  C   1.13167659985195     10.18401764234037      5.07602904930347 
  H   2.08295248660484     10.45101972605692      5.56578535992297 
  H   0.65485453710837     11.12354325140526      4.75151900155773 
  C   1.96572675453934      7.91627966069165      4.33211751546034 
  H   2.96224476367292      8.05571212276925      4.78232152842427 
  H   2.08712108004367      7.23453617215608      3.47437731116418 
  C  -0.21177670218682     10.39209935288923     10.08276035235974 
  C   1.40810425746809      9.27084276185432      3.87333463464938 
  H   2.10332500325767      9.75816420641115      3.16998402345406 
  H   0.46464002044105      9.10629329145029      3.31989154749449 
  C  -1.06561168092406      8.25768989604986     12.05481978623884 
  C   3.79742577135266      9.15037386000935     12.44045943873160 
  C   3.97285173632660      9.94224003259086     13.58998196664092 
  C   4.89571225130931      8.50829908610658     11.83600577874688 
  C   5.24817509025109     10.09222072512980     14.13316201915377 
  C   6.16110821358495      8.67530076238133     12.39662803438642 
  C   6.34655518331416      9.46141568122438     13.54015447412127 
  H   3.10546584965378     10.42530018274441     14.04037948732483 
  H   4.71506039042190      7.90056615092738     10.94239197053555 
  H   5.38292948776431     10.70294066293856     15.02798420813563 
  H   7.01532676575452      8.18086049827772     11.93028674129931 
  H   7.34338215476125      9.58130188672387     13.96875154992753 
  C  -4.52539908394898      8.55363470997526      8.72591190784499 
  C  -4.86572186028408      7.28450858007099      8.20782285550091 
  C  -5.48683495347538      9.58450413669329      8.71875819755443 
  C  -6.14217820048374      7.06586406975653      7.69642710265618 
  C  -6.75924990150557      9.34689525613729      8.20305533633112 
  C  -7.09674505519970      8.09022092227683      7.68861850062692 
  H  -4.11358620965539      6.49443991318814      8.21878796047947 
  H  -5.21478405421083     10.55979153893355      9.12305263791416 
  H  -6.39417821496834      6.08178348641890      7.29642395579271 
  H  -7.49583899975742     10.15320837354419      8.20320207859696 
  H  -8.09393985043953      7.91041749553674      7.28428357288419 
  H   1.49176029873763      6.34884143663527      5.77852848681249 
  H  -0.77789974080088      9.33503117034187      5.65753120617366 
  H   0.10606412737924     10.08839631939020      7.00630078144954 
  H   0.08237148787324      6.99079766952704      4.89404651228805 
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6.6 Crystallographic determination of molecular structures 

Table 6.1.  Crystallographic Data Collection and Refinement Information 

 

[(η3-P3P(O)H) 
MoI(CO)2 

(CNArDipp2)2]Na  

([3][Na]•THF4) 

[(η3-P2P(TEMP)P(O)2) 
Mo(CO)2 (CNArDipp2)2] 

Na ([4][Na] •THF4) 

[Mo(CO)2(CNArDipp2)2 

(η4-P4)(Mo(CO)4)]2 

(5) 

Formula 
C79H83IMoN2NaO7P

4 C81H107.2NaMoN3O6P4 C144H168Mo4N4O14P8 

Crystal System Orthorhombic Orthorhombic Triclinic 
Space Group P21212 P21/n P-1 
a, Å 25.3202(7) 15.9654(6) 18.2414(12) 

b, Å 17.0054(5) 18.4748(7) 19.7613(11) 
c, Å 18.1485(5) 28.6542(12) 22.4290(15) 
α, deg 90 90 70.283(3) 
β, deg 90 93.037(2) 81.394(4) 
γ, deg 90 90 70.065(3) 
V, Å3 7814.4(5) 8439.9(6) 7149.5(8) 
Z 4 4 4 
Radiation (λ, Å) Mo-Kα, 0.71073 Mo-Kα, 0.71073 CuKα, 1.54178 
ρ (calcd.), 
g/cm3 1.224 1.399 1.305 

Temp, K 100 100 100 
θ max, deg 51.48 41.656 117.966 
data/parameter
s 14896/943 8839/862 20062/1772 
R1 0.1134 0.0684 0.0515 

wR2 0.2721 0.1479 0.0940 

GooF 1.267 1.003 1.079 
 

 

 

 

 

 

 



 

199 

Table 6.1 cont.  Crystallographic Data Collection and Refinement Information 

 

(η3-P3)MoI(CO)2 

(CNArDipp2)2  

(6-P3) 

[(η3-P3)Mo(CO)2 

(CNArDipp2)2]K 
(7-P3) 

 

Formula C64H74IMoN2O2P3 C64H74KMoN2O2P3  

Crystal System Monoclinic Trigonal  
Space Group P21/c P-3 1 c  
a, Å 19.335(4) 27.0613(19)  

b, Å 16.924(2) 27.0613(10)  
c, Å 20.740(5) 15.4721(13)  

α, deg 90 90  
β, deg 114.262(7) 90  

γ, deg 90 120  
V, Å3 6187(2) 9812.4(13)  
Z 4 6  
Radiation (λ, Å) Mo-Kα, 0.71073 Mo-Kα, 0.71073  
ρ (calcd.), g/cm3 1.310 1.149  

Temp, K 100 100  
θ max, deg 25.747 23.286  
data/parameters 11789/729 4742/353  
R1 0.0491 0.0915  

wR2 0.1246 0.2154  

GooF 1.030 1.189  
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