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Spectroscopic Signatures, Structural Data, and Reactivity of 

Divalent Group 14 Complexes Bonded to Metal Fragments 
 

ABSTRACT: This dissertation focuses on the synthesis and characterization of ferriotetrylenes, 

which are complexes featuring a two-coordinate E(II) (E = Ge, Sn, or Pb) σ-bonded to FeCp(CO)2 

(Cp = η5-C5H5) and a terphenyl group. The reactivity of the ferriotrylenes with ammonia is also 

described. Additionally, the synthesis and characterization of the biscarboranyl complexes 

(bc)Sn·THF, [(bc)Sn]2KCl, and bc-CH=CH-bc (bc = 1,1′-bis(o-carborane) are also described. 

Single crystal X-ray crystallography was employed to establish the structural details of the solid-

state structures. NMR spectroscopic studies (1H, 11B, 13C, 119Sn, 207Pb) were employed for the 

spectroscopic characterization of the novel complexes and the characterization of the products of 

their reactions with ammonia. Spectroscopic methods were also used to determine the energetics 

of the reversible reaction with ammonia. New compounds were additionally characterized by UV-

visible and infrared spectroscopy. 

The ferriogermylene ArMe6GeFeCp(CO)2 (ArMe6 = −C6H3-(C6H2-2,4,6-CH3)2) was synthesized by 

salt metathesis of the terphenyl germanium chloride (ArMe6GeCl) with the potassium salt of the 

iron cyclopentadienyl dicarbonyl anion (K[FeCp(CO)2]). In the solid state, ArMe6GeFeCp(CO)2 

can form one of three crystalline polymorphs in green, red, or dichroic red-green crystals. 

Regardless of polymorph, ArMe6GeFeCp(CO)2 is spectroscopically and structurally similar to its 

more substituted derivative AriPr4GeFeCp(CO)2 (AriPr4 = −C6H3-(C6H3-2,6-iPr)2). Additionally, it 

was shown to react with H2O to afford the oxidative addition product ArMe6Ge(OH)(H)FeCp(CO)2. 

The complexes ArGeFeCp(CO)2 (Ar = ArMe6 or AriPr4) were shown to react with ammonia to afford 

the insertion products ArGe(NH2)(H)FeCp(CO)2 (Ar = ArMe6 or AriPr4). 
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Salt metathesis was also employed in the synthesis of the two tin derivatives ArMe6SnFeCp(CO)2 

and ArMe6SnFeCp*(CO)2 (Cp* = η5-C5Me5). The compound ArMe6SnFeCp(CO)(PMe3) was 

produced through a phosphine-carbonyl exchange reaction. Spectroscopic and structural 

comparisons of these ferriostannylenes and the more substituted derivatives ArSnFeCp(CO)2 (Ar 

=  AriPr4 or AriPr6) showed the effect of the substituents on the central Sn atom. Increasing the size 

of the alkyl substituents on the aryl groups (aryl = terphenyl or cyclopentadienyl) narrows the 

interligand angle at Sn and causes a corresponding bathochromic shift of the HOMO→LUMO 

transition in the UV-vis spectra. Changing a CO ligand on the Fe fragment to PMe3 widens the 

interligand angle at Sn while causing a bathochromic shift of the HOMO→LUMO transition in the 

UV-vis spectrum. 

The ferriostannylenes ArSnFeCp(CO)2 (Ar = ArMe6 or AriPr4) were observed to react reversibly with 

ammonia. Visually, the reactions followed a similar color pattern to the reaction of the 

ferriogermylenes ArGeFeCp(CO)2 (Ar = ArMe6 or AriPr4) with ammonia. Variable temperature 1H 

NMR studies determined that the free energy of the reversible reaction of AriPr4SnFeCp(CO)2 with 

ammonia was essentially thermoneutral and are in good agreement with DFT calculations made by 

the Goicoechea research group on a phosphine system that displayed a related thermoneutral, 

reversible activation of ammonia. The ferrioplumbylenes ArPbFeCp(CO)2 (Ar = ArMe6 or AriPr4) 

were synthesized in the same manner as the Ge and Sn congeners to complete the series. 

Spectroscopic and structural comparisons of the ArEFeCp(CO)2 (E = Ge, Sn, or Pb; Ar = ArMe6 or 

AriPr4) series revealed a pattern that is reflected in the ferriotetrylene reactivities towards ammonia. 

The compound ArMe6PbFeCp(CO)2 was inert in the presence of ammonia.
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General Introduction 

CHAPTER 1: General Introduction 

The heavy group 14 carbene analogues :ER2 (E = Si, Ge, Sn, Pb; R = alkyl, aryl, silyl, amido, 

alkoxo, thiolato, etc.) are of considerable importance in fundamental and applied chemistry.1–3  

Their syntheses, structures, and reactivity have been well studied. 1–4 The isolable tetrylenes feature 

a non-bonded lone pair and an empty p-orbital at the tetrel atom that can engage in synergistic 

reactions that can react with important small molecules such as H2, NH3, C2H4, CO, etc (Figure 

1).4,5 However, little attention has been given to the reactions of divalent tetrylenes that have a 

direct bond between the low valent group 14 element and a transition metal. 

 

 

E = Ge, Sn, or Pb 

R = alkyl, aryl, silyl, amido, alkoxo, thiolato, etc.1,4,5 

Figure 1. Synergistic reactivity of tetrylene species as donor and acceptor, exhibiting transition 

metal-like behavior such as reacting with small molecules like H2.
4–6 

The first report of metallotetrylenes, named for the bond between the transition metal and 

unsaturated tetrel atom, were the ferriogermylenes Mes*GeFe(CO)2R (Mes* = –C6H2-2,4,6-tBu3; 

R =  Cp (η5-C5H5) or Cp* (η5-C5Me5)), synthesized in 1994 by Jutzi and Leue.7 However, structural 

LUMO 

HOMO 

σ* orbital 

σ orbital 

σ* orbital 
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characterization of these ferriogermylenes were not obtained. The first stable metallotetrylenes 

were isolated by Power and coworkers in 1996 and structurally characterized via X-ray 

crystallography.8 The metallogermylenes,8,9 metallostannylenes,10 and metalloplumbylenes11 

synthesized soon thereafter were altogether found to have a relatively wide angle at the tetrel atom. 

The bent geometry is characteristic of the presence of a non-bonding lone pair at the tetrel atom.4,5  

Since then, numerous other metallotetrylenes have been reported. The majority are derivatives of 

germanium or tin,12–22 while metallosilylenes23–26 and metalloplumbylenes27–29 remain scarce. All 

these compounds are stabilized sterically via the use of a bulky ligand at the group 14 atom or by 

Lewis bases coordinating to E. Despite the growing library of characterized metallotetrylenes, their 

reactivity has received less attention. In contrast, there is ample precedent for transition metal-like 

reactivity by a heavy group 14 atom in other divalent species. The first such example was presented 

in 2005 by Power and coworkers with the activation of H2 by the digermyne AriPr4Ge≡Ge AriPr4 

(AriPr4 = −C6H3-(C6H3-2,6-iPr)2).
30 Since then, other systems containing germanium or tin have 

been shown to react with small molecules such as H2, NH3, and CO under mild conditions.31–37 

Tetrylenes and metallotetrylenes differ only in the transition metal fragment in place of one of the 

stabilizing ligands, thereby sharing similar frontier orbitals on the central atom (Figure 2a). Thus, 

metallotetrylenes can be expected to also demonstrate transition metal-like behavior towards small 

molecules (Figure 2b). 
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Figure 2. a) Tetrylenes and metallotetrylenes have a bent geometry at the central tetrel atom, 

indicating a non-bonded lone pair and empty p-orbital operating as the HOMO and LUMO frontier 

orbitals, respectively. b) Proposed donor and acceptor behavior of metallotetrylenes towards NH3, 

based on parallels with tetrelene species.  

Reports of the early metallotetrylenes ArEMCp(CO)3 (Ar = AriPr4 or AriPr6; E = Ge, Sn, or Pb; M 

= Cr, Mo, or W) predominantly focus on the effect of the transition metal on the tetrel geometry 

and bonding.9–11 In this dissertation, variations in the structural and spectroscopic properties of the 

ferrio-substituted complexes ArEFeCp(CO)2 (Ar = ArMe6 or AriPr6; E = Ge, Sn, or Pb) are examined 

vis-à-vis their synthesis, spectroscopy, structure, and reactivity towards ammonia.  

b)  
NH3 

HOMO 

NH3 
LUMO 

this work: R = terphenyl, M = {FeCp(CO)2}  
 

a)  

diorganotetrylene metallotetrylene 

E = Ge, Sn, or Pb 

R = alkyl, aryl, silyl, amido, alkoxo, thiolato, etc.1–3 

M = {TMCp(CO)x}; TM = Cr, Mo, W, or Fe; x =   2 or 3.7–9,16 
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CHAPTER 2: Insertion Reactions of NH3 and H2O with Ferriogermylenes: Structural 

Isomerism and Polymorphism in a Metallogermylene. 

The metallogermylenes ArGeFeCp(CO)2 (Ar = ArMe6  (1) or AriPr4 (2)18) were reacted with 

ammonia under mild conditions to give the insertion products ArGe(NH2)(H)Cp(CO)2 (Ar = ArMe6 

(3), AriPr4 (4)).38 The Ge atom of 1 was additionally observed to insert into the H–OH bond of 

water to give ArMe6Ge(OH)(H)FeCp(CO)2 (5). The hydroxy complex 5 was produced in the 

presence of adventitious water, despite the fact that the NH3 was rigorously dried prior to use in 

order to generate spectroscopically clean samples of 3 and 4 for analysis. Observations gathered 

from the reactions of 1 and 2 with NH3 were further used to aid in tracking the reaction progress 

of the ferriostannylenes ArSnFeCp(CO)2 (Ar = ArMe6 or AriPr4) with ammonia (vide infra). 

 

 

 

 

  

Figure 3. Reaction of 1 and 2 with NH3. 

Prior to this work, the only known investigation of the transition metal-like reactivity of 

metallotetrylenes was conducted by Tobita, et al. in 2015: The cationic germylene 

[Cp*(CO)3WGe(IPr)][BArF
4] (IPr = 1,3-bis(2,6-diisopropylphenyl)imidazole-2-ylidene) (ArF = 

3,5-(CF3)2C6H3), singly bonded to a tungsten atom and stabilized by an N-heterocyclic carbene 

Ar = ArMe6 (1), AriPr4 (2)  
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ligand, was shown to react with X–H (X = H, Si, B) bonds.39 The reaction with dihydrogen 

proceeded to give the dihydrogermane product, while the insertion into Si–H and B-H bonds 

occurred reversibly and the substrates were regenerated upon gentle heating.39  

Crystals of 1 were also observed to display polymorphism depending on crystal growth 

conditions.38 The primary crystalline form of 1 are green blocks in the habit and unit cell typical 

of ferriotetrylenes of the series.18 Microscopic examination of a bulk sample of green crystals of 1 

revealed small amounts of red crystals which were initially believed to be impurities. Further 

inspection by X-ray crystallography revealed the red crystals were a polymorph of 1. The red 

polymorphs could be intentionally obtained by concentrating a dark green solution of 1 in a warm 

water bath at ca. 40 °C then rapid cooling to ca. -32 °C. A red-green dichroic polymorph could be 

produced in the same way but with cooling to ca. -18 °C. X-ray structural comparisons of the three 

polymorphs reveal only a difference in the bending angle at the Ge atom, with the red and red-

green polymorphs displaying comparatively narrower C-Ge-Fe angles. All polymorphs produced 

a green solution when re-dissolved in solvents. 

CHAPTER 3: A Series of Ferriostannylenes with Differing Terphenyl Substituents 

Three novel ferriostannylenes which differ from one another by the substituent on the tin atom 

were synthesized. ArMe6SnFeCp(CO)2 (6) contains the least sterically encumbering terphenyl 

ligand in comparison to the previously reported ferriostannylenes (Ar = AriPr4 and AriPr6).18 

ArMe6SnFeCp*(CO)2 (7) differs from 6 via the methyl-substituted cyclopentadienyl group (η5-

C5Me5) on iron while ArMe6SnFeCp(PMe3)(CO) (8) substitutes a CO group at the iron with a 

phosphine (Figure 4).  
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Figure 4. Ferriostannylenes 6-8. 

The majority of metallotetrylenes are Sn derivatives, with reports centered on the synthesis and 

characterization of the complexes rather than their chemistry.10,15–18,21,40–42 Their spectroscopic and 

structural characteristics are additionally well-described. However, discussions on the substituent 

effect on the central Sn atom are rare.  

Comparisons of the compounds ArSnFeCp(CO)2 (Ar = ArMe6 (6), AriPr4, or AriPr6)18 with different 

substituents show that an increase in the alkyl substituent size on the terphenyl group resulted in 

the following changes: a narrower C-Sn-Fe bond angle, an upfield shift of the 119Sn NMR signal, 

and a bathochromic shift in the absorption of the UV-vis spectrum. Differences between 6 and 7 

arise from the introduction of alkyl substituents on the Cp ring, which led to the same changes to 

those described in the comparisons of 6 with its more sterically encumbering derivatives. In 

comparison to compound 6, compound 7 has a narrower C-Sn-Fe bond angle, an increased 

shielding of the tin atom in the 119Sn NMR spectrum, and a comparatively red-shifted absorption 

in the UV-vis spectrum. Similar substituent effects on interligand angle and molecular stability 

were also noted in the diaryl tetrylenes EAr2 (E = Ge, Sn, or Pb. Ar = ArMe6, AriPr4, or AriPr6).43,44 

Meanwhile, the 119Sn NMR and IR spectra of 8 revealed that the phosphine-carbonyl exchange on 

the Fe atom caused a decrease in electron density on Sn but an increase in electron density on Fe, 

6 7 8 
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while the UV-vis spectrum showed a lower HOMO→LUMO energy transition in comparison to 

6, 7, and ArSnFeCp(CO)2 (Ar = AriPr4, or AriPr6).18 

CHAPTER 4: Reversible Insertion of the Tin Atoms of the Ferriostannylenes 

ArSnFeCp(CO)2 into the N–H bond of Ammonia, and Isolation and Reactivity of 

ArPbFeCp(CO)2 with NH3 

Having established the reactivity of ferriogermylenes towards ammonia,38 the reactivity of the 

other ferrio-substituted group 14 complexes with ammonia was subsequently explored. The Sn 

analogues ArSnFeCp(CO)2 (Ar = ArMe6 (6) or AriPr4 (9)18) displayed a reversible bond scission 

with ammonia that could be monitored visually via color changes associated with the reactions of 

1 and 2 (green-colored starting material) to form 3 and 4 (orange-colored products). A VT 1H 

NMR experiment of the reaction of 9 with NH3 further confirmed the reversible nature of the 

ferriostannylene reaction with NH3 by showing the Sn-NH2 amido singlet increasing in integration 

with a decrease in temperature, and vice versa, the amido singlet decreasing in integration with an 

increase in temperature. Calculations based on the VT NMR experiments indicate that the reaction 

is nearly thermoneutral at room temperature, which agrees with DFT calculations of a related 

reversible thermoneutral bond scission of NH3 on the phosphorus center of a multicyclic 

constrained phosphine.45 

Ferrioplumbylenes ArPbFeCp(CO)2 (Ar = ArMe6 (11) or AriPr4 (12)) were synthesized to complete 

the ferriotetrylene series. A comparison of the X-ray structural data of the ferriotetrylenes 

ArEFeCp(CO)2 (E = Ge (1 and 2), Sn (6 and 9), or Pb (12)) reveals a narrowing of the C–E–Fe  

angle in the order Ge > Sn > Pb, with the Pb congener 12 showing the narrowest interligand angle 

of the ferriotetrylenes. Separately, a comparison of the UV-vis spectra of the ferriotetrylenes (Ge: 
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1 and 2; Sn: 6 and 9; Pb: 11 or 12) shows that the absorption assigned to the n→p energy transition 

of the tetrel atom experiences a red shift in the sequence Sn < Ge < Pb, which is in the same order 

as the electronegativity value of the tetrel atom (Sn: 1.96, Ge: 2.01, Pb: 2.33).46,47 However, the 

UV-vis spectra of the six complexes also display a blue shift in the absorption assigned as the 

π→π* transition of the aryl ligand following the sequence as the group 14 is descended, Ge > Sn 

> Pb. Experimentally, the ferrioplumbylenes demonstrated the greatest molecular stability via the 

lack of reactivity of 11 in a flushed atmosphere of NH3 (Figure 5b). 

 

 

 

 

 

Figure 5. a) Reaction of 9 with NH3 to form 10. b) Reaction of 11 with NH3. 

 

CHAPTER 5: Synthesis, Structure, Spectroscopy of the Biscarboranyl Stannylenes and a 

Dibiscarboranyl Ethene 

The compound 1,1′-bis(ortho-carborane) (H2-bc) comprises two icosahedral o-carborane cages 

(C2B10H22) linked to one another through the C1 vertex. The electron deficiency of boron gives 

rise to a delocalized electron system on the carborane cages.48,49 The rigid structure and delocalized 

10 9 

11 

a)  

b)  
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electron system of H2-bc makes it an interesting choice of metal-based ligand for organometallic 

complexes. The majority of bc-supported complexes feature a κ2-C,C or κ2-B,C bonded transition 

metal,50–59 though biscarboranyl main group metal complexes are also known.60–63  

Herein, two stannylenes bonded κ2-C,C to the bc ligand are synthesized and characterized. The 

synthetic procedures are analogous, first activating the C-H vertices with potassium 

bis(trimethylsilyl) to generate K2[bc] for a salt metathesis reaction with SnCl2. Utilizing THF as 

the solvent for this reaction generated (bc)Sn·THF (12) while following the same synthetic 

procedure with a benzene/dichloromethane solvent mixture produced [(bc)Sn]2KCl (13) (Figure 

6). Compounds 12 and 13 are the first stannylenes supported by the bc ligand platform. The (bc)Sn 

moiety of 12 and 13 display structural similarities to other diorganostannylenes containing a cyclic 

C4Sn moiety in geometry and bonding around the Sn atom.64–77 Compound 12 displays a triplet of 

triplet signal in its 119Sn NMR spectrum, which arises from long-range nuclear spin-spin coupling 

between the 11B and 119Sn nuclei.78,79 Additionally, the 119Sn NMR signal for 12 appears at -137.31 

ppm. This signal is downfield from the 119Sn NMR signals of diorganostannylene Sn(II)←THF 

compounds (-244.5 – -377.1 ppm)65,66 due to the electron-withdrawing effect of the bc ligand on 

12. However, the 119Sn NMR signal for 12 is upfield from the 119Sn NMR signals of biscarboranyl 

stannanes (-21.22 – 53.10 ppm) 63 due to the THF ligand shielding the tin atom on 12. The 119Sn 

signal of compound 13 could not be detected, despite numerous attempts with use of a wide variety 

of parameters, suggesting that the THF ligand in 12 may be stabilizing the electron environment 

at the Sn atom to enable detection of a signal. 

In a procedure similar to the synthesis of 13, when the reaction period of the C-H activation step 

is shortened from 24–48 hours to 9–12 hours, the mono-deprotonated species K[H-bc] is produced. 
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Addition of the K[H-bc]/benzene slurry to a dichloromethane solution of SnCl2 causes a reaction 

with the solvent dichloromethane molecules to generate the bc-supported alkene (bc)CH=CH(bc) 

(14) (Figure 6). The alkene displays spectroscopic properties typical of other conjugated alkenes. 

 

                            

 

Figure 6. Compounds 12-14. 

  

 

 

 

 

 

 

 

12 13 14 
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ArGeFeCp(CO)2 (Ar = ArMe6 (–C6H3-(C6H2-2,4,6-Me3)2) or 

AriPr4 (–C6H3-(C6H3-2,6-iPr2)2); Cp = η5-C5H5): Structural 

Isomerism and Polymorphism in a Metallogermylene 
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ABSTRACT: The ferriogermylenes ArGeFeCp(CO)2 (Ar = –C6H3-(C6H2-2,4,6-Me3)2 (ArMe6 

(1a)), –C6H3-(C6H2-2,6-iPr2)2 (Ar = AriPr4 (1b)) (Cp = η5-C5H5) react with an excess of NH3(l) to 

form the insertion products ArGe(NH2)(H)FeCp(CO)2 (Ar = ArMe6 (2a) or AriPr4 (2b)). Similarly, 

ferriogermylene 1a reacts with water to form the insertion product ArMe6Ge(OH)(H)FeCp(CO)2 

(3). Unusually, crystals of 1a exist as three different polymorphs whose structures differ primarily 

in their Cipso-Ge-Fe bond angles. Complexes 1-3 were characterized by NMR, UV-vis, IR 

spectroscopy, and X-ray crystallography.  

2.1 INTRODUCTION 

The syntheses, structures, and reactivity of heavy group 14 tetrylenes :ER2 (E = Si, Ge, Sn, Pb; R 

= alkyl, aryl, silyl, amido, alkoxo, thiolato, etc.) have attracted wide interest.1,2 The isolated 

tetrylenes feature bonds to two substituents as well as a non-bonded lone pair and an unoccupied 

p-orbital at the tetrel atom. Thus the tetrel atom can interact in a synergistic manner with important 

small molecules such as H2, NH3, C2H4, CO, etc.3,4 Most of the chemical investigations thus far 

have featured tetrels bound to two organic substituents. However, the reactivity of the related 

divalent tetrelene molecules that feature a direct bond between the group 14 element and a 

transition metal have received much less attention. 
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The first report of the synthesis of stable metallotetrylenes concerned the ferriogermylenes 

Mes*GeFe(CO)2R (R = Cp, Cp*) (Mes* = C6H2-2,4,6-tBu3, Cp* = η5-C5Me5), reported in 1994 

by Jutzi and Leue,5 but these molecules were not structurally characterized however. Shortly 

thereafter, several other metallotetrylenes, the majority of which are derivatives of germanium or 

tin, were reported.6–14 In contrast, metallosilylenes15 and metalloplumbylenes16 remain rare. These 

compounds were stabilized either by the use of a bulky ligand at the Group 14 atom or by additional 

Lewis bases coordinated to the tetrel atom. The metallotetrylenes feature a relatively wide angle 

at the tetrel atom that ranges from 106° to 118° and a bent geometry that is characteristic of the 

presence of a non-bonding lone pair at the tetrel atom. The related triple-bonded metallotetrylynes 

in which the coordination of E (E = Si, Ge, Sn, Pb) is linear or near linear were discovered 

serendipitously when molybdogermylenes were found to spontaneously dissociate CO during the 

reaction of NaMoCp(CO)3 with ArMe6GeCl to yield ArMe6Ge≡MoCp(CO)2.
17 Other routes to the 

metallogermylynes, including their Si, Sn, and Pb congeners, were reported by Filippou and 

coworkers18–22, Tobita and coworkers23, and more recently by our group24 and by Wesemann and 

coworkers.25 

Despite the growing library of well-characterized metallotetrylenes, investigations of their 

reactivity have lagged. Originally, the low-oxidation state digermynes ArGeGeAr and distannynes 

ArSnSnAr (Ar = AriPr4 or AriPr6 (–C6H3-(C6H2-2,4,6-iPr3)2) ) were shown to react with small 

molecules such as H2, NH3, and CO under mild conditions26–29 and they also displayed C-H 

activation reactions30–36 due in part to their trans-bent structure and bis(metallanediyl) character. 

In a similar way, the diaryltetrylenes :EAr2 (E = Ge, Sn) and the related carbenes also react with 

small molecules.37–42 (Figure 1) 
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Figure 1. Synergistic reactivity of diorganogermylene species: behavior as donor and acceptor. 

Diaryltetrylgermylenes have been observed to display transition metal-like behavior and react with 

small molecules such as H2.
39–42 

The only report of similar reactivity by metallotetrylenes was that by Tobita and coworkers in 2015 

where the cationic tungstogermylene [(IPr)GeWCp*(CO)3][BArF
4] (IPr = 1,3-bis(2,6-

diisopropylphenyl)imidazole-2-ylidene) (ArF = 3,5-(CF3)2C6H3), stabilized by an N-heterocyclic 

carbene ligand, was shown to insert into dihydrogen to afford a tungstogermane, and into X-H (X 

= Si, B) bonds reversibly to afford a tungstogermylsilane and tungstogermylborane, respectively.43 

The authors reported that the cationic nature of the reported metallogermylene induces a lower 

HOMO-LUMO energy gap, in comparison to that in the neutral germylenes :GeAr2 (Ar = ArMe6 

or AriPr4)39
.  

In this work, we report that the neutral ferriogermylenes ArGeFeCp(CO)2 (Ar = ArMe6 (1a), AriPr4 

(1b)) react with NH3 and H2O under mild conditions, to give the insertion products 

ArGe(NH2)(H)FeCp(CO)2 (Ar = ArMe6 (2a), AriPr4 (2b)) and ArMe6Ge(OH)(H)FeCp(CO)2 (3). In 

addition, we report that crystals of 1a display polymorphism with the polymorphs displaying 

different interligand angles at the germanium atom.  
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2.2 EXPERIMENTAL SECTION 

General Procedures:  All manipulations were carried out by using modified Schlenk techniques 

or in a Vacuum Atmospheres OMNI-Lab drybox under a N2 or argon atmosphere. Solvents were 

dried over columns of activated alumina using a Grubbs type purification system (Glass Contour), 

stored over Na (THF) or K (hexanes, pentane, toluene) mirrors, and degassed via three freeze-

pump-thaw cycles prior to use. The compounds ArGeCl (Ar = ArMe6, AriPr4)44–46 and 

K[FeCp(CO)2]
47 were synthesized according to literature procedures. The 1H and 13C{1H} NMR 

spectra were recorded on Varian Inova 600 MHz or Bruker Avance III HD Nanobay 400 MHz 

spectrometers and were referenced to the residual solvent signals in C6D6 (δ 7.15 ppm). UV-Visible 

spectra were recorded using dilute hexane solutions in 3.5 mL quartz cuvettes using an Olis 17 

Modernized Cary 14 UV-Vis/NIR spectrophotometer. Infrared spectra for 1a and 3 were recorded 

as Nujol mulls between CsI windows on a PerkinElmer 1430 spectrophotometer. Infrared spectra 

for 2a and 2b were collected on a Bruker Tensor 27 ATRFTIR spectrometer. Melting points were 

determined on a Meltemp II apparatus in flame-sealed glass capillaries equipped with a partial 

immersion thermometer.  

The ferriogermylene 1b was synthesized according to a literature procedure.10 

ArMe6GeFeCp(CO)2 (1a): The synthesis of ArMe6GeFeCp(CO)2 follows a modified version of a 

literature procedure for AriPr4GeFeCp(CO)2 (1b).10 A solution of ArMe6GeCl (3.5 g, 8.7 mmol)45 in 

THF (30 mL) was added dropwise to a THF solution (ca. 40 mL) of  K[FeCp(CO)2] (1.8 g, 8.7 

mmol) at room temperature and stirred overnight. The solvent was removed under reduced 

pressure to afford a dark green-brown solid that was dissolved in toluene (ca. 50 mL). This solution 

was filtered through a Celite plug, and the deep green filtrate was concentrated to ca. 10 mL. 

Storage at ca. -18°C afforded dark green crystals of 1a. Yield: 2.8 g (60%). Mp: 165-170°C. 1H 
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NMR (400 MHz, C6D6, 20°C): δ 2.03 (s, 6H, p-C(CH3)), δ 2.46 (s, 12H, o-C(CH3)), δ 3.82 (s, 5H, 

η5-C5H5), δ 6.68 (br s, 4H, flanking m-aromatic H), δ 7.13 (d, 2H, JHH = 7.5Hz, central m-aromatic 

H), δ 7.45 (t, 1H, 3JHH = 7.5 Hz, central p-aromatic H). 13C NMR (151 MHz, C6D6, 20°C): δ 20.56 

(p-CH3) δ 20.82 (o-CH3), δ 85.43 (η5-C5H5), δ 127.95, 127.99, 128.33, 129.06, 135.79, 136.72, 

141.49 (Ar(C)), δ 176.96 (Cipso-Ge), δ 212.12 (CO). UV-vis (hexane): λmax (ε) 430 nm (1860 mol-

1 L cm-1), 616 nm (427 mol-1 L cm-1). IR (Nujol, cm-1): νCO 1980 (s), νCO 1940 (s).  

ArMe6Ge(NH2)(H)FeCp(CO)2 (2a): Anhydrous ammonia (ca. 40 mL, twice-dried over sodium) 

was condensed onto solid 1a (0.5 g, 0.91 mmol) cooled in a dry ice/acetone bath to ca. -78°C, 

immediately giving a red solution. The solution was stirred for ca. 30 minutes at ca. -78°C. The 

cold bath was then removed to allow the solution to warm to room temperature with continued 

stirring. The resulting orange solid was left overnight at room temperature under ambient 

atmospheric pressure in an environment of ammonia and N2. The orange solid was dissolved in 

ca. 40 mL toluene and concentrated to ca. 10 mL. Storage at ca. -18 °C gave orange-pink crystals 

of 2a. Yield: 0.15 g (30%). Mp: 140-145°C. 1H NMR: (400 MHz, C6D6, 20°C) δ 0.11 (br s, 2H, 

amide H), δ 2.14 (s, 6H, o-C(CH3)), δ 2.20 (s, 6H, o-C(CH3)), δ 2.31 (s, 6H, p-C(CH3)), δ 3.80 (s, 

5H, η5-C5H5), δ 5.31 (t, 1H, Ge-H), δ 6.86 (m, 7H, aromatic H). 13C NMR (151 MHz, C6D6, 20°C): 

δ 20.77 (p-CH3) δ 21.39 (o-CH3), δ 21.43 (o-CH3), δ 83.79 (η5-C5H5), δ 128.36, 128.75, 136.24, 

136.37, 136.67, 139.89, 146.68 (Ar(C)), δ 214.93 (CO), δ 215.76 (CO), Cipso-Ge signal not 

observed. UV-VIS (hexane): λmax (ε) 304 nm (8000 mol-1 L cm-1). IR (Nujol, cm-1): νCO 1989 (s), 

νCO 1932 (s), νGe-H, 1608 (s), νNH2 3399 (s), νNH2 3317 (s). 

AriPr4Ge(NH2)(H)FeCp(CO)2 (2b): Anhydrous ammonia (ca. 40 mL, twice-dried over sodium) 

was condensed onto solid 1b (0.6g, 0.93 mmol) cooled in a dry ice/acetone bath ca. -78°C. The 

neat reaction initially remained a colorless solution with green solids but slowly turned red-orange 
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with increasing addition of NH3(l). The solution was stirred for half an hour at ca. -78°C. The cold 

bath was then removed to allow the solution to warm to room temperature with stirring; the orange 

solid was observed to change to a light green color upon warming. The resulting pale green solid 

was left overnight at room temperature under ambient atmospheric pressure in an environment of 

ammonia and N2. Dissolution of the green solid in hexanes regenerated an orange solution. Cooling 

the flask in a ca. -10°C cold bath gave pink-orange crystals of 2b. Yield: 0.15 g (25%). Mp: 200-

205°C. 1H NMR (400 MHz, C6D6, 20°C) δ 0.13 (br s, 2H, amide H), δ 1.10 (ddd, 3JHH = 6.2, 4.4, 

1.6 Hz, 12H, CH(CH3)), δ 1.38 (d, 3JHH = 6.8 Hz, 6H, CH(CH3)), δ 1.53 (d, 6H, CH(CH3)), δ 3.06 

(sept, 3JHH = 12.9 Hz, 2H, CH(CH3)), δ 3.25 (sept, 3JHH = 12.9 Hz, 2H, CH(CH3)), δ 3.87 (s, 5H, 

η5-C5H5), δ 7.17-7.37 (m, 9H, aromatic H). 13C NMR (151 MHz, C6D6, 20°C): δ 22.42 (CH(CH3)2) 

δ 22.83 (CH(CH3)2), δ 26.04 (CH(CH3)2), δ 26.16 (CH(CH3)2), δ 30.66 (CH(CH3)2), δ 84.19 (η5-

C5H5), δ 122.23, 122.77, 126.33, 128.24, 130.60, 140.58, 145.75, 147.00, 147.32 (Ar(C)), δ 215.26 

(CO), δ 215.50 (CO), Cipso-Ge signal not observed. UV-vis (hexane): λmax (ε) 330 nm (21,000 mol-

1 L cm-1). IR (Nujol, cm-1): νCO 1992 (s), νCO 1941 (s), νGe-H 1653 (s), νNH2 3689 (s), νNH2 3629 (s). 

ArMe6Ge(OH)(H)FeCp(CO)2 (3): Deionized H2O (14 μL, 0.80 mmol) was added dropwise by 

syringe to a solution of 1a (0.5 g, 0.89 mmol) in hexanes (ca. 40 mL) at room temperature and 

stirred overnight. The resulting red solution was concentrated to ca. 20 mL. Storage overnight at 

room temperature gave colorless crystals of 3. Yield: 0.05 g (10%) Mp: 190-200°C. 1H NMR: (400 

MHz, C6D6, 20°C) δ 0.61 (d, 3JHH = 6.8 Hz, 1H, O-H), δ 2.14 (s, 6H, o-C(CH3)), δ 2.25 (s, 6H, o-

C(CH3)), δ 2.36 (s, 6H, o-C(CH3)), δ 3.84 (s, 5H, η5-C5H5), δ 6.21 (d, 3JHH = 6.8, 1H, Ge-H), δ 

6.83 (br s, 2H, flanking m-aromatic H), δ 6.89 (br s, 2H, flanking m-aromatic H), δ 6.92 (dd, 2H, 

JHH = 7.6, 2.4 Hz, central m-aromatic H), δ 7.23 (t, 1H, 3JHH = 7.5 Hz, central p-aromatic H). 13C 

NMR (151 MHz, C6D6, 20°C): δ 20.70 (p-CH3) δ 21.23 (o-CH3), δ 21.25 (o-CH3), δ 83.85 (η5-
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C5H5), δ 127.94, 127.99, 128.51, 129.02, 136.40, 136.64, 136.72, 139.02, 146.30 (Ar(C)), δ 213.85 

(CO), δ 215.35 (CO), Cipso-Ge signal not observed. UV-vis (hexane): λmax (ε) 295 nm (70,000 mol-

1 L cm-1). IR (Nujol, cm-1): νCO 1995 (s), νCO 1934 (s), νGe-H 1600 (s), νGe-OH 3580 (s). 

2.3 RESULTS AND DISCUSSION 

Synthesis. Treatment of ArMe6GeCl44,46 with 1 equivalent of K[FeCp(CO)2]
47 gave, after workup 

and recrystallization from toluene, dark green crystals of the ferriogermylene ArMe6GeFeCp(CO)2 

(1a) in moderate yield. Microscopic examination of a bulk sample of green crystals of 1a showed 

that it also included small amounts of red crystals, which were later identified as a polymorph of 

1a rather than an impurity or decomposition product. To intentionally obtain the red polymorph, a 

green solution of 1a in toluene was concentrated in vacuo to under ca. 10 mL while warmed in a 

40°C water bath followed by rapid cooling to ca. -32°C. The solution remained dark green, but the 

crystals grown from this super-saturated solution were red. Interestingly, super-concentration of a 

solution of 1a in the same manner described above and storage at a warmer temperature of ca. -

18°C gave a third polymorph of 1a, observed under the microscope as red-green dichroic crystals. 

Both sets of polymorphs dissolve in hexanes or toluene to produce a green solution of the same 

color as the original green polymorph. The absorption spectra for the solutions of green, red, or 

dichroic polymorphs are indistinguishable. The X-ray structural data for the three polymorphs 

show unique unit cells but similar structures that differ mainly in the bending angle at the central 

germanium atom. The molecular structure of the dichroic polymorph of 1a was not definitively 

determined because the peaks of residual electron density appear in a location that did not 

correspond to any sensible atomic position. These peaks are likely erroneous although the data are 

otherwise well behaved. (see the Supporting Information). 
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Scheme 1. The reaction of the neutral metallogermylene with NH3. 

The diarylgermylene :Ge(ArMe6)2 was shown earlier to insert into H-OR (R = H, Me bonds).48 

Similarly, investigation of the reactivity of ferriogermylene 1a revealed that germanium inserts 

into the H–OH bond of adventitious water to form the germanium hydroxide 

ArMe6Ge(OH)(H)FeCp(CO)2 (3). The NH3 inserted products 2a and 2b could only be obtained 

cleanly by drying the ammonia twice over ca. 1 g Na(s) before the reaction. (Scheme 1) 

The H2O inserted product 3 was synthesized for spectroscopic analyses. (Scheme 2) Carrying out 

the reaction at a 1:1 ratio of 1a to H2O resulted in the formation of a white powder that 1H NMR 

spectroscopy confirmed to be the arene ArMe6H. To prevent the elimination of the aryl ligand, a 

reaction containing a slight excess of 1a (1.1 equivalents of 1a to 1 equivalent of H2O) was then 

carried out, which produced a red solution, from which colorless crystals of the germanium 

hydroxide ArMe6Ge(OH)(H)FeCp(CO)2 (3) were grown.  
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Scheme 2. The reaction of the neutral metallogermylene with H2O. 

Compounds 1a, 2ab, and 3 were characterized by 1H NMR, 13C NMR, UV-vis, and IR 

spectroscopy. 

Spectroscopy. The spectroscopic data for 1a show similarities to the reported values of its more 

sterically crowded aryl-substituted analogues, ArPri4GeFeCp(CO)2 (1b) and ArPri6GeFeCp(CO)2
10 

in the following ways: the 1H NMR spectrum of 1a displays the signal of the cyclopentadienyl 

ring protons at 3.86 ppm (cf. the η5-C5H5 protons of the ferriogermylenes 1b and 

ArPri6GeFeCp(CO)2 appear at 3.84 ppm and 3.86 ppm, respectively); the UV-vis spectrum of 1a 

has two absorptions at 430 and 616 nm, which are almost identical to the absorptions of 1b and 

ArPri6GeFeCp(CO)2 at 430 and 620 nm;10 and the IR spectrum of 1a features two CO stretching 

frequencies at 1980 and 1940  cm-1, which resemble the CO stretching frequencies of 1b (1977 

and 1917 cm-1) and ArPri6GeFeCp(CO)2 (1984 and 1936 cm-1)10. The conclusion from these data 

is that the substitution on the aryl ligand has little effect on the electronic environment at the Fe 

atom.  

In general, compounds 1a, 1b, and other reported metallogermylenes and metallostannylenes6–8,10 

show two bands in the UV-vis spectrum: a relatively intense band (ε = 1860 – 2150 mol-1 L cm-1) 

in the 390 – 430 nm region corresponding to the π → π* transition on the aryl ligand49 and a less 
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intense band in the 580 – 620 nm region, tentatively assigned to to the n → p transition on the 

central germanium atom. This indicates that the identitiy of the transition metal (Fe, Cr, Mo, or W) 

does not have a large effect on the chromophores of these compounds. However, the cationic 

metallogermylene [(IPr)GeWCp*(CO)3][BArF
4] of Tobita and coworkers14 showed an absorption 

maximum at 671 nm, which was also assigned as the n → p (HOMO-LUMO) transition.43 The 

shift towards the longer wavelength in [(IPr)GeWCp*(CO)3][BArF
4] and the absence of a band in 

the 390 – 430 nm region, in comparison to 1a, 1b, and other neutral metallogermylenes, indicates 

that cationic character induces a shift to longer wavelengths.  

The IR spectra of 1a and 1b show two CO stretching bands in the range 1980 – 1970 cm-1 and 

1940 – 1910 cm-1. This is in agreement with those observed for the ferriogermylenes 

Mes*GeFe(CO)2R (R = Cp, Cp*)5 and LGeFeCp(CO)2 (L = CH{CMe(NAr}2, Ar = 2,6-iPr2C6H3).
8 

The limits within which the ferriogermylene CO frequencies occur (2000 – 1910 cm-1) is narrower 

than that of the metallogermylenes containing other transition metals (Cr, Mo, or W)6,11,12,14  which 

show three major νCO frequencies in the 2020 – 1880 cm-1 range. The fewer CO frequencies in 1a 

and 1b reflect a lower number of vibrational modes from fewer CO groups bound to the transition 

metal and the narrower range at higher wavenumbers indicates reduced backbonding into the π* 

orbitals of the carbonyls.  

The non-bonding lone pair of electrons at the Ge atom together with the empty p-orbital 

perpendicular to the C-Ge-M (M = Fe, Cr, Mo, W) plane generate an interesting reactivity pattern 

resembling that of some transition metal complexes. This is shown by the insertion of 

[(IPr)GeWCp*(CO)3][BArF
4] into H-H, Si-H, and B-H bonds.43 Similarly, the ferriogermylenes 

1a and 1b are both observed to insert into the N-H bond of NH3. Condensation of an excess of 

NH3 onto the ferriogermylenes ArGeFeCp(CO)2 (Ar = ArMe6 (1a), AriPr4 (1b)) gave a peach-
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colored solid that, following workup and recrystallization from hexanes, gave colorless crystals of 

the amido germanium hydride ArGe(NH2)(H)FeCp(CO)2 (Ar = ArMe6 (2a), AriPr4 (2b)).  

The cyclopentadienyl ring protons of 2a and 2b (3.80 and 3.87 ppm, respectively) appear in the 

same region as those of the starting materials 1a and 1b (3.82 and 3.84 ppm, respectively). 

Additionally, the FT-IR spectra of the products show that the CO stretching frequencies of 2a and 

2b (2a: 1989 and 1932 cm-1, 2b: 1992 and 1941 cm-1) are in the same region as their corresponding 

starting materials. The addition of NH3 to the germanium atom of the ferriogermylene has little or 

no effect on the CO stretching frequencies. 

The germanium-bound -NH2 resonances of 2a and 2b in their 1H NMR spectra appear at 0.11 and 

0.13 ppm. These resonances are shifted upfield in comparison to the -NH2 resonances of the 

diarylgermylene amide Ar2Ge(NH2)(H) (Ar = ArMe6: 0.37 ppm, AriPr4: 0.37 ppm).39 The Ge-H 

signals of 2a and 2b appear at 5.31 and 5.38 ppm, respectively, which are similarly upfield in 

comparison with their diarylgermylene counterparts Ar2Ge(NH2)(H) (Ar = ArMe6: 5.47, AriPr4: 5.84 

ppm).39 The increased shielding of the Ge-NH2 and Ge-H protons observed in 2a and 2b suggest 

that the transition metal group {FeCp(CO)2} acts as an electron donating group. 

The FT-IR spectra of 2a and 2b each feature two stretching bands that correspond to the N-H 

stretching modes of the amide group (2a: 3399, 3317 cm-1; 2b: 3689, 3629 cm-1). These amide 

stretching modes are weak yet distinct, similar to the IR spectra of their diarylgermylene analogues 

Ar2Ge(NH2)(H) which also display weak N-H amide group stretching bands.39 The data for 2a are 

in agreement with the NH2 stretching frequencies of ArMe6
2Ge(NH2)(H) (3397, 3323 cm-1)39, while 

those of 2b are at higher wavenumbers compared to its diarylgermylene analogue 

AriPr42Ge(NH2)(H) (3381, 3313 cm-1).39 The germanium hydride frequencies of 2a and 2b (1608 
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cm-1 and 1653 cm-1, respectively) are lower than their Ar2Ge(NH2)(H) equivalents (Ar = ArMe6: 

2110 cm-1 AriPr4: 2080 cm-1)39. A similar shift towards lower wavenumbers is also seen in the Ge-

H stretching frequency for 3 (1600 cm-1) when compared to its diarylgermylene analogue 

(ArMe6)2Ge(OH)(H) (2150 cm-1).48 This shift in the Ge-H stretching mode towards lower 

wavenumbers, when compared to the Ge-H stretches seen in the diarylgermylene analogues, 

further confirms the 1H NMR data that the {FeCp(CO)2} moiety behaves as an electron donating 

group.  

Compound 3 bears a resemblance to the insertion product (ArMe6)2Ge(OH)(H),48 with the 

difference that a transition metal moiety replaces one of the aryl groups on the Ge atom. The 1H 

NMR spectrum for 3 displays downfield shifted O-H and Ge-H protons (0.67 and 6.21 ppm, 

respectively) in comparison to the chemical shifts seen for (ArMe6)2Ge(OH)(H) (O-H: 0.47 ppm, 

Ge-H: 6.06 ppm).48 However, the FT-IR spectrum of 3 shows that the hydroxyl and germanium 

hydride stretching frequencies (3580 and 3100 cm-1, respectively) have similar frequencies to 

their (ArMe6)2Ge(OH)(H) equivalents (O-H: 3600 cm-1, Ge-H: 3000 cm-1).48  

The spectroscopic data for compound 3 also has similarities to the other insertion products 2a and 

2b. The cyclopentadienyl ring protons of 3 (3.84 ppm) have a similar chemical shift to those of the 

amido germanium hydrides 2a and 2b (3.80 and 3.87 ppm, respectively). Likewise, the CO 

stretching frequencies for 3 (1995 and 1934 cm-1) are similar to those of 2a and 2b. Both of these 

indicate that the electronegativity difference between the O and N atoms does not appear to have 

an effect on the electron density on the {FeCpCO2} fragment. The UV-vis spectra of 2a, 2b, and 

3 feature an absorption band in the near-UV region at 304 nm, 330 nm, and 295 nm, respectively. 

Both 2a and 3, which share the methyl-substituted aryl ligand, show a band at shorter wavelength 
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than the isopropyl-substituted insertion product 2b, signifying that a substitution on the aryl ligand 

affects the electronic transition at the Ge atom.  

X-Ray Crystal Structures. The metallogermylene 1a forms three polymorphs: dark green blocks 

in the monoclinic space group P21/c, red blocks in the monoclinic space group P21/c (Table S1), 

and dichroic red-green plates in the triclinic space group 𝑃1̅ (Table S1). Crystals of the dark green 

polymorph grow more readily as the primary crystalline form, with the red polymorph being found 

in very small amounts in the crop of green crystals initially collected. The dichroic polymorph was 

produced from a crystal batch grown at ca. -18°C (vide supra). X-ray structural data for the three 

polymorphs show similar strucures and differ mainly in the interligand angle at germanium. All 

three polymorphs show that 1a has a similar structure to that of the previously published 1b,10 in 

which a two-coordinate germanium is bound to a terphenyl group and an iron atom from the 

{FeCp(CO)2} moiety. For the green polymorph of 1a, the C1-Ge-Fe angle is 115.58(8)°, which is 

within range of other reported metallogermylenes (112.6°-117.8°)6,10,14 and is similar to the Cipso-

Ge-Cipso angle (114.4(2)°) of the analogous diaryl germylene :Ge(ArMe6)2.
45  

The red polymorph of 1a has a C1-Ge-Fe angle of 109.45(9)°, which is ca. 6° narrower than that 

in the green polymorph, and also of other reported metallogermylenes (112.6°-117.8°),6,10,14 as 

well as of the related diaryl :Ge(ArMe6)2 (114.4(2)°).45 Otherwise, the Ge-Cipso bond length 

(2.013(3) Å) and the Ge-Fe bond length (2.3901(6) Å) are essentially equal to those of the green 

polymorph (Ge-Cipso: 2.003(3) Å, Ge-Fe: 2.3835(5) Å). In addition, the narrower C1-Ge-Fe angle 

of the red polymorph is within the same range seen for the NHC-Ge-M angles of the base-stabilized 

metallogermylenes LGeMCp(CO)2 (L = CH{CMe(NAr)}2, Ar = 2,6-iPr2C6H3, M = Fe;8 or L = 

{N(SiMe3)C(Ph)C(SiMe3)(C5H4N-2)}, M = Mo, W;11 or L = {GeCl(Mes)2}(I), Mes = mesityl, I = 

1,3-diisopropyl-4,5-dimethylimidazol-2-ylidene, M = W12) (106.4°-110.8°).8,11,12  
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The structural environment at the germanium atom for the dichroic and red polymorphs of 1a are 

very similar and have C1-Ge-Fe angles near 110° which are narrower than the interligand angle 

115.58(2)° in the green polymorph. However, the Ge-Cipso and Ge-Fe bond lengths in the red and 

dichroic polymorphs are essentially equal to those seen in the green polymorph. 

Table 1. Selected Structural Data for 1-3. 

Compound 1a, green 1a, red 1a, dichroic 2a 2b 3 

Ge-C1, Å 2.003(3) 2.013(3) 2.012(8) 1.9870(2) 1.992(3) 1.9929(15) 

Ge-Fe, Å 2.3835(5) 2.3901(6) 2.3854(18) 2.4123(4) 2.3813(6) 2.4009(4) 

C1-Ge-Fe, ° 115.59(8) 109.48(9) 110.4(2) 115.5958(10) 120.69(9) 126.35(5) 

Ge-H1, Å - - - 1.5194(16) 1.5499(4) 1.4800(4) 

Ge-N1, Å - - - 1.8505(2) 1.757(4) - 

Ge-O1, Å - - - - - 1.696(4) 

 

 

                       

Figure 2. Thermal ellipsoid plot (50%) of 1a (a (top): green polymorph, b (bottom left): red 

polymorph, c (bottom right): dichroic polymorph). H atoms are not shown and flanking phenyl 
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rings are shown as wire frames for clarity. a) Selected bond lengths (Å) and angles (deg): Ge1-

Fe1 = 2.3835(5); Ge1-C1 = 2.003(3); C1-Ge1-Fe1 = 115.59(8). b) Selected bond lengths (Å) and 

angles (deg): Ge1-Fe1 = 2.3901(6); Ge1-C1 = 2.013(3); C1-Ge1-Fe1 = 109.48(9). c) Selected bond 

lengths (Å) and angles (deg): Ge1-Fe1 = 2.3854(18); Ge1-C1 = 2.012(8); C1-Ge1-Fe1 = 110.4(2). 

The structures of all polymorphs of 1a are similar to those of  ArMe6GeMoCp(CO)3
6 and 

ArPri4GeFeCp(CO)2
10. All three structures feature an arylgermylene σ-bonded to an M[Cp(CO)n] 

group (M = Mo, Fe) and the ipso-carbon (C1) of the central aryl ring of the ArMe6 ligand. The Ge-

Fe bond distance in 1a (green: 2.3835(5) Å, red: 2.3910(6) Å, dichroic: 2.3854(17) Å) is in 

agreement with the sum of the covalent radii of germanium (1.21 Å)50 and iron (1.16 Å)50 and is 

similar to that in the ferriogermylenes ArPri4GeFeCp(CO)2 (2.379(4) Å) and ArPri6GeFeCp(CO)2 

(2.3747(8) Å).10 For 1a and its isopropyl-substituted analogue, 1b, the bent geometry at the tetrel 

atom confirms the presence of a non-bonded tetrel lone pair4,43.  

                    

Figure 3. Thermal ellipsoid plots (50%) of 2a (left) and 2b (right). Carbon-bound H atoms and 

structural disorder are not shown for clarity. 2a selected bond lengths (Å) and angles (deg): Ge1-

Fe1 = 2.4123(4); Ge1-C1 = 1.9870(2); Ge1-N1 = 1.8505(2); Ge1-H1 = 1.5194(16); C1-Ge1-Fe1 

= 115.5958(10). 2b selected bond lengths (Å) and angles (deg): Ge1-Fe1 = 2.3813(6); Ge1-C1 = 

1.992(3); Ge1-N1 = 1.757(4); Ge1-H1 = 1.5499(4); C1-Ge1-Fe1 = 120.69(9). 
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Exposure of the ferriogermylenes 1a and 1b to an excess of ammonia resulted in the insertion of 

the Ge atom into the H—NH2 bond to afford the amido germanium hydrides 2a and 2b as colorless 

crystals in the monoclinic, P21/n,  and orthorhombic, P212121, space groups, respectively. The 

insertion structures (Figure 3) feature a distorted tetrahedral coordination at the Ge atom. In 2b, 

the amido and hydrogen groups bound to the central Ge atom are disordered over two sites at 50% 

occupancy each. The Ge-C1 (2a: 1.98706(2) and 2b: 1.992(3) Å) and Ge-Fe (2a: 2.41237(4) and 

2b: 2.3813(6) Å) bond lengths remain almost unchanged following insertion, while the C1-Ge-Fe 

angle in 2a and 2b is wider (115.59(10)° and 120.69(9)°) than those in their respective precursors 

(109.45(9)° (1a, red), 110.0(2)° (1a, dichroic), 115.58(8)° (1a, green) and 115.27(6)° (1b)10). 

 

Figure 4. Thermal ellipsoid plots (50%) of 3. Carbon-bound H atoms and structural disorder are 

not shown for clarity. 3 selected bond lengths (Å) and angles (deg): Ge1-Fe1 = 2.4009(4); Ge1-C1 

= 1.9929(15); Ge1-O1 = 1.696(4); Ge1-H1 = 1.4800(4); C1-Ge1-Fe1 = 126.35(5). 

The colorless crystals of 3 occur in the monoclinic space group P21/c (Figure 4). As seen with 2a 

and 2b, the central Ge atom has a distorted tetrahedral coordination, whereas the Ge-Fe (2.4009(4) 

Å) and Ge-C1 (1.9929(15) Å) bond lengths remain unchanged from the starting material 1a, and the 

C1-Ge-Fe angle widens from 109.45(9)° (1a, red), 110.0(2)° (1a, dichroic),  or 115.58(8)° (1a, 

green) to 126.35(5)° (3). This general trend was also observed in the reaction of the 
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diarylgermylene :Ge(ArMe6)2 with H2O, where the Ge-Cipso bond lengths remained unchanged 

while the interligand bond angle at the central Ge was observed to widen to 129.5(5)° from 

114.2(2)° in its precursor.48 Also like (ArMe6)2Ge(OH)(H), the hydrogen and hyroxide bound to the 

central Ge atom in 3 are disordered over two sites each with 50% occupancy. The interligand 

bridging angle in 3 is wider than that seen in the amido insertion products 2a (115.5958(10) Å) and 2b 

(120.69(9) Å). 

2.4 CONCLUSION 

The neutral ferriogermylenes ArGeFeCp(CO)2 (Ar = ArMe6 or AriPr4) react with NH3 and H2O under 

mild conditions. Exposure to an excess of NH3 produced the amido germanium hydrides and 

reaction with a deficiency of H2O afford the germanium hydrido hydroxide. The ferriogermylene 

ArMe6GeFeCp(CO)2 was observed to exist as three polymorphs with different bonding angles at 

germanium. 
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X-ray Crystallography 

Crystals of 1a, 2ab, and 3 were removed from a Schlenk flask under a stream of nitrogen and 

immediately covered with a layer of hydrocarbon oil. A suitable crystal was selected, attached to 

a glass fiber on a copper pin and quickly placed in the cold N2 stream on the diffractometer. Data 

was collected at 100 K on a Bruker APEX DUO diffractometer with Mo Kα radiation (λ = 0.71073 

Å). Absorption corrections were applied using SADABS.S1 The crystal structures were solved by 

direct methods and refined by full matrix least-squares procedures in SHELXTL.S2 All non-H 

atoms were refined anisotropically. 

Table S1. Selected X-ray Crystallographic data for 1a: green, red, and dichroic polymorphs 

1a polymorph green red dichroic 
Formula C31H30FeGeO2 

Fw 562.99 
Color, habit green, block red, block green & red, plate 
Space group P21/c P21/c P-1 

A, å 15.7808(7) 16.2036(3) 8.915(3) 
B, å 9.6448(4) 8.8948(2) 16.229(6) 
C, å 16.9149(8) 37.0650(8) 18.739(7) 
Α, ° 90 90 76.499(10) 
Β, ° 90.657(2) 101.5790(10) 86.019(10) 
Γ, ° 90 90 89.859(11) 
V, å3 2574.3(2) 5233.38(19) 2629.7(16) 

Z 4 8 4 
Crystal size, mm 0.149 × 0.113 × 

0.039 

0.383 × 0.192 × 

0.183 

0.233 × 0.203 × 

0.075 
Dcalc, g cm-3 1.453 1.429 1.442 

Abs. Μ, mm-1 1.757 1.729 1.721 
2θ, ° 4.816 to 55.064 2.566 to 57.542 3.794 to 55.634 

R(int) 0.0419 0.0497 0.2672 
Obs. Reflns. [i>2σ(i)] 5928 13458 155382 

Data/restraints/parameters 5928/0/322 13458/0/644 12237/0/643 
R1, obsd. Reflns. 0.0400 0.0503 0.1063 

 

 

 

 

 

 

 

 



CHAPTER 2 

42 

 

Table S2. Selected X-ray Crystallographic data for 2-3. 

Compound 2a 2b 3 

Formula C31h33fegeno2 C37h45fegeno2 C31h32fegeo3 

Fw 580.02 664.18 581.00 

Color, habit Colorless, block Colorless, block Colorless, block 

Space group P21/n P212121 P21/c 

A, å 11.2499(2) 8.1224(4) 15.7736(14) 

B, å 14.6309(2) 18.5737(9) 9.8287(9) 

C, å 16.4228(3) 22.0779(11) 17.272(2) 

Α, ° 90 90 90 

Β, ° 96.4474(6) 90 90.304(10) 

Γ, ° 90 90 90 

V, å3 2686.03(8) 3330.7(3) 2677.7(5) 

Z 4 4 4 

Crystal size, mm 0.357 × 0.257 × 

0.168 

0.365 × 0.269 × 

0.241 

0.558 × 0.48 × 

0.408 

Dcalc, g cm-3 1.434 1.325 1.441 

Abs. Μ, mm-1 5.924 1.370 1.695 

2θ, ° 8.116 to 137.16 4.292 to 61.262 4.768 to 59.998 

R(int) 0.0277 0.0378 0.0149 

Obs. Reflns. [i>2σ(i)] 4902 10275 7798 

Data/restraints/parameters 4902/0/457 10275/58/463 7798/8/350 

R1, obsd. Reflns. 0.0277 0.0378 0.0328 

 

Figure S1. Photograph of 

1a, green polymorph 

 

 

Figure S2. Photograph of 

1a, red polymorph. 

 

 

 

Figure S3. Photograph of 

1a, red-green dichroic 

polymorph.  
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NMR Spectra 

Figure S4. 1H NMR spectrum of 1a in C6D6 at 298 K. 

 

 

 

 
Figure S5. 13C{1H} NMR spectrum of 1a in C6D6 at 298 K. 

  



CHAPTER 2 

 

44 

 

NMR Spectra 

Figure S6. 1H NMR spectrum of 2a in C6D6 at 298 K. 

 

 

 

 
Figure S7. 13C{1H} NMR spectrum of 2a in C6D6 at 298 K. 
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NMR Spectra 
Figure S8. 1H NMR spectrum of 2b in C6D6 at 298 K. 

 

 

 
Figure S9. 13C{1H} NMR spectrum of 2b in C6D6 at 298 K. 
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NMR Spectra 
Figure S10. 1H NMR spectrum of 3 in C6D6 at 298 K. 

 

 

 
Figure S11. 13C{1H} NMR spectrum of 3 in C6D6 at 298 K. 
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UV-vis Spectra 

Figure S12. UV-vis spectrum of 1a in hexanes at 298 K. 

 

 

 
Figure S13. UV-vis spectrum of 2a in hexanes at 298 K. 
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UV-vis Spectra 
Figure S14. UV-vis spectrum of 2b in hexanes at 298 K. 

 

 

 
Figure S15. UV-vis spectrum of 3 in hexanes at 298 K. 
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IR spectra 

Figure S16. Infrared spectrum of 1a 
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IR spectra 
Figure S17. Infrared spectrum of 2a 

 

IR spectra 
Figure S18. Infrared spectrum of 2b 
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IR spectra 
Figure S19. Infrared spectrum of 3.  
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A Series of Ferriostannylenes with Differing Terphenyl 

Substituents 

Alice C. Phung,1 James C. Fettinger,1 Philip P. Power1* 

1Department of Chemistry, University of California, 1 Shields Avenue, Davis, California 95616 

ABSTRACT: A series of ferriostannylenes ArMe6SnFeCp(CO)2 (ArMe6 = −C6H3-(C6H2-2,4,6-

Me3)2, Cp = η5-C5H5) (1), ArMe6SnFeCp*(CO)2 (Cp* = η5-C5Me5) (2), and 

ArMe6SnFeCp(CO)(PMe3) (3) were synthesized, in which they differ in their substituents on the 

transition metal fragment. The effects that these substituents have on their structures and the 

spectroscopic properties were examined by NMR, IR, UV-vis spectroscopy, and by X-ray 

crystallography. Compound 1 was compared to its more sterically crowded analogues 

ArSnFeCp(CO)2 (Ar = AriPr4 or AriPr6), with the structural data showing that the C-Sn-Fe angle 

narrows as the alkyl substituent size on the terphenyl ligand increases, contrary to steric 

expectations. Additionally, the spectroscopic data for 1 show that in comparison to its more 

sterically crowded analogues, it has a more shielded tin nucleus, a higher νCO frequency, and 

increased energy of its n→p transition. Compound 2 differs from 1 in that the Cp (η5-C5H5) is 

changed to Cp* (η5-C5Me5). Due to the increased alkyl substituent size of 2, its structural and 

spectroscopic data in comparison to those of 1 observes a narrower C-Sn-Fe bond angle, lower νCO 

frequency, and a lowering of the energy of the n→p transition. In compound 3, a carbonyl group 

at the Fe atom is replaced by the phosphine PMe3. This ligand exchange causes 3 to experience a 

widening of the C-Sn-Fe bond angle, deshielding of the tin nucleus, lowering of the νCO frequency,, 

and a greater lowering of the energy of the n→p transition than in 1, 2 and ArSnFeCp(CO)2 (Ar = 

AriPr4 or AriPr6).
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3.1 INTRODUCTION 

Metallotetrylenes feature a two-coordinate heavy group 14 metal atom such as Si,1 Ge,2–8 Sn,3,8–15 

or Pb14,16–18 with a direct σ bond to a transition metal moiety. The majority of known 

metallotetrylenes are metallostannylenes, and the transition metals directly bonded to the tin atom 

are usually either members of group 6 (Cr, Mo, W)8,9,13 or group 8 (Fe, Ru, Os).3,10,12,14,15,19 The 

metallotetrylene structures have bent coordination geometry at the tetrel atom, indicating the 

presence of a nonbonded lone pair and an unoccupied p-orbital. The related triple-bonded 

metallostanylynes, in which the coordination of Sn is linear or near-linear, also feature a triple bond 

to a tungsten20,21 or molybdenum atom.22 An exception is the chloride substituted 

manganostannylene ClSnMn(CO)3(CNAriPr4
2) reported by Figueroa and coworkers featuring a σ 

bond between tin and manganese.11  

Most reports focus on the details of the synthesis and characterization of the metallostannylene, 

which usually involves the main group metal–transition metal bond formation via a salt metathesis 

route.3,9,14,15 The metallostannylenes obtained were generally well-characterized by spectroscopic 

(1H, 13C, and 119Sn NMR and electronic) and X-ray crystal diffraction data. Other routes to 

metallostannylenes include reactions involving isomerization, H migration, and halide or hydride 

abstraction (Figure 1).8,10,12,13,19 The triple-bonded Sn≡W cationic complexes were produced by 

dinitrogen elimination20,21 or chloride abstraction,21 and the Sn≡Mo neutral complexes by 

metathetical exchange.22 
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Figure 1. Routes to metallostannylenes. 3,8–10,12,13,15,19 

 

Salt metathesis.  

 

 
 

3 

 

 
 

9,15 

 

 

Deprotonation. 

 

 
 

8 

 

Isomerizaton/H-migration. 

 
 

10 

 

 

 

Ar = ArMe6, AriPr4, or AriPr6 

M’ = Na or K 
M = Cr, Mo, W; x = 3 
Or M = Fe; x = 2 

60 °C, C6H6 
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    12 

 

Chloride Abstraction. 

 

 
 

13 

 

 
 

19 

 

In addition to their syntheses, the reactivity of the metallotetrylenes has also been 

investigated.1,7,10,12,15,19,23–27 However, there are few detailed investigations into how changing the 

substituents at the tetrel atom affects the spectroscopic properties of the complexes. Here, we report 

three new ferriostannylenes: ArMe6SnFeCp(CO)2 (ArMe6 = −C6H3-(C6H2-2,4,6-Me3)2, Cp = η5-

C5H5) (1), ArMe6SnFeCp*(CO)2 (Cp* = η5-C5Me5) (2), and ArMe6SnFeCp(CO)(PMe3) (3). 

3.2 EXPERIMENTAL SECTION 

General Procedures:  All manipulations were carried out by using modified Schlenk techniques 

or in a Vacuum Atmospheres OMNI-Lab drybox under a N2 or argon atmosphere. Solvents were 

dried over columns of activated alumina using a Grubbs type purification system (Glass Contour), 

24 °C, C6H6 
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stored over Na (THF, toluene) or K (hexanes) mirrors, and degassed via three freeze-pump-thaw 

cycles prior to use. The reagent trimethylphosphine (PMe3) was purchased from Strem Chemicals 

and transferred to a J. Young’s Schlenk tube prior to use. The compounds ArMe6SnCl28–30 and 

K[FeCp(CO)2]
31 were synthesized according to literature procedures. The compound 

K[FeCp*(CO)2] was synthesized by stirring a THF solution of {FeCp*(CO)2}2 over a potassium 

mirror for 1 month. The 1H and 13C{1H} NMR spectra were recorded on Varian 600 MHz NMR 

or Bruker 400 MHz NMR spectrometers and were referenced to the residual solvent signals in 

C6D6 (
1H: δ 7.15 ppm, 13C: δ 128.06 ppm).32 The 31P and 119Sn NMR spectra were recorded on a 

Bruker Avance DRX 500 MHz spectrometer. UV-Visible spectra were recorded using dilute 

hexane solutions in 3.5 mL quartz cuvettes using an Olis 17 Modernized Cary 14 UV-Vis/NIR 

spectrophotometer. Infrared spectra for 1-3 were recorded as Nujol mulls between CsI windows 

on a PerkinElmer 1430 spectrophotometer. Melting points were determined in flame-sealed glass 

capillaries on a Meltemp II apparatus equipped with a partial immersion thermometer. 

ArMe6SnFeCp(CO)2 (1): A solution of ArMe6SnCl28–30 (3.5 g, 7.5 mmol) in THF (ca. 30 mL) was 

added dropwise to a THF suspension (ca. 40 mL) of  K[FeCp(CO)2]
31 (1.6 g, 7.5 mmol) at ca. 0 

°C with stirring. The dark red solution was allowed to slowly warm to room temperature and stirred 

until the solution became dark green, ca. 1-3 days. The solvent was removed under reduced 

pressure to afford a dark green-brown solid that was redissolved in toluene (ca. 50 mL). The 

solution was filtered through a Celite/Florisil plug, and the deep green filtrate was concentrated to 

ca. 10 mL under reduced pressure. Storage at ca. -18 °C afforded dark green crystals of the product 

1. Yield: 4.6 g (50%). Mp: 280-285 °C. 1H NMR (600 MHz, C6D6, 20 °C): δ 1.98 (s, 6H, p-

C(CH3)), δ 2.41 (s, 12H, o-C(CH3)), δ 3.66 (s, 5H, η5-C5H5), δ 6.65 (br s, 4H, flanking m-aromatic 

H), δ 7.16 (d, 2H, JHH = 7.5Hz, central m-aromatic H), δ 7.42 (t, 1H, 3JHH = 8.1 Hz, central p-
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aromatic H). 13C{1H} NMR (151 MHz, C6D6, 20 °C): δ 20.56 (p-CH3) δ 20.97 (o-CH3), δ 85.25 

(η5-C5H5), δ 127.13, 129.58, 136.78, 136.96, 145.59 (Ar(C)), δ 187.73 (Cipso-Sn), δ 210.6 (CO). 

119Sn NMR (149 MHz, C6D6, 20 °C): δ 2957. UV-vis (hexane): λmax (ε) 370 nm (4800 mol-1 L cm-

1), 594 nm (790 mol-1 L cm-1). IR (Nujol, cm-1): νCO 2010 (s), νCO 1950 (s).   

ArMe6SnFeCp*(CO)2 (2): A solution of ArMe6SnCl28–30 (0.023 g, 0.051 mmol) in THF (15 mL) 

was added dropwise to a THF suspension (ca. 10 mL) of K[FeCp*(CO)2] (0.014 g, 0.051 mmol) 

at -78 °C. The solution was allowed to warm slowly to room temperature and stirred until the 

solution was dark green, ca. 3 days. The solvent was removed under reduced pressure to afford a 

dark green solid that was dissolved in toluene (ca. 50 mL). This solution was filtered through a 

Celite plug, and the deep green filtrate was concentrated to ca. 10 mL. Storage at ca. -18 °C 

afforded dark green crystals of 2. Yield: 0.022 g (60%). Mp: 270-275 °C. 1H NMR: (500 MHz, 

C7D8, 20 °C) δ 1.38 (s, 15H, η5-C5(CH3)5), δ 2.08 (s, 6H, p-C(CH3)), δ 2.56 (s, 12H, o-C(CH3)), δ 

6.75 (br s, 4H, flanking m-aromatic H), δ 7.16 (d, 2H, JHH = 7.5Hz, central m-aromatic H), δ 7.46 

(t, 1H, 3JHH = 8.1 Hz, central p-aromatic H). UV-Vis (hexane): λmax (ε) 384 nm (5500 mol-1 L cm-

1), λmax (ε) 662 nm (0.2000 mol-1 L cm-1). IR (Nujol, cm-1): νCO 1990 (s), νCO 1945 (s). 

ArMe6SnFeCp(CO)(PMe3) (3): Pure, undiluted trimethylphosphine PMe3 (0.1 mL, 1 mmol) was 

added dropwise by cannula to a solution of 1 (0.6 g, 0.1 mmol, ca. 2 drops) in hexanes (ca. 40 mL) 

at ca. 0 °C, which was then allowed to slowly warm to room temperature, and stirred overnight. 

The resulting red solution was concentrated to ca. 20 mL under reduced pressure.  Storage at ca. -

18 °C gave purple crystals of 3. Yield: 0.4 g (60%). Mp: 265-270 °C. 1H NMR: (500 MHz, C6D6, 

20 °C) δ 0.53 (d, 9H, 2JHH = 8.7 Hz, P(CH3)3), δ 1.99 (s, 6H, o-C(CH3)), δ 2.46 (s, 6H, o-C(CH3)), 

δ 2.61 (s, 6H, p-C(CH3)), δ 3.61 (s, 5H, η5-C5H5), δ 6.65 (s, 4H, flanking m-aromatic H), δ 7.13 
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(d, 2H, JHH = 14.7 Hz, central m-aromatic H), δ 7.45 (t, 1H, 3JHH = 7.5 Hz, central p-aromatic H). 

13C NMR (151 MHz, C6D6, 20 °C): δ 20.33 (P(CH3)3), δ 20.56 (p-CH3), δ 21.02 (o-CH3), δ 21.97 

(o-CH3), δ 80.98 (η5-C5H5), δ 127.66, 127.96, 128.16, 129.32, 136.36, 139.18 (Ar(C)), δ 166.86 

(Cipso-Sn), CO signal not observed. 31P NMR (202 MHz, C6D6, 20 °C): δ 16.50. 119Sn NMR (149 

MHz, C6D6, 20 °C): δ 3762.  UV-Vis (hexane): λmax (ε) 350 nm (140 μmol-1 L cm-1), λmax (ε) 720 

nm (1300 μmol-1 L cm-1). IR (Nujol, cm-1): νCO 1870 (s). 

3.3 RESULTS AND DISCUSSION 

Synthesis.  

Scheme 1. Synthesis of compounds 1-3. 

 

 

 

 

Compound 1 was synthesized via salt metathesis, similar to the majority of reported 

metallostannylenes (Scheme 1).3,9,14 Treatment of 1 equiv of ArMe6SnCl28,30 with 1 equiv of 

K[FeCp(CO)2]
31 in THF gave a dark green solution from which crystals of the ferriostannylene 

R = η5-C5H5 (1) 

R = η5-C5Me5 (2) 

1 3 
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ArMe6SnFeCp(CO)2 (1) were obtained in moderate yield after workup and recrystallization from 

hexanes.  

The synthesis of the potassium salt K[FeCp*(CO)2] for use in the synthesis of 2 proved more 

difficult than its Cp substituted counterpart. A high-yield synthesis of K[FeCp(CO)2] was reported 

in 1981 by Plotkin and Shore and involves the use of the potassium ketyl radical to reduce the 

dimer {FeCp(CO)2}2.
31 Unfortunately, a similar ketyl route proved ineffective for the reduction of 

the bulkier {FeCp*(CO)2}2, and the unreduced dimer was recovered from the reaction mixture. 

Replacing the potassium ketyl with a sodium ketyl or KC8 as reductants also proved ineffective. 

Ultimately, rapid stirring of 1 equiv of {FeCp*(CO)2}2 over an excess of potassium in the form of 

a metal mirror gave, after washing with toluene, K[FeCp*(CO)2] as a pink powder. However, this 

route proved to be very inefficient since it involved stirring over the potassium mirror for ca. 1 

month which afforded a 3% yield of the potassium salt. 

The synthesis of 2 proceeded similarly to that of 1. Treatment of 1 equiv of the aryl stannylene 

chloride ArMe6SnCl 28–30 with 1 equiv of the potassium salt K[FeCp*(CO)2] gave green crystals of 

ArMe6SnFeCp*(CO)2 (2) in low yield after workup and crystallization from toluene. Due to the 

difficulty involving the long reaction time and low yield in producing the [FeCp*(CO)2]
- anion, 

the quantity of pure crystals of 2 that were available were only sufficient for its characterization by 

1H NMR, UV-vis, IR spectroscopy, and X-ray crystallography. 13C NMR and 119Sn NMR spectra 

proved unobtainable due to the very low solubility of 2. 

Ferriostannylene 3 was achieved through a phosphine-carbonyl ligand exchange. Approximately 1 

equiv of the voltile PMe3(l) was added dropwise via cannula to a stirred hexanes solution 
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containing 1 equiv of 1. Concentration of the green solution under reduced pressure of the hexanes 

solution gave purple-brown crystals of ArMe6SnFeCp(CO)(PMe3) (3) in moderate yield.  

Melting points of compounds 1-3 occur at high temperatures above 250°C, with the cooled samples 

appearing brown to black in color, suggesting decomposition.  

NMR Spectroscopy. Comparison of the spectroscopic data for 1 to those of its more sterically 

crowded analogues ArSnFeCp(CO)2 (Ar = AriPr4 or AriPr6)15 revealed patterns that can be attributed 

to the bulk of the terphenyl ligand. The 119Sn NMR spectra of the ferriostannylenes 

ArSnFeCp(CO)2 (Ar = ArMe6 (1), δ = 2957 ppm; Ar = AriPr4, δ = 2951 ppm; Ar = AriPr6, δ = 2915 

ppm)15 show that the tin signal shifts slightly upfield with increasing substituent bulk, indicating 

increased shielding of the tin nucleus.33 The increase in electron donation to the Sn by its 

substituents can be explained by inductive effects, in which the influence from increasing electron 

donating effects with increasing alkyl substituent size is well-documented.34,35 Additionally, the 

1H NMR spectra show a gradual downfield shift of the cyclopentadienyl protons resonance, with 

the singlet appearing at 3.66 ppm in 1 (Ar = ArMe6), at 3.78 ppm in AriPr4SnFeCp(CO)2 and at 3.80 

ppm in AriPr6SnFeCp(CO)2.
15 The decreased shielding of the Cp group on the iron moiety can be 

attributed to an increased ionic character of the Fe–Cp bond in association with the increased π*-

backbonding from the strong-field CO groups illustrated in the IR spectra (vide infra). 

Compounds 1 and 2 differ only in the cyclopentadienyl group. An overlay of the 1H NMR spectra 

of compounds 1 and 2 indicates a small downfield shift of the protons on the flanking phenyl rings 

of 2 while chemical shifts of the terphenyl ligand protons oriented away from the Cp ring remain 

unchanged. The deshielding of the ligand protons in closest proximity to the Cp* group in 2 is also 
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observed in the mesitylene protons of the metallogermylenes Mes*GeFe(CO)2R (R = Cp or Cp*) 

(Mes* = C6H2-2,4,6-tBu3).
36  

The signal corresponding to the terphenyl o-methyl group in both the 1H (2.41 ppm) and 13C (20.97 

ppm) NMR spectra of 1 are split into two singlets of equal intensity in the respective spectra for 3 

(1H: 2.46 and 2.61 ppm; 13C: 21.02 and 21.97 ppm), consistent with a lower symmetry arising from 

the phosphine-carbonyl ligand substitution. Moreover, the PMe3 protons in 3 appear in the 1H 

NMR spectrum as a doublet at 0.53 ppm due to 31P coupling. The 31P NMR signal of 3 appears at 

16.50 ppm and the 119Sn NMR signal is seen at 3762 ppm. Other organophosphine-substituted 

metallostannylenes feature a 31P NMR signal shift in the range 41.16 – 76.2 ppm,10,14,19 and 

metallostannylenes typically report a 119Sn NMR signal in the range of 1982 – 2951ppm,9,15,19 

which places 3 significantly outside the reported ranges. As other phosphine-containing 

metallostannylenes are bonded to PiPr3
10 or PMeiPr2,

14,19 the upfield-shifted signal observed in the 

31P NMR signal of 3 can be attributed to the smaller PMe3 lignad of 3. Generally, decreased steric 

congestion at the phosphorus center has been shown to decrease the metal-phosphorus bond length, 

leading to a more shielded phosphorus nucleus.37–43 The significantly more deshielded tin nucleus 

observed in the 119Sn NMR spectrum of 3 can be attributed to the greater π*-backdonation to the 

CO group in 3 in comparison to ferriostannylenes 1, 2, and ArSnFeCp(CO)2 (Ar = AriPr4 or AriPr6),15 

observed in their respective IR spectra (vide infra), which subsequently shifts electron density 

away from the tin atom. 

IR Spectroscopy. The IR spectrum of ArSnFeCp(CO)2 show that the CO stretching bands shift to 

lower wavenumbers as the alkyl substituent size increases: from 2010 and 1950 cm-1 in 1, to 1970 

and 1921 cm-1 when Ar = AriPr4, and 1967 and 1926 cm-1 when Ar = AriPr6.15 The shift to lower 
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frequencies suggests an increase in π*-backbonding and a corresponding strengthening of the Fe–

C bonds.44  

The IR spectrum of 2 displays carbonyl stretching bands shifted to lower frequencies in comparison 

to 1 at 1990 and 1945 cm-1. This difference is paralleled to a greater extent in the 

metallogermylenes Mes*GeFe(CO)2R; from νCO bands at 2004 and 1950 cm-1 (R = Cp) to 1969 

and 1920 cm-1 (R = Cp*).36 The inductive effects of the methyl groups34,35 cause an increase in 

electron density at the transition metal that is reflected in the strengthened Fe–C bond. 

The IR spectrum of 3 displays a single CO stretching band at 1870 cm-1, which appears at a lower 

wavenumber in comparison to the νCO of 1, 2, and ArSnFeCp(CO)2 (Ar = AriPr4 or AriPr6).15 Given 

the weaker π-acceptor ability of PMe3 in comparison to CO,44 the lower frequency observed for 3 

indicates that the single CO group bears the majority of the π*-backdonation and contributes to a 

relatively stronger Fe–C bond than the other ferriostannylenes.  

UV-vis Spectroscopy. Solutions of 3 are dark yellow to brown in color, in contrast to the typical 

dark green solutions shown by ferriostannylenes 1, 2, and ArSnFeCp(CO)2 (Ar = AriPr4 or AriPr6)15. 

Despite this, the UV-vis spectra of 2 and 3 are similar to the reported spectra of the other 

ferriostannylenes, displaying a relatively intense band in the near UV region (384 nm and 350 nm, 

respectively) and a less intense band in the visible region (662 nm and 720 nm, respectively). The 

bands in the visible region correspond to an n→p transition and are more red-shifted than that of 

1. The bathochromic shift displayed by 2 is explained by the narrowing of the bending angle at Sn 

as displayed in its X-ray crystal structure. A direct relationship between narrower interligand 
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angles and absorptions at higher wavelengths, i.e. lower frequencies, are also observed in the diaryl 

stannylenes Sn(Ar)2 (Ar = ArMe6, AriPr4, or AriPr6).45  

Table 1. Selected spectroscopic data for ArSnFeCp(CO)2 (Ar = AriPr4 or AriPr6)15 and 1-3. 

 
AriPr6SnFe

Cp(CO)2
 15 

AriPr4SnFe

Cp(CO)2
 15 

1 2 3 

C-Sn-Fe, (deg) 106.6(2) 112.65(9) 113.60(3) 111.05(15) 
114.3(12) 

116.88(9) 
1H NMR: δCp H 

(ppm) 
3.80 3.78 3.66 – 3.61 

119Sn: (ppm) 2915 2951 2957 – 3762 

IR: νCO (cm-1) 
1967 

1926 

1970 

1921 

2010 

1950 

1990 

1945 
1870 

UV-vis: λmax (n→p 

transition, nm) 
608 608 598 662 720 

 

Ferriostannylenes 1 and 2, when compared against ArSnFeCp(CO)2 (Ar = AriPr4 or AriPr6), have 

thus far have revealed a general tendency (Table 1): a sharper interligand angle in the X-ray crystal 

structure is accompanied by an upfield shift in the corresponding 119Sn NMR signal, lower νCO 

frequencies in the IR spectrum, and a bathochromic shift of the n→p transition in the UV-vis 

spectrum. Although, the UV-vis absorptions for AriPr4SnFeCp(CO)2 and AriPr6SnFeCp(CO)2 are 

identical,15 despite that the larger terphenyl ligand of AriPr6 causes a sharper interligand angle of 

106.6(2)°.15 The larger terphenyl ligand, AriPr6, appears to narrow the interligand angle while the 

“extra” isopropyl substituent has no effect on the UV-vis spectrum, suggesting that there may be 

a limit in the ferriostannylenes in which a larger terphenyl ligand has no discernable effect on the 

HOMO-LUMO transition.  

The X-ray crystal structure for 3 shows a wider C-Sn-Fe bond angle than that of 1, and if earlier 

patterns are followed, there should be a hypsochromic shift in the n→p transition of 3. However, 
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this absorption for 3 occurs at a markedly higher wavelength outside the 569 – 620 nm range in 

the other metallostannylenes.9,15 This difference can be explained via Bent’s Rule, in which the 

increased electropositivity of the Sn atom, exhibited by the more deshielded tin nucleus in the 

119Sn NMR spectrum of 3, and the wider C-Sn-Fe angle are indicative of increased atomic s 

character in the tin atom.46,47 The increase in atomic s character on the tin appears to affect a 

lowering of the energy of the n→p transition seen in the UV-vis spectrum of 3. 

X-ray Crystal Structures. 

Table 2. Selected structural data for 1-3. 

 
AriPr6SnFe

Cp(CO)2
 15 

AriPr4SnFe

Cp(CO)2
 15 

1 2 3 

Cipso–Sn, Å 2.444(7) 2.209(3) 2.2101(11) 2.088(5) 2.226(3) 

Sn–Fe, Å 2.6031(17) 2.5633(6) 2.5854(3) 2.5609(11) 
2.561(4) 

2.5562(8) 

Fe–Cpcentroid, Å 1.577(6) 
1.671(6) 

1.706(3) 
1.7373(4) 1.738(3) 

1.732(2) 

1.729(10) 

Fe–CO, Å 
1.930(17) 

1.739(10) 

1.749(6) 

1.732(4) 

1.755(13) 

1.767(3) 

1.750(3) 

1.766(8) 

1.739(8) 

1.730(6) 

1.73(3) 

Cipso–Sn–Fe, deg 106.67(19) 112.65(9) 113.60(3) 111.05(15) 
114.32(12) 

116.88(9) 

Fe–PMe3, Å - - - - 
2.1555(9) 

2.1709(13) 

 

The ferriostannylene 1 crystallizes from toluene as green blocks in the monoclinic space group 

P21/c that have identical values to those of its Ge congener ArMe6GeFeCp(CO)2.
24 The structure of 

1 has a Cipso-Sn-Fe angle of 113.60(3)°, which is within the range of other neutral 
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metallostannylenes (106.1(3)° – 118.76(5)°).8,9,12–14,19 The green polymorph of the Ge congener 

has a wider interligand angle (115.59(8)°), though its red and dichroic polymorphs are narrower 

than 1 at 109.48(9)° and 110.4(2)°, respectively.24 With the exception of the red and dichroic 

polymorphs of the ferriogermylene, the interligand angle at the tetryl atom in tetrylenes have 

generally been observed to be wider in the Ge complexes compared to the Sn congeners.15,29,48 

 

Figure 2. Thermal ellipsoid plot (50%) of 1. Carbon-bound H atoms are not shown and flanking 

phenyl rings are shown as wire frames for clarity. Selected bond lengths (Å) and angles (deg): 

Sn1–C1 = 2.2101(11); Sn1–Fe1 = 2.5854(3); C1–Sn1–Fe1 = 113.60(3)°. 

Compound 1 contains the least sterically encumbering ligand of the three ferriostannylenes in the 

series and comparing the Cipso-Sn-Fe angle of the three ferriostannylenes reveals a decreasing 

interligand angle with increasing terphenyl size (ArMe6 (1) = 113.60(3)°, AriPr4 = 112.65(9)°, AriPr6 

= 106.6(2)°)15 (Table 2). This sterically counterintuitive trend was previously observed in the 

interligand angles of the diaryl stannylenes :SnAr2 (Ar = ArMe6: 114.7(2)°, AriPr4: 117.56(8)°, AriPr6: 

107.61(9)°)29,45,48,49 and was attributed to London dispersion effects arising from the H···H 

attraction between the terphenyl ligands.45,49 The X-ray crystal structures of the ferriostannylenes 

show that the Cp or Cp* ring is oriented towards one of the flanking phenyl rings, further 

C1 

Sn1 

Fe1 
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suggesting that London dispersion effects play a role in determining the interligand angle of the 

ferriostannylenes (Figure 3a). X-ray crystal structures of the metallotetrylenes AriPr6SnMCp(CO)3 

(M = Cr, Mo, W)9 similarly show the cyclopentadienyl fragment oriented towards the large aryl 

ligand rather than away from it. The structures of the three ferriostannylenes show that the closest 

H⋅⋅⋅H distances between the alkyl substituent protons on the ligand and Cp ring protons are 

3.20245(13) Å in 1, 2.41579(12) Å in AriPr4SnFeCp(CO)2 (Figure 3b), and 2.8503(2) in 

AriPr6SnFeCp(CO)2. 

 

 

 

ArMe6 AriPr4 AriPr6 

a) 

b) 

Sn1 

C1 

Fe1 
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Figure 3. Above: a) Molecular graphics of 1 (left), AriPr4SnFeCp(CO)2 (center), and 

AriPr6SnFeCp(CO)2 (right) in the “tube” drawing style, showing the Cp fragment oriented towards 

a flanking phenyl ring. Carbon-bound H atoms and structural disorders are not shown for clarity.  

Below: b) Thermal ellipsoid plot (50%) of AriPr4SnFeCp(CO)2 showing the ‘short’ H···H contact 

(2.41579(12) Å). 

 

                          

Figure 4. Thermal ellipsoid plots (50%) of 2. a) “Side” view of 2. Carbon-bound H atoms are not 

shown, and flanking phenyl rings are shown as wire frames for clarity. b) Rotated view of 2 

showing the H···H contact = 2.6909(3) Å. Selected bond lengths (Å) and angles (deg): Sn1–C1 = 

2.088(5); Sn1–Fe1 = 2.5609(11); C1–Sn1–Fe1 = 111.05(15)°. 

The ferriostannylene 2 crystallizes as green blocks in the triclinic space group P1̅. In comparison 

to 1, compound 2 mainly differs in its slightly narrower Cipso-Sn-Fe bond angle in comparison to 

that in 1 (Table 2). Though Cp* is a more electron-rich group than Cp,50 the Sn–Fe and Fe–

Cp*centroid distances remain similar to those of 1, suggesting that attractive dispersion effects 

between the aryl groups take precedence over electronic effects. Unlike 1 and 2, the 

C1 

Sn1 

Fe1 

Sn1 

C1 

Fe1 

a) b) 
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molybdostannylene pair AriPr6SnMo(η5-C5H5)(CO)3 and AriPr6SnMo(η5-1,3-But
2-C5H3)(CO)3 

show that the interligand angle at tin increases from 110.14(10)° to 112.10(8)° as the number of  

Cp methyl substituents increases.9 Additionally, the structure of AriPr6SnMo(η5-1,3-But
2-

C5H3)(CO)3 shows that the two tert-butyl groups are oriented away from the terphenyl ligand,9 

which suggests that despite the larger alkyl substituents on the Cp ring, reducing steric crowding 

takes precedence over increasing dispersion effects. 

 

Figure 5. Thermal ellipsoid plot (50%) of 3. Carbon-bound H atoms and structural disorder are 

not shown for clarity. Selected bond lengths (Å) and angles (deg): Sn1–C1 = 2.226(3); Sn1–Fe1 

= 2.561(4), 2.5562(8); C1–Sn1–Fe1 = 114.3(12)°. 

Compound 3 crystallizes as purple blocks in the triclinic space group P1̅. The {FeCp(CO)(PMe3)} 

fragment is disordered over two sites. The Fe–CO (1.730(6) and 1.73(3) Å) and Fe–PMe3 

(2.1555(9) and 2.1709(13) Å) bond distances are shorter than the sum of the covalent radii of Fe 

(1.16 Å), C (0.75 Å), and P (1.11 Å),51 supporting the IR and 31P NMR spectra which are consistent 

with increased backbonding into the π* orbital of CO and σ* orbital of PMe3. The Cipso-Sn-Fe bond 

angles in 3 are the widest of the three ferriostannylenes, at 114.3(12)° and 116.88(9)°. In general, 

C1 

Sn1 Fe1 

P1 
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metallostannylenes containing an organophosphine on the transition metal atom display a larger 

interligand angle at tin. For example, ArMe6SnRuCp*(H)2(PMeiPr2) and 

ArMe6SnFeCp*(H)2(PMeiPr2) feature angles at the upper limits of the Cipso-Sn-M range (106.1(3)° 

– 118.76(5)°)8,9,12–14,19 at 117.98(10) and 118.76(5), respectively.14,19 Compound 3 has a narrower 

interligand angle than those metallostannylenes likely due to the smaller organophosphine PMe3 

substituent in comparison to the PMeiPr2 ligand.14,19 Both the crystal structures of 

ArMe6SnRuCp*(H)2(PMeiPr2) and ArMe6SnFeCp*(H)2(P
iPr2Me) show the isopropyl substituents 

on the phosphorus atom oriented away from the terphenyl ligand, consistent with the more 

important role of steric effects in the metallostannylene structure.   

3.4 CONCLUSION 

Three new ferriostannylenes ArSnFeCp(CO)2 with different terphenyl tin aryl substituents were 

synthesized. Comparisons of their spectroscopic and structural properties reveal gradual 

spectroscopic and structural changes which indicate increased stability arising from attractive 

dispersion C···H interaction. Complex 2 differs from 1 in that a methyl-substituted 

cyclopentadienyl group replaces the original Cp ligand. This has a similar effect to that of 

increasing the substituent bulk on the terphenyl ligands. Overall, a larger substituent bulk at the 

aryl groups results in a narrower angle at tin, which leads to increased electron density on the Sn 

and Fe atoms and a lower-energy n→p transition. Complex 3 differs from 1 through a phosphine-

carbonyl exchange on the transition metal. Changing the ligand on the Fe atom from CO to PMe3 

yields a wider interligand the angle at the Sn center, but unlike the dispersion effects seen in 1, 2, 

and bulkier ferriostannylenes, spectroscopic analysis of 3 show that the wider angle is caused by 

the increasing s character on Sn.  
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X-ray Crystallography 

Crystals of 1, 2, and 3 were removed from a Schlenk flask under a stream of nitrogen and 

immediately covered with a layer of hydrocarbon oil. A suitable crystal was selected, attached to 

a glass fiber on a copper pin and quickly placed in the cold N2 stream on the diffractometer. Data 

was collected at 100 K on a Bruker APEX DUO diffractometer with Mo Kα radiation (λ = 0.71073 

Å). Absorption corrections were applied using SADABS.S1 The crystal structures were solved by 

direct methods and refined by full matrix least-squares procedures in SHELXTL.S2 All non-H 

atoms were refined anisotropically. 

Table S1. Selected X-ray Crystallographic data for 1-3. 

 1 2 3 
Formula C31h30fesno2 C72h80co2o4sn2 C33h39opfesn 

Fw 609.09 1127.33 657.15 
Color, habit Green, block Green, block Violet, block 
Space group P21/c P1̅ P1̅ 

A, å 15.7655(9) 8.7619(11) 10.7687(6) 
B, å 9.9281(6) 10.5019(14) 11.7477(7) 
C, å 16.8754(9) 18.102(2) 11.9054(7) 
Α, ° 90 96.098(3) 84.5131(9) 
Β, ° 90.7337(8) 93.090(3) 88.9830(9) 
Γ, ° 90 107.597(3) 89.5238(10) 
V, å3 2641.1(3) 1572.3(4) 1498.95(15) 

Z 4 1 2 
Crystal size, mm 0.396 × 0.252 × 

0.196 

0.383 × 0.192 × 

0.183 

0.166 × 0.137 × 0.13 

Dcalc, g cm-3 1.532 1.191 1.456 
Abs. Μ, mm-1 1.521 1.085 1.394 

2θ, ° 4.76 to 61.126 2.272 to 51.446 4.654 to 55.08 
R(int) 0.0149 0.0633 0.0346 

Obs. Reflns. [i>2σ(i)] 8083 5733 6890 
Data/restraints/parameters 8083/0/322 5733/0/372 6890/34/401 

R1, obsd. Reflns. 0.0184 0.0635 0.0462 
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Photographs of Crystal Samples  

 

Crystals of 1, 2, and 3 were removed from a Schlenk flask under a stream of nitrogen and 

immediately covered with a layer of hydrocarbon oil. The bulk crystal samples in oil were spread 

on a glass microscope slide and photographed through the lens of an optical microscope. The 

mounted crystals were photographed via camera on the Bruker APEX DUO diffractometer. 

 
Figure S1. Bulk crystals of 1 at 298 K. 

  

 

Figure S3. Crystals of 2 at 298 K. 

 

 

Figure S2. Mounted crystal of 1 at 100 K. 

 

 

Figure S4. Mounted crystal of 2 at 100 K. 
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Figure S5. Bulk crystals of 3 at 298 K. 

 

Figure S6. Mounted crystal of 3 at 100 K. 
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NMR Spectra 

Figure S7. 1H NMR spectrum of 1 in C6D6 at 298 K. 

 

 

 
Figure S8. 13C{1H} NMR spectrum of 1a in C6D6 at 298 K. 
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NMR Spectra 
Figure S9. 119Sn{1H} NMR spectrum of 1 in C6D6 at 298 K.  

 

 

 
Figure S10. 1H NMR spectrum of 2 in C6D6 at 298 K. 
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NMR Spectra 
Figure S11. 1H NMR spectrum of 3 in C6D6 at 298 K.. 

 

 

 
Figure S12. 13C{1H} NMR spectrum of 3 in C6D6 at 298 K. 
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NMR Spectra 
Figure S13. 31P{1H} NMR spectrum of 3 in C6D6 at 298 K. 

 

 

 
Figure S14. 119Sn{1H} NMR spectrum of 3 in C6D6 at 298 K. 
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UV-vis Spectra 

Figure S15. UV-vis spectrum of 1 in hexanes at 298K. 

 
 

Figure S16. UV-vis spectrum of 2 in hexanes at 298K.  

 
 

Figure S17. UV-vis spectrum of 3 in hexanes at 298K. 
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IR spectra 

Figure S15. Infrared spectrum of 1. 
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IR spectra 
Figure S16. Infrared spectrum of 2.  
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IR spectra 
Figure S16. Infrared spectrum of 3.  
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Reversible Insertion of the Tin Atoms of the Ferriostannylenes 

ArSnFeCp(CO)2 (Ar = ArMe6 (−C6H3-(C6H2-2,4,6-Me3)2) or 

AriPr4 (−C6H3-(C6H3-2,6-iPr2)2); Cp = η5-C5H5) into the N–H 

bond of Ammonia, and Isolation and Reactivity of 

ArPbFeCp(CO)2 with NH3 

 
Alice C. Phung,1 Ella L. Schwirzke,1 Derrick C. Kaseman,1 James C. Fettinger,1 Philip P. 

Power1* 
 

1Department of Chemistry, University of California, 1 Shields Avenue, Davis, California 95616 

ABSTRACT: The ferriostannylenes ArSnFeCp(CO)2 (Ar = ArMe6 (1) or AriPr4 (2)) and 

ferrioplumbylenes ArPbFeCp(CO)2 (Ar = ArMe6 (3) or AriPr4 (4)) were reacted with ammonia under 

both neat and solution-phase conditions. Compounds 1 and 2 displayed color changes attributable 

to a reversible insertion of the stannylene tin atom into an N–H bond. 1H VT NMR spectroscopy 

corroborated the reversibility of 2 and NH3 by showing the signal corresponding to the amido 

group decreasing in intensity with increasing temperature, and vice versa. A van’t Hoff plot of the 

VT NMR data indicated that the free energy change of the reaction is ΔG = 0.04 kcal mol-1 at 25 

°C and 0.24 kcal mol -1 at 60 °C. Spectroscopic studies of 1-4 and their Ge analogues 

ArGeFeCp(CO)2 (Ar = ArMe6 or AriPr4) display periodic trends. With an increased atomic number, 

the bending angles at the tetrel atom becomes narrower and the energy associated with the π→π* 

transition in the aryl ligand increases in the order Ge < Sn < Pb. However, the energy associated 

with the n→p transition on the tetrel atom decreases in the order Sn > Ge > Pb, which is the same 

order as the electronegativity values of the tetrel atom. Compounds 3 and 4 displayed great stability 

in the presence of air and wet acetone, and the ferrioplumbylene 3 displayed no reactivity towards 

ammonia. 
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4.1 INTRODUCTION 

The reactions of ammonia with low valent group 14 species have been shown to involve 

coordination of NH3 to the group 14 element1–5 or insertion of the main group metal into the N–H 

bond.6–25 In 2021, the ferriogermylenes ArGeFeCp(CO)2 (Ar = –C6H3-(C6H2-2,4,6-Me3)2 (ArMe6) 

and –C6H3-(C6H2-2,6-iPr2)2 (AriPr4)) were reacted with neat ammonia to afford cleavage of the N–

H bond with insertion of the germanium atom to afford ArGe(NH2)(H)FeCp(CO)2 (Ar = ArMe6
 and 

AriPr4) (Figure 1).22 These reactions proved to be irreversible however. 

 

22 

 

 This work. 

       s 

This work. 

Figure 1. Reactions of ArEFeCp(CO)2 with ammonia (E = Ge, Sn, or Pb; Ar = ArMe6 or AriPr4). 

In this report, we extend these reactivity studies to include derivatives of tin and lead with an 

examination of the reactions of the ferriostannylenes ArSnFeCp(CO)2 (Ar = ArMe6 (1) or AriPr4 (2)) 

Ar = ArMe6 

or AriPr4 

Ar = ArMe6 (1) 

or AriPr4 (2) 

Ar = ArMe6 (3) 

or AriPr4 (4) 
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and ferrioplumbylenes ArPbFeCp(CO)2 (Ar = ArMe6 (3) or AriPr4 (4)). The reactions with 

ferriostannylenes 1 and 2 were found to be reversible and the thermodynamic parameters 

associated with the insertion were determined by VT NMR studies. In contrast, the 

ferrioplumbylenes 3 and 4 displayed no reaction with ammonia. A comparison of the spectroscopic 

properties of the ArEFeCp(CO)2 series (E = Ge,22 Sn,23 or Pb; Ar = ArMe6 or AriPr4) is presented to 

investigate group 14 trends in the electronic nature of the ferriotetrylenes. 

4.2 EXPERIMENTAL SECTION 

General Procedures: All manipulations were carried out by using modified Schlenk techniques 

or in a Vacuum Atmospheres OMNI-Lab drybox under a N2 or argon atmosphere. Solvents were 

dried over columns of activated alumina using a Grubbs type purification system (Glass Contour), 

stored over Na (toluene) or K (hexanes, diethyl ether) mirrors, and degassed via three freeze-pump-

thaw cycles prior to use. The compounds ArSnFeCp(CO)2 (Ar = ArMe6 (1) or AriPr4 (2))23, ArPbBr 

(Ar = ArMe6 (3) or AriPr4 (4))26–28, and K[FeCp(CO)2]
29 were synthesized according to literature 

procedures. Ammonia was twice-dried with sodium or a Na/K alloy, over approx. 36 hours and 

further dried by passage through a drying column containing CaO prior to use. The 1H, 13C{1H}, 

119Sn{1H}, and 207Pb{1H} NMR spectra were recorded on Bruker Avance DRX 500 MHz 

spectrometer and were referenced to the residual solvent signals in C6D6 (
1H: δ 7.15 ppm, 13C: δ 

128.06 ppm) or C7D8 (
1H: δ 2.09 ppm)30. UV-Visible spectra were recorded using dilute hexane 

solutions in 3.5 mL quartz cuvettes using an Olis 17 Modernized Cary 14 UV-Vis/NIR 

spectrophotometer. The infrared spectrum for 3 was recorded as Nujol mulls between CsI windows 

on a PerkinElmer 1430 spectrophotometer. The infrared spectrum for 4 was collected on a Bruker 
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Tensor 27 ATRFTIR spectrometer. Melting points were determined in flame-sealed glass 

capillaries on a Meltemp II apparatus equipped with a partial immersion thermometer. 

ArPbFeCp(CO)2 (3: ArMe6, 4: AriPr4): A solution of ArMe6PbBr (3: 2.2 g, 3.6 mmol) or AriPr4PbBr 

(4: 0.8 g, 1.2 mmol) in diethyl ether (40 mL) was added dropwise to a diethyl ether (ca. 40 mL) 

suspension of K[FeCp(CO)2] (3: 0.78 g, 3.6 mmol; 4: 0.26 g, 1.2 mmol) cooled to ca. 0 °C. The 

resulting green solution was stirred overnight. The solvent was removed under reduced pressure 

to afford a green solid that was dissolved in a 1:1 toluene and hexanes mixture (ca. 50 mL). This 

solution was filtered through a Celite plug, and the green filtrate was concentrated to ca. 5 – 10 

mL under reduced pressure until incipient crystallization. Storage at room temperature overnight 

produced dark green crystals of 3 or 4. 

3: Yield: 1.5 g (60%). Mp: 230-250 °C. 1H NMR (500 MHz, C6D6, 20 °C): δ 2.04 (s, 6H, p-

C(CH3)), δ 2.45 (s, 12H, o-C(CH3)), δ 3.52 (s, 5H, η5-C5H5), δ 6.72 (s, 4H, flanking m-aromatic 

H), δ 7.60 (t, 1H, central p-aromatic H), δ 7.78 (d, 2H, JHH = 7.5Hz, central m-aromatic H). 13C 

NMR (151 MHz, C6D6, 20 °C): δ 20.86 (p-CH3) δ 83.41 (η5-C5H5), δ 125.53, 130.29, 136.50, 

137.02, 137.11 (Ar(C)), δ 146.98 (Cipso-Pb), δ 195.83 (CO). 207Pb NMR (149 MHz, C6D6, 20 

°C): δ 11613. UV-vis (hexane): λmax (ε) 330 nm (790 mol-1 L cm-1), 630 nm (220 mol-1 L cm-1). 

IR (Nujol, cm-1): νCO 1970 (s), νCO 1921 (s).  

4: Yield: 0.3 g (31%). Mp: 240-270°C. 1H NMR: (500 MHz, C6D6, 20 °C) δ 1.12 (d, 12H, 

CH(CH3)), δ 1.39 (d, 6H, CH(CH3)), δ 2.89 (sept, 3JHH = 12.9 Hz, 2H, CH(CH3)), δ 3.37 (sept, 

3JHH = 12.9 Hz, 2H, CH(CH3)), δ 3.59 (s, 5H, η5-C5H5), δ 7.03-7.30 (m, 9H, aromatic H). 13C 

NMR (151 MHz, C6D6, 20 °C): δ 22.95 (CH(CH3)2) δ 24.93 (CH(CH3)2), δ 25.04 (CH(CH3)2), 

δ 27.89 (CH(CH3)2), δ 31.22 (CH(CH3)2), δ 84.19 (η5-C5H5), δ 123.45, 125.20, 132.01, 137.75, 
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138.93, 140.60, 141.66, 145.91, 147.44 (Ar(C)), δ 195.01 (CO) Cipso-Pb signal not observed. 

207Pb NMR (149 MHz, C6D6, 20 °C): δ 11728.96. UV-VIS (hexane): λmax (ε) 337 nm (4100 

mol-1 L cm-1), 634 nm (420 mol-1 L cm-1). AT-FTIR: νCO 1961 (s), νCO 1916 (s). 

Reaction of 1 or 2 with ammonia. 

Solvent free: Anhydrous ammonia was condensed onto solid 1 (0.5 g, 0.82 mmol) or 2 (0.5 g, 0.72 

mmol) in a Schlenk tube cooled in a dry ice/acetone bath to ca. -78°C, which gave a suspension of 

a red-orange powder in colorless NH3(l). The solution was stirred for ca. 60 minutes at ca. -78°C. 

The cold bath was then removed to allow the solution to warm with continued stirring while the 

excess NH3 evaporated. The resulting orange solid was dried by overnight storage at room 

temperature under N2(g) at ambient atmospheric pressure. Dissolution of the orange solid in ca. 40 

mL of hexanes gave a green solution that was concentrated until incipient crystallization, approx. 

25 mL. 

For 1: The hexanes solution yielded a mixture of green crystals and orange-pink crystals. The 

green crystals were determined by X-ray crystallography to be 1 and the orange-pink crystals 

proved unsuitable for X-ray crystallography. The orange crystals could not be separated from 

the green crystals, and a 1H NMR spectrum of the green and orange-pink crystals mixture 

displayed signals predominantly due to 1.  

For 2: A mixture of green and colorless crystals were generated from the hexanes solution. The 

green crystals were determined by X-ray crystallography to be 2 and the colorless crystals were 

unsuitable for X-ray crystallography. A 1H NMR spectrum of the dried crude solid showed a 

mixture of 2 and AriPr4Sn(NH2)(H)FeCp(CO)2. 
1H NMR: (500 MHz, C7D8, 20°C) δ 0.41 (br s, 



CHAPTER 4   

96 

 

2H, amide H), δ 1.08 (s, 18H, CH(CH3)2), δ 1.38 (s, 15H, CH(CH3)2), δ 3.39 (s, 4H, CH(CH3)), 

δ 3.91 (s, 5H, η5-C5H5), δ 6.95 – 7.57 (br m, 9H, aromatic H). 

In solution: In a 50 mL Schlenk flask, a deep green solution of 1 (0.1 g, 0.165 mmol, 30 mL) or 

2 (0.12 g, 0.172 mmol, 10 mL) in a 1:1 toluene and hexanes mixture was frozen in a liquid nitrogen 

bath. The headspace was evacuated and backfilled with ammonia gas (1: approx. 20 mL; 2: 

approx.. 40 mL). The frozen green solution was thawed with a room-temperature acetone bath to 

afford an orange solution. 

For 1: Concentration to ca. 10 mL under reduced pressure and storage at ca. -32°C gave orange-

pink crystals. The crystals proved unsuitable for X-ray crystallographic studies. Dissolution of 

these crystals in C6D6 gave a green solution. The 1H NMR spectrum of the crystals 

corresponded to compound 1. 

For 2: Storage at ca. -32°C gave an orange solution with colorless crystals. The crystals proved 

unsuitable for single crystal X-ray crystallographic studies. Reducing the pressure of the flask 

to bring into the glove box for analysis caused the crystals to change to an ivory color. The 1H 

NMR spectrum of the crystals showed AriPr4H and cyclopentadiene. 

Reaction in a J-Young’s Tube: Approximately 0.014 g of 2 (0.02 mmol) was dissolved in ca. 1 

mL of C7D8 in a J-Young’s tube at room temperature. The solution was frozen in a liquid nitrogen 

bath and the headspace was evacuated and backfilled with a few drops of dried ammonia. The J-

Young’s tube was sealed under slightly reduced pressure and the solution was allowed to slowly 

come to room temperature prior to collecting 1H NMR spectra. The 1H NMR spectrum at 300 K 

showed signals due to the insertion product AriPr4Sn(NH2)(H)FeCp(CO)2: (500 MHz, C7D8, 25°C) 
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δ 0.39 (br s, 2H, amide H), δ 1.09 (d, 2JHH = 6.8 Hz, 12H, CH(CH3)2), δ 1.38 (d, 2JHH = 6.8 Hz, 

12H, CH(CH3)2), δ 3.41 (s, 4H, CH(CH3)), δ 3.87 (s, 5H, η5-C5H5), δ 6.95 – 7.45 (br m, aromatic 

H). 13C{1H} NMR: (151 MHz, C7D8, 20°C) δ 24.38 (CH(CH3)2) δ 27.64 (CH(CH3)2), δ 31.75 

(CH(CH3)2), δ 85.29 (η5-C5H5), δ 124.46, 126.55, 130.97, 141.17, 147.17, 148.62 (Ar(C)), δ 216.26 

(CO), Cipso-Sn signal not observed. 119Sn{H} NMR: (186 MHz, C7D8, 20°C) δ 389.2. 

Reaction of 3 with ammonia: 

Solvent-free: Anhydrous ammonia was condensed onto solid 3 (90 mg, 0.13 mmol) cooled in a 

dry ice/acetone bath to ca. -78°C to give a suspension of a green powder in colorless NH3(l). The 

solution was stirred for ca. 3 hours at ca. -78°C. The cold bath was then removed and stirring 

continued while the excess NH3 evaporated. The resulting green solid (unreacted 3) was stored 

overnight at room temperature to dry under N2(g) at ambient atmospheric pressure. 

In solution: In a 50 mL Schlenk flask, a deep green solution of 3 (80 mg, 0.12 mmol) in a 1:1 

toluene and hexanes mixture (10 mL) was frozen in a liquid nitrogen bath. The headspace was 

evacuated and backfilled with ammonia gas. The frozen solution was thawed in a room-

temperature acetone bath to afford a green solution. The solution was allowed to warm to room 

temperature and was stirred under NH3(g) at ambient atmospheric pressure for ca. 24 hours. 

Removing the solvent gave a green solid of 3. 

4.3 RESULTS AND DISCUSSION 

Ferriostannylene reactions with ammonia. The solvent-free reaction of the ferriostannylenes 1 

and 2 with ammonia proceeded analogously to the reaction of the ferriogermylenes 

ArGeFeCp(CO)2 (Ar = ArMe6 or AriPr4) with ammonia,22 with the ferriostannylenes generating an 

orange solution and precipitate in the same way as the germanium derivatives. In the previous 
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work with the germanium analogues, the orange products were was identified spectroscopically 

and crystallographically as the amido germanium hydride ArGe(NH2)(H)FeCp(CO)2 (Ar = ArMe6 

or AriPr4).22 

Addition of hexanes to the orange solid produced in the reaction of 1 with NH3(l) gave a green 

solution that generated a mixture of green and orange-pink crystals (Figure S1b). The green 

crystals were confirmed by X-ray crystallography to be the starting material 1. The peach-colored 

crystals under the microscope appeared similar in color and habit to the crystals of 

ArMe6Ge(NH2)(H)FeCp(CO)2. However, these crystals proved unsuitable for X-ray 

crystallographic studies (Figure S1c). Dissolution of the orange solid in C6D6 produced a green 

solution and 1H NMR analysis showed only starting material 1. Considering the absence of a signal 

in the 1H NMR spectrum that can be assigned as amide protons, as well as the observed behavior 

of the product to give a green solution from an orange solid, the product of the reaction appears to 

revert to 1 upon dissolution in solvent (Figure S3). 

The orange powder produced from the reaction of 2 with NH3(l) was observed to spontaneously 

convert to a green-colored solid under reduced pressure, despite increasing the drying time for the 

crude orange product to 24 hours. A 1H NMR analysis of the pale green powder displayed the 

addition of a broad singlet at 0.41 ppm, which falls within the range of SnNH2 protons in amido 

tin complexes (0.38 – 0.93 ppm).7,10 Furthermore, the broad lineshape of the singlet at 0.41 ppm is 

similar to the broad signal of the N-H2 protons signal of the germanium derivatives 

ArGe(NH2)(H)FeCp(CO)2 (Ar = ArMe or AriPr4).22 Integrating the cyclopentadienyl proton singlet 

at 3.91 ppm to 5H gives a relative intensity of 2H for the broad singlet. However, the relative 

intensity of the signals for the isopropyl methyl protons exceeds the expected value of 24H. The 
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relative intensities of the 1H NMR signals signifies that the light green powder is a mixture of 2 

and an insertion product, and the similarity of the singlet at 0.41 ppm to known amido germanium 

derivatives10,22 suggests that the insertion product is likely AriPr4Sn(NH2)(H)FeCp(CO)2.  

Based on the temperature-dependent color changes observed in the solution-phase reaction of 2 

with ammonia (vide infra), the reaction was performed in a J-Young’s tube for VT 1H NMR 

analysis. Prior to adding NH3(g) to the NMR sample, the 119Sn NMR spectrum displayed a signal 

at 2959 ppm corresponding to 2 in C7D8. After adding dried NH3(g), the singlet at 2959 ppm 

disappeared and a new singlet at 389 ppm was observed. This signal lies downfield of the 119Sn 

signals reported for the amido tin hydrides [ArSn(μ-NH2)]2 (Ar = ArMe6, δ = 313 ppm; AriPr4, δ = 

280 ppm)7,9,10 and may be due to the Sn atom bonding to a more electronegative Fe atom (in 

comparison to another ipso-carbon of an aryl group) thereby causing an increase in the deshielding 

effect on tin. The 1H NMR spectrum at 300 K after adding dried NH3(g) revealed a broad singlet 

at 0.39 ppm, which is in the same region as the Sn-NH2 proton signals of [ArSn(μ-NH2)]2 (Ar = 

ArMe6, AriPr4, or AriPr6) (0.38 – 0.93 ppm).7,9,10 The singlet at 0.39 ppm also has a relative intensity 

of 2H in comparison to the isopropyl methyl proton signals (24H) and cyclopentadienyl proton 

singlet (5H), lending additional support to the assignment of the signal to the N-H2 protons. A 

signal that could reasonably be assigned as the Sn-H signal was not observed. The upfield shifted 

119Sn NMR spectrum at 300 K signifies a conversion of the starting material AriPr4SnFeCp(CO)2 

to a four-coordinate product, while the 1H NMR spectrum of this the reaction indicates that this 

product is AriPr4Sn(NH2)(H)FeCp(CO)2. 

The 1H NMR spectra of the sample were obtained at 320 K and 340 K in C7D8. With increasing 

temperature, the singlet assigned to the amide protons was observed to shift upfield, broaden, and 
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decrease in intensity relative to the signal of the Cp protons. The upfield migration and broadening 

of the amide proton singlet with changing temperatures is similar to that observed for temperature-

dependent amide proton exchange.31,32 However, the majority of the amide proton exchange NMR 

studies reported in the literature occur within proteins31–37 or intramolecularly.38 While the behavior 

of the singlet corresponding to the Sn-NH2 protons could be the result of an intermolecular 

exchange, the decrease in integration of the amido protons singlet with increase in temperature 

indicates a more likely instance of a temperature-dependent reversible process.  

As the temperature decreased, the singlet assigned to the N-H2 protons was observed to shift 

downfield to its original location at 0.39 ppm at 300 K and increase in intensity in the process. A 

van’t Hoff plot was constructed from the variable temperature 1H NMR spectra (cf. Figures S9 

and S16). The ΔH and ΔS values that were calculated from the van’t Hoff plot are -1.6 kcal mol-1 

and -5.5 × 10-3 kcal mol-1 K-1, respectively. The free energy of the reaction ΔG is thus 0.04 kcal 

mol-1 at 25 °C and 0.24 kcal mol -1 at 60 °C. These values are in good agreement with the free 

energy of the reaction reported for the reversible activation of ammonia by the constrained high 

energy multicyclic phosphine, 7-phenyl-7H-[1,3,2]benzodiazaphospholo[2,1-

b][1,3,2]benzothiazaphosphole, with the computations indicating an essentially thermoneutral 

reaction ΔGDFT = -0.4 kcal mol-1 at room temperature and slightly endergonic reaction ΔGDFT = 

0.6 kcal mol-1 at 60 °C.24 

The reactions of 1 or 2 with ammonia were also carried out in a 1:1 hexanes and toluene mixture 

and observed to produce an orange solution upon addition of ammonia. The flask containing the 

product of 2 with NH3(g), when removed from the ca. -32 °C storage, was observed to change in 

color to green as the flask slowly warmed. However, when the flask was returned to storage at ca. 
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-32 °C, the solution was later observed to have returned to an orange color. These observations 

illustrate the temperature dependence of the reversible reaction of 2 with NH3(g) in solution-phase 

conditions.  

The crystals were harvested at low-temperatures ca. -30 °C and quickly placed under a 90 K cold 

stream for crystallographic data collection. Early collection data initially gave a well-defined 

diffraction pattern, but after ca. 30 minutes this deteriorated in quality as the crystals changed into 

an amorphous opaque block, from which no satisfactory structure solution could be obtained.  

Ferrioplumbylene synthesis and characterization. Treatment of 1 equiv of ArPbBr26,28 with 1 

equiv of K[FeCp(CO)2]
29 gave, after workup and recrystallization from a 1:1 toluene and hexanes 

mixture, dark green crystals of the ferrioplumbylene ArPbFeCp(CO)2 (Ar = ArMe6 (3) or AriPr4 (4)) 

in moderate yield. (Equation 1) Salt metathesis is the most common route to these group 14 

element-transition metal species,22,23,39–42 although the most recently reported ferrioplumbylene 

was synthesized via the metathesis of the diplumbyne AriPr6Pb≡Pb AriPr6
 with the dinuclear iron 

carbonyl (Fe(CO)5)2.
43 

 

ArPbBr + K[FeCp(CO)2]                       ArPbFeCp(CO)2 + KBr 

 

Equation 1. Synthesis of compounds 3 and 4. 

The ferrioplumbylenes 3 and 4 displayed remarkable stability. Exposing the green crystals to air 

and dissolution in wet acetone gave a green solution that showed no signs of decomposition for up 

Ar = ArMe6 (3) 

Ar = AriPr4 (4) 

Et2O, 25 °C 
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to 30 minutes. Compounds 3 and 4 were characterized by 1H, 13C, 207Pb NMR, UV-vis, and IR 

spectroscopy. Attempts to grow crystals of compound 3 suitable for X-ray crystallography were 

unsuccessful. Nonetheless for 4, the larger ligand enabled the formation of crystals that were 

suitable for X-ray crystallography.44 

Table 1. Selected Structural and Spectroscopic Data for ArEFeCp(CO)2. (E = Ge, Sn, or Pb; Ar = 

ArMe6 or AriPr4) 

ArEFeCp(CO)2 

E = Ge22,23 

Ar = ArMe6, 

AriPr4  

E = Sn23 

Ar = ArMe6, 

AriPr4  

E = Pb 

Ar = ArMe6 (3), 

AriPr4 (4) 

Cipso-E-Fe, deg 
115.59(8) 

115.27(6) 

113.60(3) 

112.65(9) 

n/a 

111.09(16) 

1H NMR: δCp, 

ppm 

3.82 

3.84 

3.66 

3.78 

3.52 

3.59 

UV-vis: λmax 

π→π* transition, 

nm 

430 

428 

384 

382 

330 

337 

UV-vis: λmax n→p 

transition, nm 

616 

620 

594 

608 

630 

634 

IR: νCO, cm-1 
1980 & 1940  

1977 & 1917 

2010 & 1950 

 1970 & 1921 

1970 & 1921 

1961 & 1916 

 

A comparison of the ferriotetrylenes ArEFeCp(CO)2 (E = Ge, Sn, or Pb; Ar = ArMe6 or AriPr4) 

(Table 1) shows that interligand angle at the tetrel atom narrows with increasing atomic number, 

Ge > Sn > Pb. The cyclopentadienyl group proton signals in the 1H NMR spectra and the 

absorptions assigned to the π→π* transition on the aryl ligand22,23,45 in the UV-vis spectra also 

observe spectroscopic shifts in the order Ge > Sn > Pb. Thus, for a larger tetrel atom, the interligand 

angle is observed to sharpen, the cyclopentadienyl group protons experience increased shielding, 
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and the π→π* transition on the aryl ligand shifts towards higher energies. Dissimilarly, the νCO 

bands in the IR spectra and the absorptions assigned to the n→p transition of the tetrel atom in the 

UV-vis spectra40,46 feature a pattern in the sequence Sn < Ge < Pb that correlates to their 

electronegativites values on the Sanderson scale (Sn: 1.96, Ge: 2.01, Pb: 2.33).47,48 Thus, as the 

electronegativity of the tetrel atom increases, the CO stretching frequencies observe a shift towards 

lower wavenumbers and the n→p transition experiences a lowering of the energy transition. 

Within the context of other metallopumblylenes, AriPr6PbMCp(CO)2 (M = Cr, Mo, or W), the 

difference in electronegativities among the transition metals (Fe: 1.83, Cr: 1.66, Mo: 2.16, W: 

2.36)47,48 account for the observed spectroscopic differences. The Cp protons of 3 and 4 appear 

more downfield than those of the Mo and W analogues (M = Cr, δCp = 3.55 ppm; M = Mo, δCp = 

4.05 ppm; M = W, δCp = 4.07 ppm)41 and is consistent with the greater metal-ligand interaction for 

the molybdenum and tungsten complexes.40 Moreover, the 207Pb NMR spectra for 3 and 4 display 

signals at 11613 and 11729 ppm, respectively, significantly more downfield than the 207Pb signals 

of AriPr6PbMCp(CO)2 (M = Cr, Mo, or W) which appear in the 9374 – 9659 ppm region.41 Lastly, 

the CO stretching bands of 3 and 4 appear at higher frequencies than those of AriPr6PbMCp(CO)2 

(M = Cr, Mo, or W) (vCO = 1962 – 1825 cm-1)41 indicating weaker Fe–C bonds than M–C bonds 

(M = Mo, Cr, or W). 
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Figure 2. Thermal ellipsoid plots (50%) of 4. a) “Side” view of 4. Carbon-bound H atoms and 

structural disorder are not shown and flanking phenyl rings are shown as wire frames for clarity. 

b) Rotated view of 2 showing the H···H contact = 2.4937(1) Å. Selected bond lengths (Å) and 

angles (deg): Pb1–C1 = 2.321(6); Pb1–Fe1 = 2.6388(11); C1–Pb1–Fe1 = 111.09(16)°. 

The C-Pb-Fe bond in 4 (111.09(16)°) is within the range of the metalloplumbylenes 

AriPr6PbMCp(CO)3 (M = Mo, Cr, W), AriPr6PbMn(CO)5, and (PbAriPr6)2Fe(CO)4 (108.6(2)° – 

113.58(9)°).41,43 However, the ruthenoplumbylene AriPr6PbRuCp*(PiPr2Me)(H)2 (119.28(9)°) and 

the heterotrimetallic metalloplumbylenes (FcN)2PbM(CO)5 (Fc = bis[2-

((dimethylamino)methyl)ferrocenyl], M = Cr, Mo, W) (127.23(7)° – 133.51(7)°) report wider 

angles at the Pb atom, since these species contain sterically encumbering or sterically 

constraining ligands on either side of the Pb atom.42,49 

Ferrioplumbylene reaction with ammonia. The solvent-free and solution-phase reactions of the 

ferrioplumbylene 3 proceeded in a similar way to that of 1 and 2. Stirring this solution for long 

periods of time, from 3 – 24 hours, did not yield any observable changes. Elimination of the excess 

ammonia produced a green powder that, when dissolved in C6D6, gave a dark green solution that 

Pb1 

C1 
Fe1 

a) b) 

Pb1 

C1 

Fe1 
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1H NMR analysis confirmed to be the starting material 3. Given the inactivity of 3 towards NH3(l), 

the general pattern of increased stability with increasing terphenyl size,44 and the stability exhibited 

by both 3 and 4 to the air and dissolved in and wet acetone, a reaction with ammonia was not 

attempted for ferrioplumbylene 4. 

4.4 CONCLUSION 

Ferriostannylenes 1 and 2, which differ in the size of the terphenyl group, react reversibly with 

ammonia. The reactions were conducted with NH3 as a neat reagent, with condensed NH3(l) 

functioning as both solvent and reactant. In the neat-phase reactions, the reaction between 1 and 

NH3 displayed reversibility upon addition of solvent to the product, and the reversibility between 

2 and NH3 was observed to occur under reduced pressure. The reactions were also performed with 

1 or 2 dissolved in a 1:1 toluene and hexanes solution, stirring under an atmosphere of NH3(g). 

Ferriostannylene 2 displayed a temperature-dependence of the reversibility in the solution-phase, 

so the reaction of 2 and NH3(g) was examined via a 1H VT NMR-scale reaction, which showed 

conversion to the amido tin hydride and allowed the thermodynamic parameters of the reaction to 

be determined. A van’t Hoff plot of the 1H VT NMR data gave ΔH and ΔS values of -1.6 kcal mol-

1 and -5.5 × 10-3 kcal mol-1 K-1, respectively. Thus, the free energy of the reaction ΔG is 0.04 kcal 

mol-1 at 25 °C and 0.24 kcal mol -1 at 60 °C. The ferrioplumbylenes 3 and 4 were also synthesized 

to observe their reactivity with ammonia but were observed to be generally inert regardless of 

reaction conditions. 
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X-ray Crystallography 

Crystals of 4 were removed from a Schlenk flask under a stream of nitrogen and immediately 

covered with a layer of hydrocarbon oil. A suitable crystal was selected, attached to a glass fiber 

on a copper pin and quickly placed in the cold N2 stream on the diffractometer. Data was collected 

at 100 K on a Bruker APEX DUO diffractometer with Mo Kα radiation (λ = 0.71073 Å). 

Absorption corrections were applied using SADABS.S1 The crystal structures were solved by 

direct methods and refined by full matrix least-squares procedures in SHELXTL.S2 All non-H 

atoms were refined anisotropically. 

Table S1. Selected X-ray Crystallographic data for 4.  

 4 
Formula C37h42feo2pb 

Fw 781.74 
Color, habit Green rod 
Space group P212121 

A, å 8.3897(4) 
B, å 18.0566(8) 
C, å 21.6854(9) 
Α, ° 90 
Β, ° 90 
Γ, ° 90 
V, å3 3285.1(3) 

Z 4 
Crystal size, mm 0.293 x 0.084 x 

0.060 
Dcalc, mg cm-3 1.581 
Abs. Μ, mm-1 5.590 

2θ, ° 2.191 to 27.486 
R(int) 0.0335 

Obs. Reflns. [i>2σ(i)] 6799 
Data/restraints/parameters 7520 / 24 / 432 

R1, obsd. Reflns. 0.0392 
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Images 

Figure S1. Images of the solvent-free reactions of 1 and NH3(l). 

 

           

a) The product of the reaction of 1 with NH3 is an orange powder. 

b) Dissolving the orange powder in hexanes gave a green solution, which when concentrated, gave 

a mixture of red and green crystals. 

c) Microscope photograph of the green and pink-orange crystals from the flask. 

 

 

 

Figure S2. Images of the solvent-free reactions of 2 and NH3(l). 

 

                                       

a) The resulting orange powder following condensation of NH3(l) onto green crystals of 2. 

b) Removing excess ammonia and drying the product in an atmosphere of N2(g) left a mix of 

orange and light green powder. 

c) Placing the dried orange powder under reduced pressure removed the orange color and left a 

light green powder that was analyzed by 1H NMR.  

a) b) c) 

a) b) c) 
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NMR Spectra 

Figure S3. Overlay of the 1H NMR spectra of 1+NH3 (green, C7D8, 298 K) and 1 (red, C6D6, 298 

K). 

 
Note: δ = 0.88 & 1.55 ppm: residual n-hexanes 

 

Figure S4. 1H NMR spectrum of 2+NH3 (solvent free reaction) in C7D8 at 298K. 
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NMR Spectra 
Figure S5. 1H NMR spectrum of 2 in C7D8 at 298 K. 

 
 

Figure S6. 1H NMR spectrum of 2+NH3 in C7D8 at 298 K. 
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NMR Spectra 
Figure S7. 119Sn{1H} NMR spectrum of 2 in C7D8 at 298 K. 

 
 

 

Figure S8. 119Sn{1H} NMR spectrum of 2+NH3 in C7D8 at 298 K.  
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NMR Spectra 

Figure S9. 13C{1H} NMR spectrum of 2·NH3 in C7D8 at 298 K. 
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NMR Spectra 

Figure S10. 1H NMR spectra of the NMR-scale reaction of 2 with NH3(g) in C7D8 from 340 to 

260 K at 10 K intervals: zoomed in at 1.5 – -0.8 ppm. 
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NMR Spectra 

Figure S11. 1H NMR spectrum of 3 in C6D6 at 298 K. 

 

 

Figure S12. 1H NMR spectrum of 4 in C6D6 at 298 K. 
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NMR Spectra 

Figure S13. 13C NMR spectrum of 3 in C6D6 at 298 K. 

 
 

Figure S14. 13C NMR spectrum of 4 in C6D6 at 298 K. 
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NMR Spectra 

Figure S15. 207Pb NMR spectrum of 3 in C6D6 at 298 K. 

 
 

Figure S16. 207Pb NMR spectrum of 4 in C6D6 at 298 K. 
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van’t Hoff Plot 
1H NMR spectra were collected once per minute as the temperature was gradually decreased from 

340 K to 260 K at a rate of 1 K per minute. The equilibrium constant K was determined by setting 

the concentration of the starting material 2 (AriPr4SnFeCp(CO)2) = 1 and the concentration of the 

insertion product (AriPr4Sn(NH2)(H)FeCp(CO)2) = area under the amide proton singlet. An excess 

of NH3(g) relative to 2 was assumed. 

Figure S17. van't Hoff Plot of the variable temperature reaction of 2 with NH3(g). 

 

 

Table S2. Calculated thermodynamics based on the van’t Hoff plot Fig. S16. 

R (J mol-1 K-1) –ΔH/R ΔS/R 

8.314 758.48 -2.615 
    

ΔH ΔS 

J -6306.00272 -21.7411 
Kcal -1.50717082 -0.00519625 
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UV-vis Spectra 

Figure S18. UV-vis spectrum of 3 in hexanes at 298 K. 

 
 

 

Figure S19. UV-vis spectrum of 4 in hexanes at 298 K. 
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IR Spectra 

Figure S20. IR spectrum of 3. 
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IR Spectra 
Figure S21. IR spectrum of 4. 
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Synthesis, Structure, Spectroscopy of the Biscarboranyl 

Stannylenes (bc)Sn·THF and [(bc)Sn]2KCl (bc = 1,1′(ortho-

biscarborane)) and Dibiscarboranyl Ethene (bc)CH=CH(bc) 

Alice C. Phung,1 James C. Fettinger,1 Philip P. Power1* 

1Department of Chemistry, University of California, 1 Shields Avenue, Davis, California 95616 

ABSTRACT: Two compounds containing a Sn(II) atom supported by a bidentate biscarborane 

ligand have been synthesized via salt metathesis. The synthetic procedures for (bc)Sn·THF (bc = 

1,1′ (ortho-carborane) (1) and [(bc)Sn]2KCl (2) involved the reaction of K2[bc] with SnCl2 in either 

a THF solution (1) or in a benzene/dichloromethane solvent mixture (2). Using the same solvent 

conditions as those for 2 but using a shorter reaction time gave a dibiscarboranyl ethene (3). The 

products were characterized by 1H, 13C, 11B, 119Sn NMR, UV-vis, and IR spectroscopy, and by X-

ray crystallography. The diffraction data for 1 and 2 show that the Sn atom has a trigonal pyramid 

environment and is constrained by the bc ligand in a planar five-membered C4Sn heterocycle. The 

119Sn NMR spectrum of 1 displays a triplet of triplet signal, which appears unusual due to the 

absence of a Sn-H signal in the 1H NMR, IR spectrum, and X-ray crystallographic data. However, 

a comparison of other organotin compounds featuring a Sn atom bonded to carboranes reveal 

similar multiplets in their 119Sn NMR spectra, likely arising from long-range nuclear spin-spin 

coupling between the carboranyl 11B and 119Sn nuclei. Compound 3 displays structural and 

spectroscopic characteristics typical of conjugated alkenes. 
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5.1 INTRODUCTION 

The charge-neutral compound 1,1′-bis(ortho-carborane) (H2-bc), often described as a three-

dimensional aromatic analogue of biphenyl, is an interesting ligand for the support of stannylenes 

due to its steric bulk and strong κ2-binding that can form strained five-membered metallacycles.1–

3 The majority of bc ligand metal complexes feature a transition metal that is κ2-C,C or κ2-B,C-

bonded to the bc ligand and stabilized by an aryl or alkyl group3–11 or another bc ligand.3,12,13 In 

these cases, the central transition metal is constrained to a square planar or tetrahedral geometry 

due to the rigid nature of the bc ligand scaffold. Additionally, there are reports of deboronated bc-

based transition metal complexes incorporating the transition metal atom into the bc cage.3,14–16 

In contrast, there are relatively few main group metal complexes stabilized by a bc ligand,17–22 and 

the synthesis of these complexes has required activation of the C-H vertices of H2-bc. Since the 

boron-bonded hydrogens are hyridic while the carbon-bonded hydrogens are protic,1,2 lithiation is 

a common route for the C-H activation of H2-bc. The phosphorus complex closo-(C2B10H10)(PR2)-

nido-(C2B10H9)(PHR2) (R = iPr, N(iPr)2, or Ph) describes the activation of H2-bc by lithiation to 

produce the dilithio salt.18 Alternatively, the synthesis for the 9-borafluorene three-dimensional 

analogue (bc)B(N(iPr)2) generates the dipotassium salt of bc via potassium 

bis(trimethylsilyl)amide prior to a salt metathesis reaction with (iPr2)NBCl2.
19 Currently, the only 

known bc complex containing a heavy group 14 metal is the Sn(IV) complex, (bc)SnMe2, 

synthesized via reaction of the Grignard intermediate (bc)Mg(DME)2 (DME = 1,2-

dimethoxyethane) with SnMe2Cl2 (Figure 1).20  
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Chem, 2017, 2017, 4411–4416.20 

Figure 1. Synthetic routes of other bc-supported main-group metal complexes. 

Unlike the rarity of bis-carboranyl group 14 complexes, several ortho- and meta-carboranes 

containing B–Sn and C–Sn bonds are known.23,24 The earliest reports in 1965 concerned the 

trialkylcarboranyl tin complexes (C2B10H10)(SnR3)2, (R = alkyl), with each carbon vertex of the 

carborane cage bonded to a Sn(IV) atom, although structural data was not provided.25 The first 

isolable carboranyl tin structures were the organotin complexes [o-C2B10H10(CH2NMe2)SnR2Br (R 

= Me or Ph; X = Cl or Br) which feature a Sn(IV) bonded to a carbon vertex and stabilized by a 

R = iPr 

R = N(iPr)2 

R = Ph 
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Lewis basic –CH2NMe2 chelating group (Table 2, ref 24).26 In general, the majority of the tin-

carborane complexes are achieved through an initial lithiation step in the stannylation of the C-H 

vertices of the carboranes cages.16,23–38  

Monomeric, homoleptic stannylenes of the formula SnR2 are usually supported by bulky organic 

or related ligands such as alkyl, aryl, silyl, amido, alkoxo, thiolato, etc.39–41 Given the bulkiness 

and rigidity of H2-bc, the compound may be a suitable platform to support a stannylene, as 

biscarborane-supported stannylenes are not known prior to this work. Herein, we present the 

synthesis and characterization of complexes containing a 1,1′-bis(o-carboranyl) stannylene (bc)Sn 

moiety. These compounds were obtained by first deprotonating H2-bc via KHMDS to create the 

potassium salt, K2[bc],9 which was then added to a SnCl2 solution. The reaction of K2[bc] with 

SnCl2 in a THF solution gives the THF-coordinated (bc)Sn·THF (1) while a 

benzene/dichloromethane mixture affords [(bc)Sn]2KCl (2). Shortening the reaction tme of the 

dipotassium salt from 24 hours to 9 hours prior to addition to a dichloromethane solution of SnCl2 

produced the alkene (bc)CH=CH(bc) (3) (Scheme 1), presumably through a coupling reaction 

between the mono-deprotonated K[H-bc] salt and CH2Cl2 solvent molecules. X-ray 

crystallography, 1H NMR, 11B NMR, 13C NMR, and UV-vis spectroscopy show that the (bc)Sn 

moiety in complexes 1 and 2 confer structural and spectroscopic similarities between the two. 

Compound 1 was further characterized by 119Sn NMR spectroscopy. Characterization by X-ray 

crystallography, 1H, 11B, 13C NMR, UV-vis, and IR spectroscopy of compound 3 confirms its 

conjugated alkene structure. 

 

 



CHAPTER 5 

   

132 

 

 

 

 

 

 

 

  

 

                       

 

Scheme 1. The syntheses of 1-3. 

5.2 EXPERIMENTAL SECTION 

General Procedures:  All manipulations were carried out by using modified Schlenk techniques 

under a N2 atmosphere. Solvents were dried over columns of activated alumina using a Grubbs 

type purification system (Glass Contour), stored over Na (THF, toluene) mirrors, K (diethyl ether, 

hexanes) mirrors, or 3Å molecular sieves (dichloromethane) and degassed via three freeze-pump-

thaw cycles prior to use. Potassium bis(trimethylsilyl)amide (KHMDS) was purchased from 

Sigma-Aldrich and washed three times with hexanes prior to use. The compound H2-bc was 

1 

2 

3 

H
2
-bc 

1) 2 equiv K(NSiMe
3
)
2 

benzene, 24-48 hrs 

2) 1 equiv 

SnCl
2
/CH

2
Cl

2
 

1) 2 equiv K(NSiMe
3
)
2 

THF, 1 hr 

2) 1 equiv SnCl
2
/THF 

1) 2 equiv K(NSiMe
3
)
2
 

benzene, 9 - 12 hrs 

2) 1 equiv SnCl
2
/CH

2
Cl

2
 



CHAPTER 5 

   

133 

 

synthesized according to literature procedures.10,42 The 1H, 11B{1H}, 13C{1H}, and 119Sn{1H} 

NMR spectra were recorded on a Bruker Avance DRX 500 MHz spectrometer and the 1H and 

13C{1H} spectra were referenced to the residual solvent signals in C6D6 (
1H: δ 7.15 ppm, 13C: δ 

128.06 ppm).43 UV-Visible spectra were recorded using dilute hexane solutions in 3.5 mL quartz 

cuvettes using an Olis 17 Modernized Cary 14 UV-Vis/NIR spectrophotometer. Infrared spectra 

for 1 and 2 were recorded as Nujol mulls between CsI windows on a PerkinElmer 1430 

spectrophotometer. The infrared spectrum for 3 was collected on a Bruker Tensor 27 ATRFTIR 

spectrometer. Melting points were determined on a Meltemp II apparatus in flame-sealed glass 

capillaries equipped with a partial immersion thermometer. 

(bc)SnTHF (1): THF (ca. 50 mL) was added to a flask containing H2-bc (0.50 g, 1.75 mmol) and 

KHMDS (0.69 g, 3.5 mmol) and stirred at room temperature for 1 hour. The resulting K2[bc] 

solution was then added to a room temperature THF suspension of SnCl2 (0.33 g, 1.75 mmol). The 

solution was stirred overnight to afford a pale pink solution. The THF was removed under reduced 

pressure and the resulting dark pink solid was re-dissolved in ca. 40 mL warm toluene. Filtration 

through a Celite plug gave a pale-yellow solution. The toluene was removed under reduced 

pressure and the solid was re-dissolved in dichloromethane. Concentration of the dichloromethane 

solution to ca. 10 mL and storage at ca. -18 °C gave pale yellow crystals of 1. Yield: 0.57 g (70%). 

Mp: 250 – 260 °C. 1H NMR (500 MHz, C6D6, 20 °C): δ 1.40 (m, 4H, THF CH2(3,4)) δ 1.41 – 3.40 

(m, BH), δ 3.55 (m, 4H, THF CH2(2,5)). 11B{1H} NMR (160.5 MHz, C6D6, 20 °C) δ -11.47 (5B), 

δ -9.33 (6B), δ -8.12 (5B), δ 1.27 (2B), δ 0.59 (2B). 13C{1H} NMR (151 MHz, C6D6, 20 °C): δ 

24.95 (THF CH2(3,4), δ 62.91 (bc C) δ 69.99 (THF CH2(2,5)), δ 71.81 (bc C). 119Sn NMR (149 
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MHz, C6D6, 20 °C): δ -137.31 (2J119Sn-11B = 1487 Hz). UV-Vis (toluene): λmax (ε) 280 nm (15 000 

mol-1 L cm-1) 345 nm (9600 mol-1 L cm-1).  

[(bc)Sn]2KCl (2): Benzene (ca. 50 mL) was added to a flask containing H2-bc (0.50 g, 1.75 mmol) 

and KHMDS (0.69 g, 3.5mmol) and stirred at room temperature until a tan-colored solution was 

achieved (approx. 24-48 hours). The K2[bc] solution was then added directly to a room temperature 

dichloromethane solution of SnCl2 (0.33 g, 1.75 mmol). The solution was stirred overnight to yield 

a pale pink solution. The solvent was removed under reduced pressure and the orange solid was 

re-dissolved in warm toluene and separated from the light gray solid by filtration. Toluene was 

removed under reduced pressure and the solid was re-dissolved in dichloromethane. Pale yellow 

crystals of 2 were grown from a concentrated dichloromethane solution (ca. 10 mL) stored at room 

temperature overnight.  Yield: 0.39 g (50%). Mp: 240 °C. 1H NMR (600 MHz, C6D6, 20°C): δ 1.50 

– 3.50 (m, BH). 11B{1H} NMR (160.5 MHz, C6D6, 20 °C) δ -11.47 (5B) δ -9.33 (6B), δ -8.12 (5B), 

δ 1.27 (2B), δ 0.59 (2B). 13C{1H} NMR (151 MHz, C6D6, 20 °C): δ 62.91 (bc C), δ 71.62 (bc C). 

119Sn NMR signal not observed. UV-Vis (toluene): λmax (ε) 280 nm (3700 mol-1 L cm-1) 345 nm 

(820 mol-1 L cm-1). 

(bc)2(CH)2 (3):  Benzene (ca. 50 mL) was added to a flask containing H2-bc (0.50 g, 1.75 mmol) 

and KHMDS (0.69 g, 3.5mmol) and stirred at room temperature for 9-12 hours. The pale-yellow 

slurry was then added directly to a room temperature dichloromethane solution of SnCl2 (0.33 g, 

1.75 mmol). The solution was stirred overnight until all SnCl2 solids were solubilized, affording a 

pale yellow-orange solution. The solvent was removed under reduced pressure and the orange solid 

was re-dissolved in warm toluene to filter off the white solid. Toluene was removed under reduced 

pressure and the product was re-dissolved in ca. 10 mL benzene. Concentration of the benzene 

solution of the product to ca. 1 mL and storage overnight at room temperature gave yellow-orange 
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crystals of 3. Yield: 0.27 g (50%). Mp: 260 – 270 °C. 1H NMR (500 MHz, C6D6, 20 °C): δ 1.40 – 

3.50 (m, BH), δ 3.78 (s, 2H, cage CH), δ 5.44 (s, 1H, olefinic CH), δ 6.10 (s, 1H, C=CH). 11B{1H} 

NMR (160.5 MHz, C6D6, 20 °C) δ -11.47 (8B), δ -9.33 (11B), δ -8.04 (9B), δ -6.37 (2B), δ 1.27 

(5B), δ 0.56 (5B). 13C{1H} NMR (151 MHz, C6D6, 20 °C): δ 2.65 (olefinic CH), δ 62.91 (bc C) δ 

71.82 (bc C). UV-Vis (toluene): λmax (ε) 284 nm (780 mol-1 L cm-1), 334 nm (290 mol-1 cm-1). AT-

FTIR: ν=CH 3063 (s), ν=CH 1254.13 (s), ν=CH 1069.56 (s), ν=CH 716.55 (s). 

5.3 RESULTS AND DISCUSSION 

Synthesis. C-H activation typically involves alkyl lithium reagents to create a reactive C–Li bond. 

Working with the biscarborane system presents an interesting synthetic challenge, as both the 

hydridic B-H and protic C-H vertices of H2-bc are potentially susceptible to lithiation,44,45 with 

the lack of selectivity previously noted to lead to isomers 10 or cage-opened products.17,18,46 

Peryshkov and co-workers in 2016 had intended to synthesize an “independently C-substituted 

biscarborane cluster” and bind a phosphorus atom to the bc ligand through the carbon vertices in 

κ1-mode.18 However, addition of a dialkylphosphine chloride to the Li2[bc]/THF solution gave an 

asymmetric scaffold, with one of the carborane cages of the bc molecule undergoing a cage-

opening reaction to produce the closo-(C2B10H10)-nido-(C2B10H9) backbone.18 Nido-carboranyl 

species are a known decomposition product of H2-bc in the presence of a strong base or 

nucleophile.44,47–49  

Synthetic methods for selective bc vertex-activation were first reported in 2018 with the 

(bc)Pt(dtb-bpy) (dtb-bpy = 4,4′-di-tert-butyl-2,2′-bipyridine) isomers.9 The κ2-C,C-bound isomer 

was generated by reacting H2-bc with 2 equiv of the non-nucleophilic and mild base potassium 

bis(trimethylsilyl)amide (KHMDS) and the κ2-B,C-bound isomer was generated by reacting H2-

bc stepwise with 1 equiv KHMDS and 1 equiv MeLi.9 This method of selectively activating the 
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C-H vertices without forming deboronated nido-carboranyl side products via a non-nucleophilic, 

mild base was utilized to generate compounds 1-3. 

Initially, following the procedure of Spokoyny and coworkers9 produced a tan-colored THF 

solution of K2[bc] which was added to a THF suspension of 1 equiv of SnCl2 and resulted in the 

isolation of compound 1. Recrystallization from dichloromethane gave pale yellow crystals of 1. 

X-ray crystallographic data revealed a THF molecule bound to the central Sn atom, suggesting that 

the THF solvent aids in the stabilization of the complex for isolation. The synthesis was repeated 

with different solvents in order to obtain a THF-free biscarboranyl stannylene. 

The synthesis of 2 proceeded similarly to that of 1 but with the difference that the THF solvent was 

replaced with a benzene/dichloromethane mixture (Scheme 1). Generating K2[bc] in a benzene 

solution required increased time due to the low solubility of the dipotassium salt in benzene in 

comparison to in THF. Once a benzene solution assumed the same tan color as the K2[bc]/THF 

solution, approx. 24-48 hours at room temperature, addition to a rapidly stirring dichloromethane 

solution of 1 equiv of SnCl2 gave, after workup and recrystallization in the same manner as 1, light 

orange crystals of 2. 

Compound 3 was synthesized by a procedure similar to that of 2, with the only procedural 

difference being the amount of time the benzene solution was allowed to stir (Scheme 1). Stirring 

1 equiv of H2-bc with 2 equiv of KHMDS in benzene for approx. 9-12 hours afforded an ivory-

colored to pale-yellow solution which was then added to a rapidly stirring dichloromethane 

solution of 1 equiv of SnCl2. Workup and recrystallization from benzene gave pale-orange crystals 

of 3. The additional carbon atoms to afford the C=C bridging fragment are from the 

dichloromethane solvent. Given the pale color of the K2[bc] benzene solution observed with the 
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shortened reaction time, it is likely that the KHMDS had activated only one C-H vertex prior to 

addition to the SnCl2/CH2Cl2 solution. This mono-activated K[H-bc] proceeded to react with the 

solvent molecules to afford a C=C bond. The reaction was repeated without SnCl2, but compound 

3 was not generated, suggesting that SnCl2 is required to create the bridging alkene, possibly via a 

coupling mechanism similar to the Stille reaction.50 

X-ray Crystal Structures. 

Table 1. Selected structural data for 1-3. 

Compound 1 2 3 

Ccage – Sn, Å 2.272(3), 2.279(4) 
Sn1: 2.276(3), 2.309(3) 

Sn2: 2.288(4), 2.289(3) 
– 

Sn – O or Sn – Cl, Å 2.249(3) 
Sn1: 2.5868(8) 

Sn2: 2.5874(8) 
– 

Ccage – Sn – Ccage, deg 83.05(12) 
Sn1: 81.69(11) 

Sn2: 81.86(12) 
– 

C – Sn – THF or 

C – Sn – Cl, deg 
90.95(12), 93.12(12) 

Sn1: 88.27(7), 94.11(7) 

Sn2: 92.62(7), 90.91(7) 
– 

C = C, Å – – 1.319(4) 

Ccage – Colefin, Å – – 1.488(3) 

Ccage – Colefin – Colefin, 

deg 
– – 123.1(1) 

 

Due to the rigid nature of the bc ligand, the stannylenes in 1 and 2 are constrained to a five-

membered C4Sn cycle. The sum of the angles of the stannocycles equal 533.45° in 1 and 538.55° 

and 538.96° in 2, indicating an essentially planar C4Sn cyclic moiety. The C–C bond that links the 
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carborane cages together in 1 and 2 is in the range 1.532(5) Å – 1.542(4) Å, which is slightly 

shorter than the C–C bond of the H2-bc precursor (1.602(2)).51 Additionally, the Sn–C bonds of 1 

and 2 are 2.272(3) – 2.309(3) Å (Table 1), slightly longer than the sum of the covalent radii of Sn 

(1.40 Å) and C (0.75 Å).52 The shortened Ccage–Ccage bond and the minor elongation of the Sn–C 

single bond likely function to relieve strain to accommodate the larger Sn atom into the planar 

heterocycle. This constrained framework has also forced a narrow sub-90° angle at the central Sn 

atom at 83.05(12)° in 1 and 81.69° and 81.86° in 2 (Table 1), enabling a C-Sn-C bond angle 

narrower than other 5-membered organotin heterocycles (82.9(9)° – 93.8(2)°).53–64 

                     

Figure 2. Thermal ellipsoid plot (50%) of 1. CH2Cl2 solvent molecules are not shown for clarity. 

a) “Top” view of 2. b) “Side” view of 2. Selected bond lengths (Å) and angles (deg): C1-Sn1 = 

2.272(3), C4-Sn1 = 2.279(4), O1-Sn1 = 2.249(3), C1-Sn1-C4 = 83.05(12), C1-Sn1-O1 = 

90.95(12), C4-Sn1-O1 = 93.12(12).  
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Compound 1 co-crystallizes with two dichloromethane molecules and shows that a THF molecule 

is coordinated to the κ2-C,C bonded Sn atom. The Sn–OTHF distance of 2.239(3) Å is within the 

range of other Sn–OTHF distances in THF-coordinated Sn(II) complexes (2.261(14) – 2.422(6) 

Å),65–68 consistent with a dative Sn←O interaction. Additionally, the THF molecule is bonded to 

the Sn atom at approximately perpendicular to the C4Sn plane, with C-Sn-OTHF angles at 90.95(12)° 

and 93.12(12)° (Figure 2b). In total, the sum of the angles around the tin atom equals 267.12(12)° 

and indicates a highly pyramidalized geometry. The coordination geometry at Sn is typical of other 

THF-coordinated Sn complexes, which report C-Sn-OTHF angles of 84.8(3) – 94.6(6)°.65–68  

                            

 

Figure 3. Thermal ellipsoid plot (50%) of 2. a) View of 2 to show coordination positions of K1 

and Cl1. The CH2Cl2 solvent molecules are not shown for clarity. b) Expanded view of 2 to show 
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coordination of K1. c) View of 2 to show coordination of Cl1. CH2Cl2 solvent molecules are not 

shown for clarity. Selected bond lengths (Å) and angles (deg): C1-Sn1 = 2.276(3), C4-Sn1 = 

2.309(3), C5-Sn2 = 2.288(4), C8-Sn2 = 2.289(3), Cl1-Sn1 = 2.5868(8), Cl1-Sn2 = 2.5874(8), C1-

Sn1-C4= 81.69(11), C5-Sn2-C8 = 81.86(12), Sn1-Cl1-Sn2 = 106.98(3), C1-Sn1-Cl1 = 88.27(7), 

C4-Sn1-Cl1 = 94.11(7), C5-Sn2-Cl1 = 92.62(7), C8-Sn2-Cl1 = 90.91(7). 

Compound 2 co-crystallizes with two dichloromethane molecules as well as the K+ ion from K2[bc] 

and Cl- ion from SnCl2 in the previous step of the synthesis. The K+ ion appears as a counterion 

coordinated to the B-H vertices of the bc cage (Figure 3b) and the Cl- ion forms a Sn-Cl-Sn 

bridging fragment between two (bc)Sn moieties (Figure 3c). The counteranion charge to the K+ 

cation should be delocalized over the biscarborane cages.1,3 Organotin complexes containing a Sn-

Cl-Sn fragment typically report bridging Sn-Cl bond distances in the range of 2.540(2) – 2.967(1) 

Å,69–78 and this fragment of compound 2 features Sn-Cl bond distances of 2.5868(8) and 2.5874(8) 

Å, which are at the lower end of the above range. The relatively short Sn–Cl distances in 2 indicate 

a strong interaction between the two ions, although whether this is a consequence of the rigid 

structure or electron-withdrawing influence of the bc ligand is not apparent.  
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Figure 4. Thermal ellipsoid plot (50%) of 3. Cage-bonded H atoms are not shown for clarity. 

Selected bond lengths (Å) and angles (deg): C1-C1’= 1.319(4), C1-C2= 1.488(3), C3-C4 = 

1.533(3), C2-C1-C1’= 123.1(2).  

Structural data for compound 3 shows an inversion center which imposes a trans configuration 

around the central C1–C1′ bond (Figure 4). The C1–C1′ bond distance (1.319(4) Å) and C2-C1-

C1′ bond angle (123.1(2)°) are consistent with the presence of a C=C double bond.67 Overall, 

compound 3 has C2h symmetry. A series of dicarboranyl ethenes 

R(C2B10H10)CH=CH(C2B10H10)R (R = Ph or C6H4Me-p) analogous to compound 3 similarly 

contain  a trans C=C double bond. 46 More recently, carborane clusters linked via a phenyl group 

have also been reported, generally containing the formula (C2B10H11)-Ph-(C2B10H11).
79–81 To the 

best of our knowledge, compound 3 is the first dibiscarboranyl ethene in the literature. 
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Spectroscopy. Compounds 1-3 were characterized by 1H NMR, 11B NMR, 13C NMR, UV-vis, IR 

spectroscopy, and X-ray crystallography. Compound 1 was also characterized by 119Sn NMR 

spectroscopy. 

The 1H NMR spectrum for 1 displays the coordinated THF proton signals at 1.40 and 3.55 ppm, 

which is in the same range as those of other THF-coordinated Sn(II) complexes (δCH2(3,4) = 1.3 – 

1.8; δCH2(2,5) = 3.5 – 3.7)65–68 as well as signals due to free THF in C6D6 (δCH2(3,4) = 1.43; δCH2(2,5) = 

3.57).43 

The 119Sn NMR spectrum for 1 displays a signal at -137.31 ppm. Related (bc)Sn compounds report 

119Sn signals further downfield than compound 1, with (bc)SnMe2 at -21.22 ppm in d8-THF and 

the methyl-substituted derivative (Mebc)SnMe2 (Mebc = 8,8′,9,9′,10,10′,12,12′-octamethyl-1,1′-

bis(o-carborane)) at 9.20 ppm in d8-THF and 53.10 ppm in C6D6 (Table 2).20 A decrease in 

coordination environment around the Sn atom usually results in a downfield shift of the 119Sn 

resonance.82 Nonetheless, 3-coordinate 1 displays an upfield shift in comparison to the 4-

coordinate (bc)SnMe2 and (Mebc)SnMe2. The three-coordinate, THF-bonded complexes 

Sn[OC(C4H3S)3]2(THF)65 and [Sn(box)(THF)]+ (box = 1,1-bis[(4S)-4-phenyl-1,3-oxazolin-2-

yl]ethane)67 report 119Sn NMR signals upfield of the chemical shifts of 1 at -244.5 and -377.1 ppm, 

respectively. As the signal for 1 is observed between its tetra-coordinated analogues and 

Sn(II)←THF derivatives, THF coordination aids in shielding the tin atom, leading to a more 

shielded Sn atom than (bc)SnMe2 and (Mebc)SnMe2, while the electron-withdrawing effect of the 

bc ligand causes a deshielding on Sn relative to other Sn(II)←THF complexes.  

The triplet of triplets which occurs in the 119Sn NMR spectrum of compound 1 is unusual given 

the absence of a Sn–H signal in its 1H NMR and IR spectra, and X-ray structural data. Additionally, 
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119Sn NMR signals for Sn(II)←THF complexes often appear as singlets in the spectrum (Table 

2).65–67 However, multivalent Sn complexes bonded to electron-withdrawing groups and supported 

by a Sn←X (X = N or P) dative bond report multiplets in their 119Sn NMR spectra (Table 2).26–

28,66 The carboranyl-tin complexes by Gielen and coworkers report 1:2:3:4:3:2:1 septets in their 

corresponding 119Sn NMR spectra at -166.3 ppm and -166.2 ppm, with coupling constants of 1268 

Hz and 1271 Hz28  similar to the coupling constant for the 119Sn NMR signal of 1 (1487 Hz). In 

addition, carboranyl tin complexes supported by a Sn←X dative bond (X = N or P) typically 

observe doublets in the 119Sn NMR spectrum, depending on both the identity of the X atom and 

coordination about Sn.26–28,30,82–84 The splitting patterns which appear in the 119Sn NMR spectra of 

compound 1 and carboranyl tin coordination complexes presumably arise from long-range nuclear 

spin-spin coupling between the carboranyl boron and tin nuclei.85,86 The quadrupolar relaxation 

rate of the 11B nucleus (I = 
3

2
) is known to influence the appearance of the resonances of nuclei with 

spin I = 
1

2
, such as 119Sn.85–87 Specific to compound 1, the four boron atoms bonded to the tin-bound 

carbon atom (B3, B6, B7, and B11) exist in two different chemical environments due to the C2v 

symmetry of the o-carborane cage (Figure 5), likely causing the triplet of triplets displayed in the 

119Sn spectrum of 1.  

Despite numerous attempts to record spectra, with use of a wide variety of parameters, the 119Sn 

NMR signal for compound 2 could not be detected. Problems in obtaining the 119Sn data were also 

encountered for the dianions K2[AriPr6SnSnAriPr6], which was hypothesized to be caused by the 

unsymmetric electron environment at the Sn atoms, which may cause rapid relaxation through the 

high anisotropy of the chemical shift tensor.78,88 The THF ligand in 1 appears to stabilize the 

electron environment at the Sn atom to facilitate detection of a signal. In addition, though the 11B 
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NMR spectra of 1 and 2 are both proton-decoupled, the spectrum for 2 displays tin satellites at -14 

and -5 ppm (See SI, Figure S5) that are absent in the spectrum for 1. This difference can also be 

attributed to the coordination of THF to the 119Sn nucleus in 1 but not 2. 

Table 2. The 119Sn NMR chemical shifts for 1 and selected compounds. 

 

119Sn δ (ppm)/ 

(Solvent) 
J119sn (Hz) Reference 

 

-21.22 (s) / 

(d8-THF) 
- 20 

 

9.20 (s) / (d8-THF) 

53.10 (s) / (C6D6) 
- 20 

  

-244.5 (s) /  

(CDCl3) 
- 65 

  

-377.1 (s) /  

(d8-THF) 
- 67 

  

-127 (quint) / 

(CDCl3) 
412.5 66 
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-137 (tt) / 

(C6D6) 
1487 this work 

  

-166.3 (sept) / 

(n.r.) 
1268 28 

 

-166.2 (sept) / 

(n.r.) 
1271 28 

  

-118.63 (n.r.) / 

(CDCl3) 
(n.r.) 26 

  

-30.2 (d) / 

(CDCl3) 
320.3 27 

  

108.3 (d) / 

(CDCl3) 
72.6 27 

n.r.: not reported. 
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Figure 5. Left: The tin-bonded carbon vertex face is marked with a blue circle. Right: “Front” view 

of the blue-circled face, showing the two chemical environments of B3/B6 (bolded) versus 

B7/B11. 

The UV-vis spectrum of 1 displays two absorptions in the near-UV region at 280 nm and 345 nm. 

These absorptions persist in 2, appearing also at 280 nm and 345 nm regardless of whether a THF 

or K ion is coordinated to Sn. The similar absorptions in the UV-vis spectra for 1 and 2 suggests 

that compounds 1 and 2 exist as the same compound in the solution phase. The relatively intense 

absorptions at 280 nm and similarly at 284 nm in the UV-vis spectrum for 3 can be tentatively 

assigned to an energy transfer on the bis-carborane ligand. The near-UV vis region of the 

absorption bands of 1 and 2 suggests a high energy HOMO→LUMO transition of the (bc)Sn 

compounds.  

Compound 3 exhibits spectroscopic features characteristic of alkenes. The olefin protons appear at 

5.43 and 6.10 ppm in the 1H NMR spectrum and the olefin carbon at 2.65 ppm in the 13C NMR 

spectrum, at the high frequency shifts indicative of more conjugated alkenes.89 The UV-vis 

spectrum of 3 displays a shoulder at 334 nm, corresponding to an olefin π→π* transition at a 

relatively longer wavelength for alkenes groups, further confirming a conjugated alkene.89 

B6 B3 

B11 B7 
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Interestingly, a νC=C stretching frequency in the IR spectrum within the characteristic 1680 – 1640 

cm-1 region is not observed.  

5.4 CONCLUSION 

The syntheses for 1-3 proceeded in a similar way to each other with only simple modifications in 

solvents or reaction time. In THF solvent, the synthetic procedure gave the THF-coordinated 1, 

while using a stepwise benzene and dichloromethane solvent mixture gave 2. Shortening the 

reaction period of the step that generates the dipotassium salt from 24-48 hours to 9-12 hours gave 

the alkene 3. Compound 1 exists as a Lewis acid-base pair with THF, as displayed in the X-ray 

structural data. Furthermore, the bc ligand platform confers interesting spectroscopic 

characteristics in the 119Sn NMR spectrum that is unusual for Sn(II)-THF complexes but usual for 

organotin complexes featuring electron-withdrawing ligands like carboranes. X-ray structural data 

for 2 show the Sn atom contains a similar structural motif to that of 1. Compound 3 is the first 

example of a dibiscarborane-supported alkene. 
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X-ray Crystallography 

Crystals of 1, 2, and 3 were removed from a Schlenk flask under a stream of nitrogen and 

immediately covered with a layer of hydrocarbon oil. A suitable crystal was selected, attached to 

a glass fiber on a copper pin and quickly placed in the cold N2 stream on the diffractometer. Data 

was collected at 100 K on a Bruker APEX DUO diffractometer with Mo Kα radiation (λ = 0.71073 

Å). Absorption corrections were applied using SADABS.S1 The crystal structures were solved by 

direct methods and refined by full matrix least-squares procedures in SHELXTL.S2 All non-H 

atoms were refined anisotropically. 

Table S1. Selected X-ray Crystallographic data for 1-3. 

 1 2 3 
Formula C17h58b40cl2o2sn2 C10h44b40cl4k2sn2 C16h50b40 

Fw 1035.31 1054.23 674.96 
Color, habit Colorless plate Colorless shard Yellow plate 
Space group P1̅ P21 C2/c 

A, å 11.86820(10) 12.7653(3) 31.509(4) 
B, å 13.8376(2) 12.7550(3) 12.6857(17) 
C, å 14.7426(2) 14.8445(4) 10.2461(13) 
Α, ° 101.2593(7) 90 90 
Β, ° 98.6642(6) 114.5093(11) 94.241(3) 
Γ, ° 92.6166(8) 90 90 

V, å 3 2340.40(5) 2199.22(10) 4084.3(9) 
Z 2 2 4 

Crystal size, mm3 0.219 x 0.179 x 

0.080 

0.464 x 0.401 x 

0.280 

0.410 x 0.239 x 

0.118 
Dcalc, mg cm-3 1.469 1.592 1.098 
Abs. Μ, mm-1 9.700 1.586 0.047 

2θ, ° 3.098 to 69.471 1.753 to 30.753 2.593 to 25.249 
R(int) 0.0330 R1 = 0.0243 0.0569 

Obs. Reflns. [i>2σ(i)] 6881 13126 2642 
Data/restraints/parameters 8069 / 22 / 595 13561 / 14 / 695 3705 / 14 / 369 

R1, obsd. Reflns. 0.0411 0.0255 0.0803 
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NMR Spectra 

Figure S1. 1H NMR spectrum of 1 in C6D6 at 298 K. 

 

Note: δ 0.29: residual grease. δ 0.89, 1.24: residual hexanes. δ 7.15: residual benzene. 

 
Figure S2. 11B{1H} NMR spectrum of 1 in C6D6 at 298 K. 
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NMR Spectra 
Figure S3. 13C{1H} NMR spectrum of 1 in C6D6 at 298 K. 

 

Note: δ 1.42: residual grease. δ 14.37, 23.06, 31.97: residual hexanes. δ 128.06: residual benzene. 

Figure S4. 1H NMR spectrum of 2 in C6D6 at 298 K. 

.  

Note: δ 0.29: residual grease. δ 2.10, 7.0 – 7.2: residual toluene. δ 4.27: residual 

dichloromethane. 
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NMR Spectra 
Figure S5. 11B{1H} NMR spectrum of 2 in C6D6 at 298 K 

 

 

Figure S6. 13C{1H} NMR spectrum of 2 in C6D6 at 298 K. 

 

Note: δ 1.42: residual grease. δ 21.98, 126.23, 129.88: residual toluene. 
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NMR Spectra 
Figure S7. 119Sn{1H} NMR spectrum of 2 in C6D6 at 298 K. 

 

 

Figure S8. 1H NMR spectrum of 3 in C6D6 at 298 K. 

  

Note: δ 0.09, 0.29: residual grease. δ 0.89, 1.24: residual hexanes. δ 7.15: residual benzene. 
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NMR Spectra 
Figure S9. 11B{1H} NMR spectrum of 3 in C6D6 at 298 K. 

 

 

Figure S10. 13C{1H} NMR spectrum of 3 in C6D6 at 298 K 

 

Note: δ 1.42: residual grease. δ 128.06: residual benzene. 
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UV-vis Spectra 

Figure S11. UV-vis spectrum of 1 in toluene at 298 K. 

 
 

Figure S12. UV-vis spectrum of 2 in toluene at 298 K.  
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UV-vis Spectra 

Figure S13. UV-vis spectra of 3 in toluene at 298 K. 

 

 

 

Note: A more dilute spectrum (bottom) is provided to clearly display the shoulder at 334 nm. 
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IR spectra 

Figure S14. Infrared spectrum of 1. 
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IR spectra 
Figure S15. Infrared spectrum of 2 
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IR spectra 

Figure S16. Infrared spectrum of 3 
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