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General Introduction 

In 1827, Zeise's salt (K[PtCl3(C2H4)]‧H2O) was reported as a first structurally well-characterized organometallic 

compound.1 Since then, organometallic chemistry have continued remarkable development, and six Nobel prizes 

have been awarded in this field so far.2 In the history of organometallic chemistry, various structures, physical 

properties, and diverse reactivity have been unveiled along with the development of various analytic methods. It is 

also to be noted that the prominent milestones have been made by the discovery of ligands in this field. In addition, 

the development of novel supporting ligand systems had also made a significant contribution to the development of 

organometallic chemistry. One of good examples is the development of Suzuki-Miyaura cross-coupling reaction of 

aryl halides (Ar–X) or alkyl halides with boronic acids,2 え,3 which is useful for C–C bond forming reactions. In the 

pioneering period, the substrate scope is only limited to reactive Ar–I, Ar–Br.3a After a while, the use of 1,1'-

bis(diphenylphosphino)ferrocene (dppf), which is a bidentate phosphine ligand, opened up the way for the 

transformation of alkyl halides.3b Furthermore, it was also revealed that strong -donating phosphine or N-

heterocyclic carbene ligands effectively facilitate the reaction of less reactive Ar–Cl.2g Likewise, the metal catalysts 

for the cross-coupling reaction have been expanded to the use of not only Pd but also Ni and Fe as cheap and 

versatile candidates by utilizing a series of ligands.2g 

 
Figure. 1 Phosphorus ligand  

As seen in the development of cross-coupling reactions mentioned above, phosphine ligands play an 

important role among the ligands because they constitute a series of ligands with a range of electronic and steric 

properties by changing the substituents on the P atom.4 As a result, phosphine ligands are nowadays utilized in 

various synthetic reactions.4 In this context, several polydentate ligands have been developed in an attempt to further 
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design the electronic and steric properties of the ligands (Fig. 1).4 By using these chelate-type ligands, site-, chemo-, 

and enantio-selectivity can be easily controlled in many reactions.  

Metal-Ligand Cooperation 

Recently, “metal-ligand cooperation (MLC)” have drawn an increasing attention as a new function of ligands 

(Scheme 1).5a-e The concept initially only includes the redox active feature of the ligands, which sometimes acts as 

an electron reservoir during the reaction. So far, intensive studies have revealed that the diverse functions of MLC 

could bring many breakthroughs in the organometallic chemistry. As a result, the concept of “MLC” is nowadays 

expanded to include a) bifunctional activity,5a-e b) redox activity,5b,c and c) hemilability.5d  

 
Scheme 1. metal–ligand cooperation a) bifunctional activity, b) redox activity and c) hemilability 

 
Scheme 2. Noyori-Ikariya hydrogenative reaction. 

 As a representative example of the MLC-supported substrate activation, Noyori, Ikariya and co-workers discovered 

that Ru complexes bearing amido ligand(s) could cleave a hydrogen–hydrogen bond via heterolysis and catalyze 

hydrogenation of carbonyl compounds. Furthermore, they applied the reaction system to hydrogenation of carbonyl 

compounds via hydrogen transfer reaction mechanism (Scheme 2).2x,6 Similarly, MLC using metal–oxygen, metal–

sulfide and metal–cyclopentadienone were also reported, and not only hydrogenation but also hydroborylation, 

hydrosilation etc. were achieved with high efficiency.6 Recently, another representative example of MLC was 

reported by Milstein and co-workers. They discovered the MLC associated with aromatization /dearomatization 

using PNP pincer complexes (Scheme 3).7 In the systems, the lutidines or 2-picolines backbone having CH2 groups 

at the ortho-position of a central pyridine unit was deprotonated by a base, resulting in the dearomatization of the 

pyridine unit. Since the deprotonation and reprotonation are reversible, the combination of metal and lutidines or 
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picolines backbone can exhibit the function of MLC. By using this system, the Milstein’s group has demonstrated 

various bond cleavage including H–H,8 O–H,9 and N–H10 bond cleavage reactions, catalytic hydrogenations,11 and 

others.12 Through these studies, various tridentate pincer systems have been developed. 

 
Scheme 3. metal–ligand cooperation by dearomatization/rearomatization. 

Tetradentate-PNNP-Pince Ligands 

 In an attempt to precisely design the reaction sphere of metal complexes in more details, a PNNP-Ph (2,9-

bis((diphenylphosphino)methyl)-1,10-phenanthroline) ligand13a was developed. The concept of MLC involving 

aromatization/dearomatization process was then further expanded to the PNNP system by Milstein and co-worker 

using Ru as a metal center (Scheme 4-a). However, the utility of PNNP-Ru complexes was only limited to 

hydrogenation and hydrogen transfer reactions (Scheme 4-b, c).13b-d The major reason is assumed that the soft Lewis 

basic phosphine side-arm, strongly bind with a Ru center, and thus construct a rigid meridional tetradentate 

coordination. As a result, it is difficult to form a reactive coordinatively unsaturated species by phosphine-side-arm-

dissociation during the reaction. Based on these facts, the author focused on the use of Fe as a metal center, due to 

its smaller biding energy compared with that of Ru. The author expected that the hemilability of the PNNP ligand 

is invoked in the PNNP-Fe complexes and thus could expand the chemistry of the PNNP ligand system into the 

further stage.  

 
Scheme 4. a) PNNP-Ru complexes, b) esterification by dehydrogenation of alcohols, and c) dehydrogenation of amides using 

PNNP-Ru complexes 
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Other features to use iron as a metal center are the low toxicity, high abundancy and cheap price. Owing 

to these reasons, the development of a novel iron complex as an environmentally-benign catalyst precursor is one 

of the biggest concerns in the recent organometallic chemistry. On the other hand, it is known that Fe can adopt a 

wide oxidation state ranging from –2 to +5 (rarely to +8), with various spin states (high spin, medium spin and low 

spin states).14 Furthermore, the spin state easily changes via spin-crossover due to its small ligand field.14 Due to 

this changeable electronic state of iron, the reactivity of iron complexes sometimes changes dramatically, and thus 

the application of iron complexes as catalysts is extremely challenging. In this context, the author expected that the 

utilization of PNNP-R ligand shows the great advantages in the chemistry of iron complex: Thus, the strong 

electron-donating ability of PNNP-R help it to act as a high-field ligand that effectively stabilizes iron complexes 

with a low-spin state. As a result, PNNP-R-supported iron complexes are expected to behave as a stable diamagnetic 

species and are potentially useful as inexpensive and nontoxic surrogates for precious-metal catalysts.  

 

Overview of this thesis:  

In chapter 1, synthesis of a series of iron complexes with PNNP-R ligands (R = Ph and Cy) are described (Scheme 

5). It was revealed that PNNP-R-iron dihalide complexes [FeCl2(PNNP-R)] reacted with 2 equiv of NaBEt3H to 

form dinuclear iron(0) complex bridged by dinitrogen ligand [Fe(PNNP-R)(-N2)]2. As a result of the detailed 

mechanistic study, the formation of a dihydride intermediate [Fe(H)2(PNNP-Cy)] was evidenced. Thus, it was 

revealed that the reaction of the iron dihalide proceeds via successive hydrogenation and reductive elimination of 

H2, which proceeds associated with the dissociation of iron–phosphine bond. The result strongly supported the 

hemilabile behavior of the PNNP-R. 

 
Scheme 5. Reductive elimination of H2 via iron phosphine bond dissociation. 
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In chapter 2, the author discusses a MLC character of the PNNP-iron complexes (Scheme 6). Deprotonation of a 

methylene moiety in PNNP-Ph-iron(II) dichloride [FeCl2(PNNP)] underwent upon treatment with NaOtBu to afford 

the corresponding iron(II) complex where a partially dearomatized PNNP ligand coordinates to the iron(II) center 

in a tetradentate manner. The resulting complex further reacted with iPrOH in the presence of AgOTf, resulting in 

the formation of dicationic complex [Fe(PNNP-Ph)]2+ via successive rearomatization of the pyridine ring and ligand 

disproportionation. 

 
Scheme 6. The MLC process of PNNP-Ph iron complex. Dearomatization reaction deprotonation by NaOtBu and rearomatization 

reaction via O–H cleavage. 

In chapter 3, the catalytic activity of the PNNP-R-Fe complexes was discussed. [{Fe(PNNP-R)}2(-N2)] catalyzed 

dehydrogenative coupling of silanols with silanes to selectively form various hydrosiloxanes, which are important 

building blocks for the synthesis of a range of siloxane compounds. The system exhibited the highest catalytic 

efficiency among the previously reported transition-metal-catalyzed systems (Scheme 7). 

 
Scheme 7. Catalytic syntheses of hydrotrisiloxanes via dehydrogenative coupling of silanols with hydrosilanes by a PNNP-Ph 

iron complex. 

In chapter 4, the author describs the reactivity of iron(0) complex toward the activation of strong chemical bonds. 

It was revealed that the inactive Si–Cl bond of chlorosilanes reacts with iron(0) complexes via oxidative addition, 

resulting in the formation of iron silyl(chloro)complexes (Scheme 8). The mechanistic study supported the 

occurrence of the Si–Cl bond cleavage via radical pathway. The partial hydrogenation of iron silyl(chloro)complex 

successfully underwent to form iron silyl(hydrido)complex, which is facilitated by the MLC (Scheme 9). 
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Scheme 8. The cleavage reaction of Si–Cl bond by PNNP iron(0) complex. 

 
Scheme 9. Selective substitution reaction of Fe–Cl bond to Fe–H bond via MLC process. Dearomatization reaction of 

silyl(chloro)iron complex to form dearomatized complex and rearomatization reaction of dearomatized complex by hydrogen. 
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Chapter 1 

Synthesis and Properties of PNNP-Iron Complexes 

 

 

Abstract 

A well-defined iron complex system was established using PNNP-R (R = Ph and Cy) as a strong σ-donating ligand 

with a rigid meridional tetradentate structure. Treatment of PNNP-R with iron dihalide provided [FeCl2(PNNP-Ph)] 

(1a) and [FeBr2(PNNP-Cy)] (1b). The reaction of 1a with 2 equiv of NaBEt3H quickly provided nitrogen bridged 

dinuclear iron(0) complex [{Fe(PNNP-Ph)}2(μ-N2)] (2a). In contrast, the reaction of 1b with 2 equiv of NaBEt3H 

initially afforded [Fe(H)2(PNNP-R)] (4b), which slowly changed to [{Fe(PNNP-Cy)}2(μ-N2)] (2b) with hydrogen 

elimination. According to these results, it was concluded that the reduction of 1a and 1b proceeded via successive 

formation of dihydride intermediates 4a and 4b and H2 reductive elimination, which strongly support the hemilabile 

behavior of PNNP-R. Complex 2a smoothly underwent ligand exchange to form [Fe(CO)(PNNP-Ph)] (5a) and 

[Fe(H–SiPhH2)(PNNP-Ph)] (6a). 
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Introduction 

Unsaturated low-valent iron complexes (e.g. iron(0) and iron(I) complexes) are known to show unique reactivity 

as seen in the reactions catalyzed by metalloenzymes, such as nitrogenase, which is composed of iron-sulfide 

clusters.1 Iron(0) complexes as common low-valent iron complexes are generally synthesized by iron dihalide 

complex with Na or KC8 as reducing agents.2 The alternative pathway to synthesize iron(0) complexes is the 

reduction of iron dihalide complexes with hydride reagents such as LiAlH4, NaBEt3H and R3SiH.3 The reaction 

proceeds via formation of the corresponding hydride complex and dehydrogenation by reductive elimination 

reaction, successively. The reaction sometimes provides the dihydride complex intermediate, since the low-valent 

iron(0) complexes are sometimes less stable unless they are supported by -acidic ligands such as CO, which 

strongly coordinated with the iron(0) center due to their strong -acidity.4 For example, Chirik reported that the 

reaction of [Fe(II)Cl2PNPiPr] (PNPiPr = bis(diisopropylphosphino)pyridine) with 2 equiv of NaBEt3H resulted in the 

formation of [Fe(II)H2PNPiPr].5 The reductive elimination of [Fe(II)H2PNPiPr] underwent under CO atmosphere to 

provide [Fe(0)(CO)2PNPiPr]. The resulting complex is enough stabilized by CO, and thus the resulting iron(0) 

complexes exhibit suppressed reactivity unless CO elimination was performed by heating or irradiation to form the 

reactive coordinatively unsaturated iron(0) species (Scheme 1-1).  

 

Scheme 1-1. The reaction of [Fe(II)Cl2PNPiPr] with NaBEt3H. 

 Based on these observations, the author focused on the PNNP-R ligand.5 The -acidic phenanthroline 

backbone of the PNNP-R are known to act as a redox active ligand, and thus could moderately stabilize iron(0) 

center. As a result, the author expected that the synthesis of iron(0) complexes without CO ligands, which could 

easily afford reactive coordinatively unsaturated iron(0) species with the electron rich iron(0) center. In this chapter, 

various PNNP-R-supported-iron(0) complexes, which are active towards ligand exchange, were synthesized and 
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structurally characterized.  

 

Results and discussion 

PNNP-R (R = Ph, Cy, Mes) ligands were synthesized according to the modified procedure of the previously reported 

literature method, in which neocuproine was used as a starting compound is initially lithiated and then treated with 

the corresponding phosphine chlorides.6 

 
Scheme 1-2. The synthesis of 1a, 1a-Br, 1b, and 1c. 

Complexation of an iron metal source with a PNNP-R ligand was performed by mixing FeX2 (X = Cl and 

Br) and PNNP-Ph ligand in THF at 60 C (Scheme 1-2). After overnight refluxing, PNNP-Ph-supported iron 

dichloride [FeCl2(PNNP-Ph)] (1a) was obtained as a red solid (82% yield). In contrast, the reaction of PNNP-Cy or 

PNNP-Mes with FeCl2 resulted in the formation of a complicated mixture (Scheme 1-2). From the mixture, 

[FeCl2(PNNP-Mes)] (1c) was isolated after the recrystallization from the Et2O/Hexane solution, and identified by a 

single crystal X-ray diffraction study (vide infra). According to the previous report,6 the reaction of FeBr2 with 

PNNP-Cy was performed in THF to selectively provide [FeBr2(PNNP-Cy)] (1b) in 88% yield (Scheme 1-2). The 

prepared complexes 1a-c exhibited the paramagnetic broad signals in the 1H NMR spectra in CD2Cl2. The single-
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crystal X-ray diffraction studies of 1a-Cl and 1a-Br indicated that both of the complexes possess the iron center 

coordinated with two halide ions, two nitrogen atoms of the phenanthroline moiety, and one phosphine side-arm. 

The other phosphine-side-arm was found to be free from the iron metal. The bond angles around the iron in 1a were 

149.90(3) ° (N2–Fe1–P1) and 119.94 ° (average of N1–Fe1–Cl1, N1–Fe1–Cl2 and Cl1–Fe1–Cl2). Thus, it was 

indicated that 1a exhibited a distorted trigonal–bipyramidal structure (τ = 0.50).7 Similarly, complex 1a-Br exhibited 

the distorted trigonal–bipyramidal structure, with the τ value of 0.50. In contrast, 1b supported by PNNP-Cy, which 

has stronger electron donating cyclohexyl phosphino groups, was found to form a ‘closed’ hexacoordinate 

octahedral structure. Complex 1c incorporating bulky mesityl groups on the phosphorus atom was found to adopt a 

distorted tetrahedral geometry, in which the iron center was coordinated with two chloride ions and two nitrogen 

atoms of the phenanthroline moiety. The bond lengths around the iron center in 1a, 1b and 1c were in the normal 

range of those of iron(II) complexes with a high spin state. 

  
Figure 1-1. Molecular structures of 1a-Cl (a) and 1a-Br (b). Hydrogen atoms are omitted for clarity. 

 
Figure 1-2. Molecular structures of 1b (a) and 1c (b). Hydrogen atoms are omitted for clarity. 
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Several iron(II) complexes were reported as being convertible into catalytically active iron(0) species by 

treatment with a suitable reducing agent; e.g. by the use of a mild hydride reagent.3 In the reaction of bipyridine-

supported iron complexes, the evolution of H2 gas was detected, and thus strongly supporting the formation of 

intermediary dihydride species. However, the hydride reduction process of iron(II) complexes are not well-defined 

yet.3b-e Motivated by these facts, the author aimed at demonstrating the reduction pathway of iron(II) complexes in 

an attempt to isolate an active iron(0) species by utilizing a rigid PNNP-R ligand. Treatment of 1a with NaBEt3H 

(2 equiv) under an Ar atmosphere resulted in the formation of a complicated mixture. On the other hand, when the 

reaction was performed under a N2 atmosphere, iron(0) dinitrogen complex [{Fe(PNNP-Ph)}2(μ-N2)] (2a) was 

obtained as a major product, accompanied by 4a as a trace by-product (Scheme 1-3). 4a possesses the asymmetric 

PNNP-Ph’ ligand with one dearomatized pyridine backbone. Milstein also reported hydride reduction of Ru 

analogous complex [Ru(H)2(PNNP-tBu)], resulting in the formation of structurally similar asymmetric Ru complex 

[Ru(H)(PNNP-tBu’)] as a sole product, which was generated via H atom shift of the dihydride intermediate 

[Ru(H)2(PNNP-tBu)].6b  

The reaction of 1b with NaBEt3H resulted in the formation of a dihydride complex [Fe(H)2(PNNP-Cy)] 

(3b) in 82% yield (Scheme 1-4). Complex 3b was gradually converted into 2b, which was obtained as a mixture 

containing several unidentified compounds. Therefore, 2a is likely formed via intermediary dihydride complex 3b, 

which underwent H2 reductive elimination. 

 
Scheme 1-3. The reaction of 1a with NaBEt3H. 

  
Scheme 1-4. The reaction of 1b with NaBEt3H. 



14 

 

  
Scheme 1-5. H2 shift reaction to provide 4a. 

Notably, two hydride ligands in 3b, which located in trans positions, underwent reductive elimination 

reaction. Therefore, the occurrence of phosphine side-arm dissociation is strongly suggested in this step. This is also 

supported by the reluctant step-wise reduction of 1b via 3b, which has the more donating PNNP-Cy ligand than the 

PNNP-Ph ligand. It is likely that the hemilabile behavior of PNNP-R ligands is the characteristic properties in the 

Fe system, which exhibit lower bonding energy than the corresponding 4d and 5d analogues. This could be a reason 

for the facile formation of Fe(0) complexes 2a and 2b in our system (Scheme 1-6). 

 
Scheme 1-6. Reductive elimination reaction of [Fe(H)2(PNNP-R)] facilitated by the hemilable behavior. 

Complexes 2a and 2b readily decomposed under 1 atm of N2 atmosphere even in the solid state because 

of the facile liberation of the N2 ligand. Thus, it was difficult to isolate 2a and 2b, and they were prepared in situ 

and identified by NMR spectroscopic analysis. 

Fortunately, when the THF/hexane solution of the reaction mixture was cooled to −40 °C, single deep-red 

crystals of 2a or 2b were obtained and quickly subjected to a single crystal X-ray analysis under a cold N2 stream, 

which supports the N2-bridged dinuclear Fe structure of 2a and 2b (vide infra). 

Since 2a and 2b are supported by the electron-donating PNNP-R ligand, they are expected to possess a 

highly electron-rich iron(0) center. However, the νN2 was not detected either by infrared and raman spectroscopy. 

To evaluate the π-back-bonding ability between the iron(0) and PNNP-Ph moiety, the iron(0) carbonyl complex 

[Fe(CO)(PNNP-Ph)] (5a) was synthesized by the ligand exchange of 2a with CO. Reaction of 2a with CO (1 atm) 

immediately proceeded at room temperature to form 5a quantitatively (Scheme 1-7). 5a exhibits a strong νCO band 
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at a rather lower field of 1866 cm−1 than structurally similar iron(0) complexes bearing a bipyridine or a 

phosphinomethyl(bipyridine) ligand.4,8  

 
Fegure 1-3. Molecular structures of 2a (a), 2b (b), 4a (c), and 3b (d). Hydrogen atoms are omitted for clarity excepted Fe–H 

(H1 and H2) in 3b and 4a. 

 
Scheme 1-7. The synthesis of 5a. 

 
Fegure 1-4. Molecular structure of 5a. Hydrogen atoms are omitted for clarity. 
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Complexes 2a, 2b, and 5a adopted a square-pyramidal geometry [τ = 0.099 (2a), 0.143 (2b), and 0.143 

(4a)],7 in which the N2 or CO ligands were located at the axial position. The core structure around the Fe atom was 

comparable to those of previously reported iron(0) analogous complexes (Figure 1-2).9 The bond lengths of N–N 

bonds in 2a and 2b of 1.135(4) and 1.134(6) Å are in the range of normal N–N triple bond lengths. The 

phenanthroline ligands were reported to act as redox-active ligands and exhibit shortened C11–C12 and elongated 

N–C11/C12 bond lengths in their reduced form.9 Indeed, the C11–C12 bonds in 2a, 2b, and 5a (1.390–1.396 Å) 

were slightly shorter than those in Fe(II) complexes 1a and 1b (1.41–1.44 Å), whereas N–C11/C12 bonds were 

slightly longer in 2a, 2b, and 5a (1.382–1.391 Å) than in 1a and 1b (1.354–1.367 Å) (Table 1). Thus, the occurrence 

of the electron transfer from the Fe(0) atom to the PNNP-R ligand was indicated in 2a, 2b, and 5a. 

Table 1 Selected bond lengths and angles of 1a, 1b, 2a, 2b, 3b, 5a, and 6a 

 

Complex C12–C13 N2–C12 N1–C13 

1a 1.438(2) 1.364(2) 1.360(2) 

1b 1.426(9) 1.354(8) 1.367(8) 

2a 1.392(4) 1.382(3) 1.387(3) 

2b 1.390 (av.) 1.387 (av.) 1.384(av.) 

3b 1.379(5) 1.382(4) 1.377(4) 

5a 1.390(4) 1.375(4) 1.384(4) 

6a 1.407(5) 1.387(4) 1.381(4) 

 
Figure 1-5. The fragment of silane complex. (a)  donation from the occipied Si–H donated to metal center (b)  back-donation 

from the metal center to empty Si–H on orbital. 
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Interestingly, 2a also underwent the ligand exchange with PhSiH3 to form the Fe(0) silane complex 6a as 

the sole product in 76% yield (Scheme 1-8). Hydrosilanes are known to form the corresponding silane complexes, 

which are recongnized as a precursor towards the oxidative addition reaction of hydrosilanes.10 The silane 

complexes are generally stabilized by two interactions. One is the  donation from occupied Si–H bond to the metal 

center and the other is  back-donation from the metal center to empty * orbital of the Si–H bond (Figure 1-5). As 

discussed above, complexes 2a and 5a were stabilized by  back-donation from the iron(0) center to N2 or CO, it 

was therefore assumed that the Si–H bond in 6a also underwent -back-donation from the iron(0) metal to some 

extent. In the 1H NMR spectrum, the agostic Si–H signal was observed in a high-field region, δ = –8.06 ppm as a 

triplet (2JPH = 36.8 Hz) and SiH2 protons are equivalently observed at δ = 4.75 ppm as a singlet signal. The silyl 

signal was observed at δ = 12.2 ppm in the 29Si{1H} NMR spectrum. The CH2 moieties in the PNNP-Ph ligand 

exhibits diastereotopic two doublet signals at δ = 4.26 and 3.81 ppm with the geminal coupling of 63.8 Hz.  

 

Scheme 1-8. Synthesis of 6a. 

 
Figure 1-6. ORTEP diagram of 6a with 50% probability ellipsoids. Selected bond lengths (Å) and bond angles (°): Fe1–N1 1.928(2), Fe1–N2 1.917(2), 

Fe1–P1 2.2032(9), Fe1–P2 2.1629(9), Fe1–Si1 2.2926(10), Fe1–H1 1.51(4), Si1–H1 1.71(3), Si1–H2 1.47(4), Si1–H2 1.31(3), N1–Fe1–N2 81.71(10), 

P1–Fe1–P2 103.75(3), N1–Fe1–Si1 99.70(8), N2–Fe–Si1 87.28(8), P1–C14–Si1 125.71(4), P2–C14–Si1 95.38(4). 
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 X-ray diffraction studies revealed a highly distorted squarepyramidal structure of 6a (τ = 0.11) (Figure 1-

6). The agnostic proton H1, which was determined by difference Fourier synthesis, located at the bridging position 

between the Si and the Fe atoms. The Si1–H1 bond length was slightly elongated (1.711 Å) compared to normal 

Si–H single bonds. In addition, the P1–Fe1–Si1 angle was 125.71(4), which was significantly larger than P2–Fe1–

Si1 angle of 95.38(4). Thus, the agostic coordination mode of the Si1–H1 moiety was also evidensed.10 The C11–

C12 and N–C11/C12 bond lengths exhibit similar values to those in 2a, 2b, and 5a, again indicating the electron 

transfer from the Fe(0) centre to the PNNP-Ph ligand in 6a. 

 

Conclusion 

In summary, the PNNP-R ligands with strong σ-donating ability successfully enabled us to isolate various iron 

complexes as stable low-spin species. Notably, efficient hydride reduction of iron(II) complexes to reactive iron(0) 

complexes 2a and 2b was demonstrated to support the formation of dihydrido complexes 3a and 3b as intermediates. 

It was also confirmed that 3b underwent the reductive elimination reaction of H2, which possibly initiated with the 

dissociation of the phosphine side-arm of the PNNP-Cy ligand. Thus, the hemilabile behavior of the PNNP-R 

ligands was suggested. In addition, the nitrogen coordinated to the iron(0) metal in 2a and 2b was replaced by 

various ligands such as CO and hydrosilane to give the corresponding iron(0) complexes 5a and 6a. The agnostic 

Si–H bond in 6a was confirmed by both NMR and X-ray structural analysis, which support the efficient activation 

of Si–H bond by π back-donation from the Fe(0) center. 

 

Experimental section 

General considerations 

All experiments were performed under a nitrogen atmosphere using Schlenk techniques or a glove box unless 

otherwise noted. n-Hexane, tetrahydrofuran, toluene and dichloromethane were purified by a solvent purification 

system (MBraun SPS-800 or a Glass Contour Ultimate Solvent System). C6D6 was dried over sodium benzophenone 



19 

 

ketyl and distilled. CD2Cl2 was dried over CaH2 and distilled. Neocuproine was recrystallized by C6H6 from 

neocuproine hemihydrate. All other reagents were purchased from commercial suppliers and used without further 

purification unless otherwise noted. 1H, 13C{1H}, 29Si{1H}, and 31P{1H} NMR spectra (1H, 600 MHz; 13C, 150 

MHz; 29Si, 119 MHz; 31P, 243 MHz) were recorded on a Bruker AVANCE III HD 600 spectrometer. Chemical shifts 

are reported in δ (ppm) and referenced to the residual solvent signals for 1H and 13C, 1,4-bis(trimethylsilyl)benzene 

for 29Si, and 85% H3PO4 as an external standard for 31P. The highresolution ESI mass spectra were obtained on a 

Bruker microTOF II. Column chromatography was performed with silica gel (Kanto Chemical CO., INC. Silica gel 

60 N, 100–210 μm). 

 

Synthesis of 2,9-bis((diphenylphosphino)methyl)-1,10 phenan-throline (PNNP-Ph) 

PNNP-Ph was prepared according to the modified procedure of the reported mehod.6a To a THF solution of Neocuproine 

(0.500 mg, 2.4 mmol), was added a THF solution of LDA (1 M in THF, 14.4 ml, 9.84 mmol) at –30 °C. PPh2Cl (1.05 g, 

4.81 mmol) was added to the solution at 0 °C and the solution was slowly warmed to room temperature and stirred 

overnight. The solution was quenched with H2O (0.5 mL) and stirred for 1 h. After removal of solvent in vacuo, the 

residue was dissolved in CH2Cl2 (10 mL) and washed with H2O (5 mL). The organic layer was corrected, dried over 

Na2SO4 and filtered. After evaporation, the residue was dissolved in CH2Cl2 (10 mL) and subjected to silica gel column 

chromatography (THF/hexane = 1/1). Crystallization of the obtained orange solid from CH2Cl2/Et2O (1:50 v/v) afforded 

PNNP-Ph as a white crystalline solid (1.24 g, 82.4 %). 1H NMR (600 MHz, C6D6):  7.67 (t, 8H, J = 16.2 Hz, PPh-H), 

7.40 (d, 2H, J = 8.16 Hz, Phen-H), 7.14-7.11 (m, 10H, Ar-H), 7.07 (d, 2H, J = 8.16 Hz, Phen-H), 7.04 (t, 4H, J = 7.85 Hz, 

PPh-H), 4.00 (s, 4H, PCH2) ppm. 13C{1H} NMR (150 MHz, C6D6):  159.05 (d, 2JP = 8.7 Hz), 146.6, 139.7, 135.7, 133.7 

(1JP = 18.7 Hz), 128.8, 128.7, 128.7, 128.2, 125.6, 123.3, 123.2, 40.4 (1JP = 17.9 Hz) ppm. 31P{1H} NMR (243 MHz, 

C6D6):  –10.2 ppm. 

Synthesis of 2,9-bis((dicyclohexylphosphino)methyl)-1,10 phenan-throline (PNNP-Cy) 
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PNNP-Cy (1.31 g, 2.18 mmol, 78.0 %) was prepared following the same procedure of PNNP-Ph using Neocuproine 

(0.600 g, 2.8 mmol), LDA (1 M in THF, 11.5 ml, 11.5 mmol) and PClCy2 (1.34 g, 5.8 mmol). 1H NMR (600 MHz, C6D6): 

 7.62 (d, 2H, J = 8.22, Phen-H), 7.57 (d, 2H, J = 8.28, Phen-H), 7.26 (s, 2H, Phen-H), 3.44 (s, 4H, PCH2), 1.94-1.92 (m, 

8H, Cy-H), 1.80-1.70 (m, 12H, Cy-H), 1.62-1.61 (m, 4H, Cy-H), 1.46 (qt, 4H, J = 12.30, 7.23, Cy-H), 1.33-1.16 (m, 16H, 

Cy-H) ppm. 13C{1H} NMR (150 MHz, C6D6):  161.7 (d, 2JP = 9.9 Hz), 146.5, 135.7, 127.1, 125.5, 123.5 (d, 3JP = 7.3), 

34.2 (d, 1JP = 16.2 Hz), 33.8 (d, 1JP = 23.1 Hz), 30.5 (d, 2JP = 14.3 Hz), 29.6 (d, 3JP = 9.1 Hz), 27.8 (d, 2JP = 17.6 Hz), 

27.7, 27.0 ppm. 31P{1H} NMR (243 MHz, C6D6):  2.6 ppm. 

Synthesis of bromodimesitylphosphine (PBrMes2) 

2,4,6-Trimethybromombenzene 0.200 g (1.01 mmol) was dissolved in 20 ml of THF was slowly added to the THF solution 

(10 ml) of magnesium 0.035 (1.50 mmol) and catalytic amount of iodine at 50 °C. The preparation of 2,4,6-trimethyphenyl 

magnesium bromide was tracked by 1H NMR and TLC. After 5 hours at 50 °C, the solution was cooled to room 

temperature. PBr3 0.130 g (0.48 mmol) in 30 ml THF solution, which was prepared another Schlenk tube, was cooled to 

–78 °C and slowly transferred the 2,4,6-Trimethyphenyl magnesium bromide solution by cannular and stirred from –

78 °C to room temperature overnight. Removal of the solvent in vacuo, 50 ml of hexane were added and the solution was 

passed through celite. Concentrate of the solvent to 2 ml, the solution was stood on –40 C and the colorless crystals of 

PClMes2 were obtained. 1H NMR (600 MHz, C6D6):  6.59 (d, J = 3.06 Hz, 4H), 2.38 (4JP, J = 2.40 Hz, 12H), 2.00 (s, 

6H) ppm. 13C{1H} NMR (150 MHz, C6D6):  197.8 (d, 1JP = 13.4 Hz), 190.7, 153.3, 120.3, 74.8 (d, 3JP = 1.4 Hz), 62.0 

ppm. 31P{1H} NMR (243 MHz, C6D6):  74.9 ppm. 

Synthesis of 2,9-bis((dimesityllphosphino)methyl)-1,10 phenan-throline (PNNP-Mes) 

PNNP-Cy (1.31 g, 2.18 mmol, 78.0 %) was prepared following the same procedure of PNNP-Ph using Neocuproine 

(0.600 g, 2.8 mmol), LDA (1 M in THF, 11.5 ml, 11.5 mmol) and PBrMes2 (1.34 g, 5.8 mmol). 1H NMR (600 MHz, 

C6D6):  7.40 (d, J = 8.16, 2H), 6.74 (dd, J = 8.1, 1.23, 2H), 6.62 (d, J = 2.28, 2H), 4.43 (s, 4H), 2.22 (s, 12H), 2.04 (s, 

6H) ppm. 13C{1H} NMR (150 MHz, C6D6):  161.7 (d, 2JP = 9.9 Hz), 146.5, 135.7, 127.1, 125.5, 123.5 (d, 3JP = 7.3), 34.2 
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(d, 1JP = 16.2 Hz), 33.8 (d, 1JP = 23.1 Hz), 30.5 (d, 2JP = 14.3 Hz), 29.6 (d, 3JP = 9.1 Hz), 27.8 (d, 2JP = 17.6 Hz), 27.7, 

27.0 ppm. 31P{1H} NMR (243 MHz, C6D6):  2.6 ppm. 

Synthesis of [FeCl2(PNNP-Ph)] (1a)  

A Schlenk tube equipped with a Teflon valve was charged with a THF solution (10 mL) of PNNP-Ph (0.200 g, 0.34 mmol) 

and FeCl2 (0.045 g, 0.35 mmol). The solution was stirred at 60 °C overnight. Cooling to room temperature, the red solids 

were filtered and evaporated. The residue was extracted with CH2Cl2 to obtain red solution and dried in vacuo to give 1a 

as a red solid (0.201 g, 82.3%). Single crystal of 1a was obtained from a cold CH2Cl2/Et2O solution. 1H NMR (600 MHz, 

CD2Cl2):  51.42 (br), 24.81 (br), 15.53 (br), 11.11 (br), 7.32 (s), 4.96 (br), 2.67 (br), –8.89 (br). 

Anal. Calcd for C38H30Cl2FeN2P2: C 64.89; H 4.30; N 3.98%. Found: C 64.91; H 4.48; N 4.07%. 

Synthesis of [FeBr2(PNNP-Ph)] (1a-Br)  

A Schlenk tube equipped with a Teflon valve was charged with a THF solution (10 mL) of PNNP-Ph (0.100 g, 0.17 mmol) 

and FeBr2 (0.038 g, 0.18 mmol). The solution was stirred at 60 °C overnight. Cooling to room temperature, the red solids 

were filtered and evaporated. The residue was extracted with CH2Cl2 to obtain blue solution and dried in vacuo to give 

1a-Br as a red solid (0.201 g, 82.3%). Single crystal of 1a was obtained from a cold CH2Cl2/Et2O solution. 1H NMR (600 

MHz, CD2Cl2):  51.42 (br), 24.81 (br), 15.53 (br), 11.11 (br), 7.32 (s), 4.96 (br), 2.67 (br), –8.89 (br). 

Synthesis of [FeBr2(PNNP-Cy)] (1b)6d 

Complex 1b was synthesized by modified procedure of the previous report.6d A Schlenk tube equipped with a Teflon valve 

was charged with a THF solution (10 mL) of PNNP-Cy (0.500 g, 0.83 mmol) and FeBr2 (0.180 g, 0.84 mmol). The 

solution was stirred at room temperature overnight. Removal of the volatiles, and the residue was washed with toluene 

(10 ml × 3) and dried. The resulting red solids were extracted with THF and filtered. Volatile were removed to give 1b as 

a red solid (0.598 g, 88.1%). Single crystal of 1b was obtained from CH2Cl2/Et2O solution at room temperature. 1H NMR 

(600 MHz, CD2Cl2):  64.12 (br), 30.81 (br), 26.80 (br), 9.93 (br), 8.72 (br), 7.46 (s), 7.35 (s), 4.91 (br), 1.90-0.82 (m), –

12.81 (br) ppm. 
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Synthesis of [FeCl2(PNNP-Mes)] (1c) 

1c was prepared following the same procedure of 1b using PNNP-Mes (0.500 g, 0.71 mmol), FeCl2 (0.091 g, 0.72 mmol). 

Single crystal of 1c was obtained from CH2Cl2/Et2O solution at room temperature from complex mixture. However, 1c 

couldn’t be isolated from the complex mixture. 

Synthesis of [Fe(PNNP-Ph)]2(-N2) (2a) with (4a) 

1a (0.5 mg, 7.1 mol) was suspended in C6D6 (0.4 mL) and NaBEt3H (1 M in THF, 86 l, 86 mol) was added. The 

resulting deep red solution was filtered and measured 1H and 31P NMR spectra to confirm the quantitative formation of 

2a as a sole product. Alternatively, preparation of a single crystal of 2a is as follows. To a THF suspension (5 mL) of 1a 

(0.030 g, 43 mol), was added NaBEt3H (1 M in THF, 86 l, 86 mol) under N2 atmosphere. The solution was stirred at 

room temperature for 30 minutes and filtered. After adding hexane (5 ml), the solution was kept at –40 °C for 2 days to 

give 2a and 4b as deep red crystals, which easily decompose at room temperature. 1H NMR (600 MHz, C6D6):  7.51 (d, 

2H, J = 6.72 Hz, Phen-H), 7.37 (d, 2H, J = 6.28 Hz, Phen-H), 7.23 (s, 2H, Phen-H), 6.94 (t, 2H, J = 6.78 Hz, PPh-H), 

6.61-6.66 (m, 8H, PPh-H), 6.57 (t, 2H, J = 13.7 Hz, PPh-H), 6.41-6.38 (br, 8H, PPh-H), 4.27 (d, 2H, J = 15.61 Hz, PCH2), 

4.16 (d, 2H, J = 14.58 Hz, PCH2) ppm. 31P{1H} NMR (243 MHz, C6D6):  93.0 ppm. 13C NMR spectrum of 2a was 

obscured due to the significant overlap with NaBEt3H/THF signals.  

Synthesis of [Fe(PNNP-Cy)]2(-N2) (2b) 

2b was prepared following the same procedure of 2a. 1H NMR (600 MHz, C6D6):  7.61 (d, 2H, J = 6.48 Hz, Phen-H), 

7.50 (d, 2H, J = 5.30 Hz, Phen-H), 7.16 (s, 2H, Phen-H), 3.68 (d, 2H, J = 14.71 Hz, PCH2), 3.41 (d, 2H, J = 15.03 Hz, 

PCH2), 1.90-0.31 (44H, PCy-H) ppm. 31P{1H} NMR (243 MHz, C6D6):  94.1 ppm. 13C NMR spectrum of 2b was 

obscured due to the significant overlap with NaBEt3H/THF signals. 

Synthesis of [Fe(H)2(PNNP-Cy)] (3b) 

To C6H6 suspension (5 mL) of 1b (0.030 g, 37 mol), was added NaBEt3H (1 M in THF, 74 l, 74 mol) under N2 

atmosphere. The solution was stirred at room temperature for 30 minutes and filtered. Removal of the solvent gave 3b as 
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a green solid. (0.0201 mg, 31 mol, 82.4%). 3b was crystallized from THF/n-hexane in –40 °C for 1 day to form green 

block crystals.  1H NMR (600 MHz, C6D6):  7.36 (s, 2H, Phen-H), 7.32 (d, 2H, J = 7.32 Hz, Phen-H), 7.16 (d, H, J = 

7.31 Hz, Phen-H), 3.63-3.62 (m, 4H, PCH2), 2.26 (d, 4H, J = 7.26 PCH), 1.87-1.64 (m, 24H, PCy-H), 1.37-1.16 (m, 16H, 

PCy-H), –8.45 ppm (t, 2H, 2JP = 68.9 Hz, FeH2) ppm. 31P{1H} NMR (243 MHz, C6D6):  93.0 ppm. Complex 3b easily 

decompose and its elemental analysis was not available. 

Synthesis of [Fe(PNNP-Ph)(CO)] (5a) 

In a Schlenk tube, 2a was in situ generated by the reaction of 1a (0.050 g, 0.071 mmol) with 2 equiv of NaBEt3H (1 M in 

THF, 86 l, 86 mol). After freeze-thaw-pump cycles (×3), CO (1 atm) was introduced into the reaction vessel. After 

stirring at room temperature for 30 minutes, all the volatiles were evaporated. The residue was dissolved in C6H6 (5 mL) 

and filtered with an alumina pad. After evaporation, 5a was obtained as a deep green solid (0.038 g, 82.2%). Single 

crystals of 5a was obtained from cold THF/hexane solution. 1H NMR (600 MHz, C6D6):  7.60-7.51 (m, 8H, PPh-H), 

7.15-7.12 (m, 10H, Phen-H + PPh-H), 6.84 (d, 2H, J = 6.84 Hz, Phen-H), 6.78-6.76 (m, 4H, PPh-H), 6.65 (t, 2H, J = 7.02 

Hz, Phen-H), 6.49 (t, J = 7.62 Hz, PPh-H), 4.32 (d, 2H, J = 14.58 Hz, PCH2), 4.08-4.03 (m, 2H, PCH2) ppm. 13C{1H} 

NMR (150 MHz, C6D6):  216.3, 156.4, 139.3, 139.0, 132.7, 130.8, 130.5, 129.2, 125.8, 117.5, 112.1, 46.5 ppm. 31P{1H} 

NMR (243 MHz, C6D6):  108.6 ppm. IR (ATR) CO 1866 cm–1. Anal. Calcd for C39H30FeN2OP2: C 70.92; H 4.58; N 

4.24%. Found: C 70.99; H 4.69; N 4.07% 

Synthesis of [Fe(2-HSiH2Ph)(PNNP-Ph)] (6a) 

To a THF suspension of 1a (0.030 g, 43 mol) (3 mL), was added NaBEt3H (1 M in THF, 86 l, 86 mol) at room 

temperature. The mixture was stirred for 30 minutes, added phenylsilane (18.4 mg, 171 mol), and further stirred for 30 

minutes at the temperature. The solution was concentrated to dryness under vacuum, and the resulting solid was washed 

by hexane (1 mL × 3) and dried. The resulting compound was extracted with C6H6 and filtered. After evaporation, 6a was 

obtained as a black solid (0.024 g, 76 %). 6a was crystallized from cold Et2O/n-hexane to form block crystals. 1H NMR 

(600 MHz, C6D6):   7.54 (br, 4H, PPh-H), 7.20 (s, 2H, Phen-H), 7.13-7.05 (m, 8H, Ar-H), 6.93 (d, 2H, J = 7.26 Hz, 
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Phen-H), 6.83 (t, 1H, J = 7.26, SiPh), 6.71-6.69 (m, 6H, Ar-H), 6.61 (t, J = 7.32 Hz, 2H), 6.51-6.49 (m, 6H), 4.75 (s, 2H, 

SiH2), 4.26 (d, 2H, J = 15.84 Hz, PCH2), 3.81 (dt, 2H, J = 16.5, 5.28 Hz, PCH2), –8.06 ppm (t, 1H, J = 36.8Hz, agostic-

H). 13C{1H} NMR (150 MHz, C6D6):  155.9, 140.8, 140.6, 133.1, 132.9, 132.8, 131.3, 131.2, 129.5, 128.3, 126.7, 126.0, 

118.8, 114.6, 47.1 ppm. 31P{1H} NMR (243 MHz, C6D6):  106.22 ppm.29Si{1H} NMR (119 MHz, C6D6):  12.2 ppm.  

Complex 5a easily decompose via PhSiH3 dissociation even at –35 °C and elementary analysis is not available. 
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Single crystal X-ray diffraction studies.  

The single crystal X-ray diffraction measurements of 1a, 1a-Br, 1b, 1c, 2a, 2b, 3b, 4a, 5a, and 6a was performed 

under a cold nitrogen stream on a Rigaku XtaLAB P200 diffractometer with a Pilatus 200K detector using multi-

layer mirrore monochromated Mo Kα radiation. The determination of crystal systems and unit cell parameters and 

data processing were performed with the CrystalClear program package. The data sets were corrected for Lorentz 

and polarzation effects and absorption. The structure was solved by direct methods using SIR2014 program,11 and 

refined by full-matrix least squares calculations on F2 for all reflections (SHELXL-2014/7),12 using Yadokari-XG 

2009.13 

Table S1 Crystallographic data of 1a, 1a-Br, 1b, and 1c. 

  1a 1a-Br 1b 1c 

Empyrical formula C38H30Cl2FeN2P2 C38H30Br2FeN2P2 C38H54Br2FeN2P2 C50H54Cl2FeN2P2‧2CH2Cl2 

Formula weight 703.33 792.25 816.42 1041.49 

Temperature/K 93(2)  93(2) 93(2) 

Crystal system monoclinic monoclinic monoclinic triclinic 

Space group P21/c P21/c P21/c P-1 

a / Å 12.0414(19) 12.0261(16) 18.299(5) 12.159(4) 

b / Å 20.358(3) 20.692(3) 14.140(4) 14.945(4) 

c / Å 14.058(2) 14.078(2) 15.178(5) 15.574(5) 

 / ° 90 90 90 91.656(7) 

 / ° 107.348(3) 106.737(3) 107.351(7) 112.751(7) 

 / ° 90 60 90 99.027(4) 

Volume / Å3 3289.4(9) 3354.8(8) 374.6(19) 2565.0(14) 

Z 4 4 4 2 

R1 / % 0.029 0.0607 0.0744 0.0943 

wR2 / % 0.0644 0.1650 0.189 0.2563 

GOF 1.028 1.032 1.107 1.050 
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Table S2 Crystallographic data of 2a, 2b, and 3b 

  2a 2b 3b 

Empirical formula C38H30FeN3P2‧0.5C4H8O 2C38H54FeN3P2‧C6H14 C40H34FeN3OP2 

Formula weight 690.49 1427.44 658.63 

Temperature/K 93(2) 93(2) 93(2) 

Crystal system triclinic monoclinic Ortho 

Space group P-1 P2/n Pna21 

a / Å 9.785(2) 26.075(4) 15.1645(19) 

b / Å 12.336(2) 10.1672(15) 13.1906(19) 

c / Å 14.142(3) 28.018(4) 16.823(2) 

 / ° 92.154(4) 90 90 

 / ° 103.057(5) 93.366(3) 90 

 / ° 101.480 (5) 90 90 

Volume / Å3 1623.5(6) 7415.0(19) 3365.1(8) 

Z 2 4 4 

R1 / % 0.0507 0.0771 0.0338 

wR2 / % 0.104 0.1849 0.0802 

GOF 1.063 1.128 1.022 

Table S3 Crystallographic data of 4a, 5a, and 6a 

  4a 5a 6a 

Empirical formula C38H31ClFeN2P2‧3C4H8O C39H30FeN2OP2 C44H38FeN2P2Si 

Formula weight 885.20 660.44 740.64 

Temperature/K 93(2) 93(2) 93(2) 

Crystal system triclinic triclinic triclinic 

Space group P-1 P-1 P-1 

a / Å 12.3072(17) 9.8699 (9) 96.735(9) 

b / Å 13.6666(19) 10.7795(13) 12.1191(8) 

c / Å 14.0043(15) 16.578(2) 17.8980(18) 

 / ° 78.215(11) 82.081(11) 70.273(16) 

 / ° 73.196(8) 75.1840(10) 74.867(16) 

 / ° 88.020(12) 65.260(8) 67.391(14) 

Volume / Å3 2206.6(5) 1547.7(3) 1802.4(4) 

Z 2 2 2 

R1 / % 0.0891 0.0519 0.0576 

wR2 / % 0.1744 0.1322 0.1111 

GOF 1.082 1.07 1.672 
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Chapter 2 

Metal-Ligand Cooperation of the PNNP-Iron System 

 

 

Abstract 

Iron(II) dichloride coordinated with a phenanthroline-based meridional PNNP-Ph ligand [FeCl2(PNNP-Ph)] (1) 

underwent deprotonation upon treatment with tBuONa to afford the corresponding iron(II) complex 2, which bears 

a deprotonated PNNP-Ph ligand with one dearomatized pyridine ring. Single-crystal X-ray diffraction analysis 

supported the contribution of the charge delocalization both on the ligand and the iron metal in the structure of 2. 

Complex 2 further reacted with tBuOH in the presence of AgBF4 in MeCN to form dicationic complex with PNNP-

Ph ligand [Fe(MeCN)2(PNNP-Ph)]2+(BF4
–) (5). The result upported the rearomatization of the pyridine ring via O–

H bond cleavage. 
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Introduction 

Metal–ligand cooperation (MLC) processes are known as the key step in the activation of various chemical bonds.1 

MLC processes that involve aromatization-dearomatization sequences in acridine- and pyridine-based meridional 

PNP and PNN pincer ligands2 are particularly applicable to various reactions such as H–H,3 O–H,4 or N–H5 bond 

cleavage reactions (Scheme 2-1), catalytic hydrogenations,6 and others.7 

 

Scheme 2-1. Bond cleavage by MLC of a PNP pincer system.  

Recently, Milstein8a and Saito8b,8c have independently reported the application of tetradentate PNNP-R 

ligands as the next generation of rigid meridional ligand systems. The significant progress has been made by 

Milstein’s group; i.e. they successfully demonstrated a new mode of MLC in PNNP-R-Ru complexes, which 

included the reversible hydrogenation of the conjugated phenanthroline backbone. In this context, the author 

prepared a series of iron complexes bearing PNNP-R ligands as duscussed in chapter 1. It was revealed that the 

strong donating ability of the PNNP-R ligand efficiently stabilizes iron complexes with a low-spin state. With the 

prepared diamagnetic PNNP-R-iron complexes in hands, the author next set out to expand the concept of MLC to 

the PNNP-iron complexes. It is expected that the stabilized low spin iron complex system can be easily handled and 

analyzed and thus enable us to precisely modulate the iron reaction sphere. In this chapter, novel iron complexes 

bearing a deprotonated PNNP ligand were synthesized.  

 

Results and discussion 

 
Scheme 2-2. The reaction of 1 with 2 equiv of NaOtBu. 
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 In an attempt to synthesize an iron complex with the dearomatized PNNP-Ph ligand, the deprotonation of 

1 did not proceed using organic amines NEt3 or DBU. Complex 1 reacted with a stronger base NaOtBu at –78 °C 

to afford 2 as a major product (65% using 2 equiv of NaOtBu) and 86% (using 1 equiv of NaOtBu) as well as several 

by-products including 3 and paramagnetic species (Scheme 2-2, Figure 2-1). It was confirmed that 2 did not react 

further with NaOtBu. Thus, it is likely that 3 was obtained as a by-product in the formation of 2. 

 
Figure 2-1. Molecular structures of 2 (a) and 3 (b) with 50% probability ellipsoids. Selected bond lengths (Å) and bond angles (°) of 

2: C1–C2 1.380(6), C11–C14 1.501(6), C2–N1 1.387(6), C11–N2 1.324(6), Fe1–N1 2.180(3), Fe1–N2 2.080(3), Fe1–P1 2.5015(14), 

Fe1–P2 2.5314(15), C1–P1 1.773(5), C14–P2 1.844(5), Fe1–Cl1 2.2854(14), P1–C1–C2 119.1(4), P2–C14–C11 109.8(3). Selected 

bond lengths (Å) and bond angles (°) of 3: C1–C2 1.374(5), C11–C14 1.507(4), C2–N1 1.391(4), C11–N2 1.333(4), Fe1–N1 2.109(3), 

Fe1–N2 2.186(3), Fe1–P1 2.4927(1), Fe1–P2 2.5073(9), C1–P1 1.756(4), C14–P2 1.850(3), Fe1–O1 1.865(2), P1–C1–C2 117.8(3), 

P2–C14–C11 109.9(2). 

As mentioned above, several by-products were obtained in the reaction. These products exhibited similar 

solubility towards organic solvents as 2. Although the reaction product was tried to isolate by recrystallized and 

purify by column chromatography, separation of 2 from the reaction mixture was unsuccessful. On the other hand, 

3 was occasionally obtained as a single crystal during crystallization of the reaction mixture, and its structure was 

determined by single-crystal diffraction analysis (vide infra).  

The author therefore examined the alternative synthetic route to afford complex 2 predominantly. First, 

selective deprotonation at the benzylic position of PNNP-Ph was performed by the treatment of PNNP-Ph with 

nBuLi at –78 °C, resulting in the formation of dearomatized-PNNP’-coordinated lithium compound 4 in 71% yield 

(Scheme 2-3, Figure 2-2). The reaction similarly proceeded when (CH3)3SiCH2Li was used, as previously reported.9 
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Complex 4 was fully identified by 1H and 31P NMR. The distorted square planar structure of 4, which possesses a 

coordinated Et2O molecule, was confirmed by single-crystal X-ray diffraction analysis. Reaction of 4 with FeCl2 

proceeded smoothly in THF at room temperature to give 2 in 76% yield (Scheme 3). 

  

Scheme 2-2. The selective synthesis of 2. 

 
Figure 2-2. Molecular structure of 4 with 50% probability ellipsoids. Selected bond lengths (Å) and bond angles (°): C1–C2 1.380(3), 

C11–C14 1.501(3), C2–N1 1.333(3), C11–N2 1.383(5), Li1–N1 1.989(4), Li1–N2 2.080(3), Li1–P1 2.884(4), C1–P1 1.775(3), C14–

P2 1.865(2), Li1–O1 2.015(4), P1–C1–C2 122.57(2), P2–C14–C11 113.11(2). 

In the 1H NMR spectrum of 2, the benzylic protons exhibit two doublets ( 3.80, 3.90 ppm, 2JHH = 18 Hz). 

The methine proton is observed at  4.34 ppm as a broad singlet. The phenanthroline backbone exhibits six doublets. 

Thus, the anionic ligand system, which has one dearomatized heterocycle, is supported in 2. Consistently, the 31P 

NMR of 2 exhibits two broad signals at  42.1 ppm and –18.7 ppm. Since one of the 31P NMR signals appears in 

the typical region of non-coordinating free phosphine ligands, which correlate with the signals at H 3.80 and 3.90, 

which located in C14, in 1H-31P HMBC NMR spectrum, dissociation of the phosphinomethyl-side-arm in 2 is 

indicated in solution. Variable temperature 31P NMR study revealed that the two phosphorus signals become sharp 



33 

 

singlets at the same chemical shift value at –20 °C. The observation indicates the fluxional behavior of the side-

arms in 2. The observation is sharp contrast from the analogous Ru complex, [Ru(H)(PNNP-tBu–H)], in which both 

side-arms coordinated to the Ru to exhibit two doublets at ambient temperature.8a 

The structures of 2 and 3 were confirmed by X-ray diffraction analysis. Complexes 2 and 3 adopt a square 

pyramidal molecular geometry, in which the Cl or OtBu ligands are located at the axial positions. The bond lengths 

around the iron center of 2 and 3 are in a typical value range for structurally similar iron(II) complexes with a low 

spin state.3a,6c,6e,10 The backbone structures of 2 and 3 are almost identical to that of 4 (Table S1). The C1–C2 bond 

lengths are 1.380(6) Å (2) and 1.374(5) Å (3), which are shorter than that of C11–C14 (1.501(6) Å for 2 and 1.507(4) 

Å for 3), hence supporting the double bond character of the C1–C2 bond. Associated with this, the C1–C3 (1.454(6) 

Å for 2 and 1.440(5) Å for 3) and C2–N1 (1.387(6) Å for 2 and 1.391(4) Å for 3) are slightly elongated compared 

with the C10–C11 (1.413(6) Å for 2 and 1.398(4) Å for 3) and C11–N2 (1.324(6) Å for 2 and 1.333(4) Å for 3) 

bonds. Such a structural deviation of the deprotonated PNNP ligand backbone from the normal pyridine ring is also 

observed in the PNN and PNP systems.6e,7e,8a,10,11 The C1–P1 bond lengths are 1.773(5) (2) and 1.756(4) (3) Å, 

which are significantly shorter than the C14–P2 single bonds, 1.844(5) (2) and 1.850(3) (3). The results are 

consistent with the contribution of charge delocalization in one of the metallacycles, which contains P1, C1, C2, 

and N2 atoms (Scheme 4).  

 

Figure 3. Resonance structure of 1. 

To shed light on the electronic structure of 2, the DFT calculation was performed. The NAO analysis of 

2 and the free PNNP-Ph ligand did not show significant difference between the two compounds. On the other hand, 

Mayer bond index of the C1–C2 bond slightly increases after the coordination of the iron atom; i.e. the bond index 

values of C1–C2 are 1.42 (PNNP-Ph) and 1.50 (2). On the other hand, the bond index of N1–C2 of PNNP-Ph (1.12) 



34 

 

decreased to 0.96 in 2. These observations also supported the contribution of the resonance structure of 2 suggested 

in Scheme 4. 

 

Scheme 2-3. The rearomatized reaction of 2. 

  

Figure 2-3. Molecular structure of 5 with 50% probability ellipsoids. Selected bond lengths (Å) and bond angles (°): C1–C2 1.380(3), 

C11–C14 1.501(3), C2–N1 1.333(3), C11–N2 1.383(5), Li1–N1 1.989(4), Li1–N2 2.080(3), Li1–P1 2.884(4), C1–P1 1.775(3), C14–

P2 1.865(2), Li1–O1 2.015(4), P1–C1–C2 122.57(2), P2–C14–C11 113.11(2). 

Next, the author commenced investigations into the reactivity of 2. The author found that complex 2 did not react 

with either H2O or alcohols. On the other hand, preliminary experiments showed that the reaction of 2 with iPrOH 

proceeded in the presence of AgBF4 as an additive, leading to the formation of complicated reaction mixture 

containing dicationic complex [Fe(CH3CN)2(PNNP-Ph)]2+(BF4
–)2 (5) (18%) as well as insoluble solid compounds 

(Scheme 5, Figure 2-3). Complex 5 was identified by comparing its NMR spectra of alternatively prepared 5 by the 
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reaction of 1 with 2 equiv of AgBF4 in acetonitrile. It is likely that iPrO–H bond cleavage proceed by the 

combination of 2/AgBF4 to tentatively form [Fe(OiPr)(PNNP)]+(BF4
–), which successfully undergoes ligand 

disproportionation to form 5. 

 

Conclusion 

In summary, the author have synthesized and characterized the iron complexes 2 and 3 bearing a dearomatized 

PNNP-Ph ligand via deprotonation of the corresponding PNNP-Ph-iron complex. These are, to our knowledge, the 

first example of a structurally characterized iron complex featuring a deprotonated phenanthroline-based PNNP-Ph 

ligand. Preliminary reactivity investigation of 2 strongly indicates the bond-cleavage-capability, which could be 

facilitated by rearomatization of the ligand backbone. Further studies on the reaction details are currently underway 

and will be reported in due course. 

 

Experimental section 

General considerations 

All experiments were performed under nitrogen atmosphere using Schlenk techniques or a glove box unless 

otherwise noted. n-Hexane, tetrahydrofuran, benzene and dichloromethane were purified by a solvent purification 

system (MBraun SPS-800 or Glass Contour Ultimate Solvent System). Dehydrated MeCN was purchased from 

FUJIFILM Wako Pure Chemical Corporation (Super Dehydrated). C6D6 and toluene-d8 were dried over sodium 

benzophenone ketyl and distilled. CD2Cl2 was dried over CaH2 and distilled. (Trimethylsilyl)methyllithium was 

crystalized at –40 °C from (Trimethylsilyl)methyllithium solution 1.0 M in pentane. PNNP-Ph and 1 was 

synthesized by following the procedures of chapter 1. All other reagents were purchased from commercial suppliers 

and used without further purification unless otherwise noted. 1H, 13C{1H}, and 31P{1H} NMR spectra (1H, 600 MHz; 

13C, 150 MHz; 31P, 243 MHz) were recorded on a Bruker AVANCE III HD 600 spectrometer. Chemical shifts are 
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reported in  (ppm) and referenced to the residual solvent signals for 1H and 13C and 85% H3PO4 as an external 

standard for 31P. The high-resolution ESI mass spectra were obtained on a Bruker microTOF II. Infrared (IR) spectra 

were recorded with a Bruker Alpha-T ATR-FTIR Fourier Transform Infrared Spectrometer. 

 

Synthesis of 4. 

Method 1 

PNNP-Ph (0.150 g, 0.26 mmol) was dissolved in THF (10 ml) and cooled to –78 °C. nBuLi (1.55 M in THF, 

0.18 ml, 0.27 mol) was added to the solution at –78 °C, and the solution was warmed to room temperature, 

stirred overnight, and evaporated in vacuo. The resulting solid was dissolved in Et2O/Hexane solution and 

stored at –40 °C overnight to form red block crystals. Recrystallization was repeated again to give 4 (0.120 g, 

0.18 mmol, 71%). 

Method 2 

PNNP-Ph (0.150 g, 0.26 mmol) was suspended in THF 10 ml. Me3SiCH2Li (0.025 g, 2.7 mmol) was added to 

the suspension, and the mixture was stirred overnight at room temperature and evaporated in vacuo. The 

resulting solid was dissolved in Et2O/Hexane solution and stored at –40 °C overnight to form red block crystals. 

Recrystallization was repeated again to give 4 (0.133 g, 0.21 mmol, 78%). 

1H NMR (600 MHz, C6D6): δ 7.91 (t, J = 7.29 Hz, 4H), 7.42-7.38 (m, 5H), 7.17-7.15 (m, 4H), 7.10-7.06 (m, 

3H), 6.95-6.93 (m, 6H), 6.86 (dd, J = 9.10, 1.47 Hz, 1H), 6.78 (d, J = 9.12 Hz, 1H), 6.60 (t, J = 9.1 Hz, 2H), 

4.52 (d, J = 6.72 Hz, 1H), 3.43 (s, 2H), 3.26 (q, J = 6.98 Hz, Et2O), 1.10 (t, J = 6.99 Hz, Et2O) ppm.  

13C{1H} NMR (150 MHz, C6D6): δ 165.9, 152.8, 149.1, 142.7 (d, 2JP = 8.0), 142.3, 137.7, 135.9, 133.1, 132.9, 

132.8, 131.7, 129.4, 129.0 (d, 2JP = 7.6), 128.4 (d, 2JP = 7.6), 127.6, 127.3, 125.3 (d, 2JP = 9.5), 121.4, 120.2, 

111.1, 73.7 (d, 1JP = 27.7), 65.9, 37.4 (Et2O), 15.5 (Et2O) ppm.  

31P{1H} NMR (243 MHz, C6D6): δ –16.1 (quint, 1JLi = 21.5 Hz), –24.0 (quint, 1JLi = 29.0 Hz) ppm. IR (ATR): 

3049, 1613, 1578, 1518, 1478, 1433, 1405, 1381, 1325, 1302, 1139, 0193, 999, 852, 819, 739, 696 (cm–1). 

Either elementary analysis or HRMS was not available due to the instability of 4. 

 

Synthesis of 2. 

FeCl2 (0.010 g, 0.078 mmol) was suspended in THF (5 ml). To the suspension, was added 4 (0.050 g, 0.076 

mol) at room temperature, and the solution was stirred overnight and evaporated. The residue was dissolved 

in C6H6 (5 ml) and filtered. The removal of the volatiles in vacuo gave 2 as a purple solid (0.038 g, 0.058 g, 

76%). A single crystal of 2 was obtained from CH2Cl2/hexane solution at –40 °C. 



37 

 

1H NMR (600 MHz, C6D6): δ 7.28 (t, J = 7.00 Hz, 2H), 7.17-7.15 (m, 3H), 7.04-7.02 (m, 3H), 6.99-6.91 (m, 

5H), 6.89-6.81 (m, 6H), 6.71 (d, J = 8.16 Hz, 1H), 6.65 (d, J = 8.22 Hz, 1H), 6.52 (t, J = 7.05 Hz, 2H), 6.41 (t, 

J = 7.47 Hz, 2H), 6.11 (d, J = 8.11 Hz, 1H), 4.33 (s, 1H), 3.90 (d, J = 14.8 Hz, 1H), 3.80 (d, J = 14.8 Hz, 1H). 

13C{1H} NMR (150 MHz, C6D6): δ 172.9, 163.4 (d, 2JP = 12.6 Hz), 154.5, 149.4, 139.5 (d, 1JP = 13.3 Hz), 

138.1 (1JP = 13.4 Hz), 134.5 (1JP = 22.6 Hz), 132.9, 132.3, (1JP = 22.4 Hz), 131.5, 130.4, 129.7, 128.9, 127.1×2, 

126.9, 126.0, 125.6, 124.9 (2JP = 19.3 Hz), 122.0, 115.7, 114.0, 69.1, 35.7 (1JP = 16.9 Hz) ppm. Two signals of 

Ph group and three signals of the phenanthroline back-born are obscured in C6D6 signal. 31P{1H} NMR (243 

MHz, C6D6): δ 42.1 (brs, CHP), –18.7 (s, CH2P) ppm. HMBC (C6D6): P 42.1 - H 4.33, P –18.7 - H 3.80, 

3.90. IR (ATR): 3048, 2963, 1605, 1575, 1518, 1485, 1426, 1407, 1320, 1212, 1137, 1094, 1026, 864, 836, 

802, 737, 695 (cm–1). HRMS (ESI): m/z calcd for [C38H48N2P2Fe]+ (2–Cl–): 631.112 ; found 631.115. 

 

31P{1H} NMR spectrum of 2 at various temperatures in toluene-d8: 

 

 

Reaction of 1 with NaOtBu. 

Complex 1 (0.020 mg, 0.03 mmol) was suspended in THF (10 ml) and cooled to –78 °C. To this solution, THF 

solution (5 mL) of NaOtBu (0.006 g, 0.06 mmol) was slowly added at the temperature, and then the reaction 

mixture was slowly warmed to room temperature. After stirred overnight, the volatile was removed in vacuo. 

The red solid was dissolved in C6H6 (10 ml), filtered and evaporated. The volatile was removed in vacuo. The 
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1H and 31P NMR of the crude compounds supported the formation of 2 as well as unidentified products. The 

crude compound was dissolved in Et2O/hexane and allowed to stand for one week at room temperature to 

afford a crystal of 3. 

1H NMR of the crude compound: 

 

 

Reaction of 2 with iPrOH and AgBF4. 

Complex 2 (0.040 mg, 0.06 mmol) was dissolved in dehydrated MeCN (1 ml), and iPrOH (14.5 mg, 0.16 

mmol) was added to the solution. To the solution, was added a MeCN (0.5 ml) solution of AgBF4 (0.012 g, 
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0.06 mmol) at room temperature, and the solution was stirred for 1 hour. The reaction mixture was filtered and 

then concentrated to dryness under vacuum to give the complicated mixture including 5. The slow Et2O 

diffusion into the MeCN solution of the crude compounds afforded 3 as a crystalline solid (9.5 mg, 0.011 mmol, 

18%). 

 

Alternative synthesis of 5 

Complex 1 (0.030 mg, 0.04 mmol) was dissolved in MeCN (1 ml). To the solution, was added a MeCN solution 

(0.5 mL) of AgBF4 (0.018 g, 0.09 mmol) at room temperature. After the solution was stirred for 10 minutes, 

the resulting suspension was filtered, and the volatile was removed in vacuo. The resulting yellow solid was 

washed with THF (3 ml×3) and C6H6 (3 ml×3) and dissolved in CH2Cl2 (2 ml). After recrystallization by 

CH2Cl2/Et2O, 3 was obtained as yellow crystals (0.029 g, 0.3 mmol, 71%).  

1H NMR (600 MHz, CD2Cl2): δ 8.74 (d, J = 8.40 Hz, 2H), 8.37 (d, J = 8.46 Hz, 2H), 8.21 (s, 2H), 7.56 (t, J = 

7.86 Hz, 4H), 7.42-7.41 (m, 16H), 5.19 (dd, J = 4.75, 5.12, 4H), 1.27 (s, 6H). 13C{1H} NMR (150 MHz, 

CD2Cl2): δ 166.6, 149.6, 138.2, 136.5, 133.3 (t, 2JP = 5.14 Hz), 132.0, 130.7 (m), 129.7, 129.6 (t, 2JP = 9.17 

Hz), 127.1, 124.8 (t, 2JP = 5.19 Hz), 47.0, 4.47 ppm. 31P{1H} NMR (243 MHz, CD2Cl2): δ 65.7 ppm.  

1H NMR (600 MHz, CD3CN): δ 8.81 (d, J = 8.40 Hz, 2H), 8.32 (d, J = 8.40 Hz, 2H), 8.28 (s, 2H), 7.57-7.55 

(m, 4H), 7.43-7.39 (m, 16H), 5.14 (dd, J = 6.66, 4.81, 4H), 1.14 (s, 3H). 31P{1H} NMR (243 MHz, CD3CN): 

δ 66.0 ppm. IR (ATR): 3056, 2981, 2924, 1588, 1505, 1435, 1398, 1276, 1261, 1151, 1057, 1035, 865, 748, 

696, 662 (cm–1). HRMS (ESI): m/z calcd for [C42H36N4P2Fe]2+ (5–MeCN): 357.088; found 357.081. 

 

 

Single crystal X-ray diffraction studies.  

The single crystal X-ray diffraction measurements of 2-4 was performed under a cold nitrogen stream on a 

Rigaku XtaLAB P200 diffractometer with a Pilatus 200K detector using multi-layer mirror monochromated 

Mo Kα radiation. The determination of crystal systems and unit cell parameters and data processing were 

performed with the CrystalClear program package. The data sets were corrected for Lorentz and polarization 

effects and absorption. The structure was solved by direct methods using SIR2014 program,12 and refined by 

full-matrix least squares calculations on F2 for all reflections (SHELXL-2014/7)13 using Yadokari-XG 2009.14 

Crystallographic data reported in this manuscript have been deposited with Cambridge Crystallographic Data 

Centre as supplementary publication no. CCDC-000000. Copies of the data can be obtained free of charge via 

CCDC Website. 
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Table S1. Crystallographic data of 2, 3, 4, and 5. 

  2 3 4 5 

CCDC 1875798 1872788 1872789 1887630 

Empirical formula C38H29Cl1FeN2P2‧0.5CH2Cl2 C42H38FeN2OP2 C38H29LiN2OP2‧Et2O 2C42H36B2F8FeN4P2‧C2H3N 

Formula weight 709.33 704.53 656.63 1817.37 

Temperature / K 93(2) 93(2) 93(2) 93(2) 

Crystal system triclinic monoclinic triclinic monoclinic 

     

Space group P-1 P21/n P-1 P21/c 

a / Å 10.530(3) 18.672(4) 12.659(5) 12.996(3) 

b / Å 11.513(4) 10.613(2) 13.210(5) 34.299(8) 

c / Å 14.820(5) 19.039(4) 13.528(3) 18.381(5) 

 / ° 85.26(2) 90 61.443(19) 90 

 / ° 86.52(2) 108.382(4) 64.69(2) 92.088(5) 

 / ° 75.663(17) 90 89.12(3) 90 

Volume / Å3 1733.2(10) 3580.4(13) 1744.5(11) 8188(3) 

Z 2 4 2 4 

R1 / % 0.0570 0.0605 0.0513 0.1012 

wR2 / % 0.1679 0.0897 0.1218 0.1922 

GOF 0.975 1.076 1.016 1.123 

 

Table S2. Selected bond lengths (Å) and angles (º) of the crystal structures for 2, 3, 4, and 5. 

Complex 2 (M = Fe) 3 (M = Fe) 4 (M = Li) 5 (M = Fe) 
C1–C2 1.375(6) 1.374(5) 1.380(3) 1.502(10) 

C11–C14 1.500(5) 1.507(4) 1.501(3) 1.494(10) 
C2–N1 1.388(5) 1.391(4) 1.333(3) 1.333(9) 
C11–N2 1.322(5) 1.333(4) 1.383(5) 1.343(8) 
C1–P1 1.777(4) 1.756(4) 1.775(3) 1.877(7) 
C14–P2 1.849(4) 1.850(3) 1.865(2) 1.849(7) 
C2–C3 1.456(5) 1.440(5) 1.449(3) 1.396(10) 

C10–C11 1.407(6) 1.398(4) 1.417(3) 1.397(10) 
M–N1 2.078(3) 2.109(3) 1.989(4) 1.972(6) 
M–N2 2.179(3) 2.186(3) 2.104(4) 1.973(6) 
M–P1 2.5344(14) 2.4927(1) 2.884(4) 2.270(2) 
M–P2 2.5010(13) 2.5073(9) - 2.261(2) 
M–X 2.2854(13) 

(X = Cl) 
1.865(2) 
(X = O) 

2.015(4) 
(X = O) 

1.911 (ave.) 
(X = N3, N4) 

P1–C1–C2 118.9(3) 117.8(3) 122.57(2) 111.2(5) 
P2–C14–C11 109.6(3) 109.9(2) 113.11(2) 111.2(5) 
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Computational Details 

Geometries optimization, energy, and NAO analysis were performed with the DFT method, where the B3LYP 

function was used. It was ascertained that each optimized geometry of 2 and PNNP exhibited no imaginary 

frequency. The calculations employed the triple- SDD basis set for iron, 6-31G(d) for P and N,15 and 6-31G 

for C and H. Core electrons of Fe (up to 3p) were replaced with effective core potentials (ECPs).16 The 

Gaussian 09 program package was used for all calculations.17 Population analysis was carried out with the 

method of Weinhold et al.18 Molecular orbitals were drawn with the GaussView 5.0 program package. 

 

 

Figure S4. Optimized geometry of 2 (a) and PNNP (b). 

Table S7. Natural Charge 

 2 PNNP 

Fe -0.06249 - 

P1 1.20616 0.92711 

P2 1.20586 0.95809 

N1 -0.47501 -0.50152 

N2 -0.37497 -0.4179 

Cl1 -0.46569 - 

C1 -0.74362 -0.78711 

C14 -0.80289 -0.8143 

Phenanthroline moiety -0.03695 -0.52317 
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Table S8. Mayer Bond Index 

 2 PNNP 

C1–C2 1.50 1.42 

C11–C14 0.95 0.93 

C1–P1 1.04 1.09 

C14–P2 0.89 0.93 

C2–N1 0.96 1.12 

C11–N2 1.25 1.38 

Fe1–P1 0.80 - 

Fe1–P2 0.78 - 

Fe1–N1 0.60 - 

Fe1–N2 0.49 - 

Fe1–Cl 0.97 - 

 

Table S3. Cartesian Coordinate of 2 

Fe 

Cl 

N 

N 

P 

P 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

9.482898  

8.853070  

10.583971 

8.035760  

11.588247 

7.800017 

12.612923 

11.956739 

12.588977 

11.876180 

10.455163 

8.230951 

7.635682 

6.252475 

5.806433 

6.727363 

3.694015 

5.926684 

3.922073 

3.552985 

3.774309 

2.897525 

4.126760 

4.152100 

4.378858 

4.353609 

4.109071 

3.865087 

3.684598 

3.497424 

3.377652 

3.429298 

2.710539 

3.046121 

1.128756 

1.365584 

3.771386 

4.107976 

2.348962 

1.130644 

-0.163567 

-1.328384 

-1.312759 

-2.334570 

-1.047167 

-0.777707 

0.528779 

1.608024 
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C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

H 

8.485516 

9.891187 

6.325846 

11.755895 

12.056439 

12.691011 

12.159563 

11.391360 

11.851359 

13.076792 

13.848703 

13.393567 

12.094952 

12.734048 

7.632459 

6.406482 

6.321122 

7.459517 

8.682344 

8.768164 

7.339922 

7.180934 

6.874276 

6.722294 

6.891553 

7.205288 

13.027389 

9.595077 

13.677057 

3.702555 

3.912975 

3.432527 

1.655062 

0.354927 

-0.538365 

4.862896 

5.978390 

6.839666 

6.601288 

5.494319 

4.629899 

2.089772 

1.184724 

1.061074 

0.405339 

-0.988775 

-1.752541 

-1.116536 

0.280488 

3.430746 

2.524016 

2.985713 

4.355218 

5.265598 

4.812734 

-0.120386 

4.072091 

4.319546 

0.086258 

-0.036026 

3.064423 

5.666635 

6.084350 

5.210374 

5.141291 

5.522649 

6.526720 

7.157732 

6.781988 

5.782167 

4.368390 

3.500756 

4.112921 

4.350902 

4.298612 

4.007019 

3.773637 

3.826651 

5.808094 

6.873000 

8.158703 

8.398042 

7.347481 

6.062681 

3.917781 

-2.448708 

2.423829 
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H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

13.656019 

12.373295 

7.600598 

5.545617 

4.750100 

5.429495 

6.106497 

11.267308 

11.796731 

12.925016 

10.450039 

11.249901 

13.430125 

14.801649 

13.994331 

13.011985 

5.517804 

5.370321 

7.390844 

9.571418 

9.724577 

7.295078 

6.754469 

6.482146 

6.789011 

7.376885 

13.526819 

10.032597 

4.573231 

4.526306 

3.849557 

3.463709 

3.259087 

2.831622 

4.465078 

2.338253 

0.039095 

-1.546920 

6.173250 

7.697439 

7.271713 

5.304051 

3.769511 

1.515980 

0.981612 

-1.478493 

-2.834972 

-1.698398 

0.762191 

1.459554 

2.273667 

4.711140 

6.330994 

5.526834 

-0.803385 

4.221175 

-0.174633 

-2.278744 

-3.217378 

-1.601218 

0.741882 

3.247440 

3.367147 

6.354698 

7.090232 

5.537166 

5.020762 

6.811577 

7.935437 

7.266645 

5.505080 

2.504950 

4.589110 

4.484633 

3.964476 

3.554795 

3.654600 

6.703680 

8.969497 

9.395048 

7.528108 

5.263106 

3.236935 

-3.432098 
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Table S4. Cartesian Coordinate of PNNP 

N 

N 

P 

P 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

10.45106 

7.705683 

12.02598 

7.085353 

12.61713 

11.82023 

12.46125 

11.73004 

10.31478 

8.151139 

7.522406 

6.126071 

5.558421 

6.396155 

8.290582 

9.742415 

5.797889 

13.25457 

13.94032 

14.45856 

12.81872 

11.97809 

12.49252 

13.86217 

14.71250 

14.19584 

13.07404 

13.59802 

3.496883 

3.913141 

2.912019 

3.588101 

3.063227 

3.332860 

3.450868 

3.722022 

3.905910 

4.380496 

4.285461 

4.475781 

4.385091 

4.102177 

3.992235 

3.779542 

4.008637 

1.369918 

0.269749 

-0.71236 

4.362699 

5.438411 

6.594853 

6.697191 

5.635379 

4.484199 

1.529221 

0.529289 

1.360060 

1.593068 

4.060603 

4.415547 

2.386903 

1.267327 

-0.03633 

-1.15305 

-1.05797 

-2.08808 

-0.81146 

-0.64376 

0.609383 

1.719359 

0.366777 

0.257973 

3.113038 

6.126910 

6.649428 

5.793518 

4.946319 

5.297178 

5.896730 

6.166823 

5.829150 

5.224549 

4.734646 

3.890605 
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C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

7.329425 

6.431663 

6.680007 

7.830527 

8.726819 

8.484482 

6.008298 

6.651112 

5.960109 

4.603316 

3.951170 

4.644107 

14.28010 

9.512930 

13.69390 

13.53794 

12.20748 

7.544721 

5.516249 

4.491147 

4.978016 

5.358302 

12.85645 

14.06882 

14.98945 

10.91406 

11.82353 

14.26346 

15.77805 

1.773100 

0.778932 

-0.57327 

-0.95007 

0.030700 

1.385137 

3.528521 

3.191821 

3.187088 

3.538213 

3.885386 

3.875601 

-0.57734 

4.196516 

3.021640 

3.315489 

3.807352 

4.601539 

4.694237 

4.527155 

3.275163 

4.978667 

2.120478 

0.176012 

-1.56958 

5.361129 

7.411436 

7.591997 

5.706206 

4.104458 

4.540277 

4.277231 

3.573184 

3.133410 

3.395503 

5.934781 

7.148471 

8.361723 

8.401924 

7.215566 

5.996212 

4.412078 

-2.18833 

2.216307 

-0.09262 

-2.12797 

-2.96234 

-1.51754 

0.755154 

3.123470 

3.392104 

6.803892 

7.725135 

6.199176 

5.091119 

6.156069 

6.635642 

6.035226 
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H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

14.86443 

13.46233 

5.541303 

5.978862 

8.027486 

9.623423 

9.178064 

7.706452 

6.480349 

4.065929 

2.899507 

4.107147 

14.67536 

10.00316  

3.667517 

0.635693 

1.059398 

-1.32874 

-2.00004 

-0.25018 

2.139647 

2.933630 

2.917753 

3.543799 

4.159822 

4.138422 

-1.33254 

4.272833 

4.969731 

2.818654 

5.094835 

4.623302 

3.372735 

2.589658 

3.035497 

7.132681 

9.276712 

9.345982 

7.232712 

5.091542 

3.736701 

-3.15802 
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Chapter 3 

Selective Synthesis of Hydrosiloxanes via Dehydronegative Coupling of 

Silanols with Hydrosilanes Catalyzed by PNNP-Iron Complexes 

 

 

Abstract 

The Fe(0) complex bearing a PNNP-R ligand, 2a, 2b, and 3 catalyzed dehydrogenative coupling of silanols with 

silanes to selectively form various hydrosiloxanes, which are important building blocks for the synthesis of a range 

of siloxane compounds. This system exhibited higher catalytic efficiency than the previously reported precious-

metal-catalyzed systems. 
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Introduction 

Silicones, which is composed of siloxane bonds (Si–O–Si) and organic groups substituted on the silicon, exhibit 

unique characters like thermal-, oxidation-, and chemical-resistance etc.1 Therefore, silicones are applied for various 

purposes in our life. One common method to synthesize silicones is dehydration condensation of silicon raw 

materials such as chlorosilane and alkoxysilane.1 In this system, the reaction is sometimes highly exothermic and it 

is difficult to control. As a result, the structure and the arrangement of the obtained silicone molecules are not 

uniformed. In recent years, it was attempted to precisely synthesize the arrangement-controlled silicones aiming at 

preparation of silicones with higher performance.2 However, the synthesis of such the silicones are multistep 

reactions, which requires the highly reactive and expensive reagents, accompanied by more than equimolar amount 

of by-products (Scheme 3-1). To obtain sequence-controlled oligohydrosiloxanes, an oligomer of silicone having a 

reactive Si–H bond, has recently draw an increasing attention as the starting material.  

 

Scheme 3-1. Classical synthesis of hydrosiloxanes. 

Dehydrogenative coupling of hydrosilanes with silanols is a simple synthetic method using commercially 

available precursors. However, the number of examples that afford high reaction selectivity is extremely limited. 

One reason for this is the complicated reactivity of silanols; i.e. silanols easily undergo dehydrative condensation to 

form a homo-coupling product. In addition, the by-product, H2O further reacts with unreacted hydrosilanes to 

generate various silanol molecules, which are also quickly converted to homo-coupled-siloxanes (Scheme 3-2, path 

b).3 Furthermore, the reactive SiH terminus is another problem to achieve high reaction selectivity; i.e. 

dehydrogenative coupling of hydrosilanes and alcohols easily consumes the remaining Si–H moieties (Scheme 3-2, 

path a). In fact, Michalska reported that the dehydrogenative coupling reaction of PhSiH3 with silanols (R3SiOH, R 

= Et or Pr) by Rh catalysts, affording the mixture of Ph(H2)SiOSiiPr3 (10.5%), Ph(H)Si(OSiiPr3)2 (78.2%) and 

PhSi(OSiiPr3)3 (11.3%) (Scheme 3-3).4a In addition, selectivities of siloxane were depended on the kinds of 
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hydrosilans and/or silanols used in the reactions. 

 
Scheme 3-2. Synthesis of the hydrosiloxanes via dehydrogenative coupling and the side reaction. 

 
Scheme 3-3. The reaction of Phenylsilane with iPr3SiOH catalyzed by RhCl(PPh3)3. 

To the best of my knownledge, the examples of selective synthesis of hydrosiloxanes were limited to only two: One 

of them was achieved by dehydrogenative coupling of silanols with hydrosilanes using gold catalysts with the turn 

over number (TON) of < 5,000 (Scheme 3-4).4b The other example demonstrated the selective synthesis of sequence-

controlled hydrosiloxanes via in-situ sequential reactions composed of  hydrosilylation of acetoxyethylsilane, 

rearrangement, and dealkylation, catalyzed by 0.5-2.5 mol% of iridium complex and 0.1 mol% of B(C6F5)3, 

respectively (Scheme 3-5)4c Considering that both of the two examples requires precious metal catalysts, it is 

challenging to perform dehydrogenative coupling of hydrosilanes with silanols to form hydrosiloxanes selectively 

using by cheap and abundant metal catalysts.  

  
Scheme 3-4. Synthesis of the hydrosiloxane catalyzed by AuCl(PPh3). 

 
Scheme 3-5. Synthesis of the hydrosiloxane catalyzed by AuCl(PPh3) and B(C6F5)3. 
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In chapter 1, the author succeeded in the synthesis of the iron(0) complexes [Fe(PNNP-Ph)]2(-N2) (2a; 

R = Ph, 2b; R = Cy) and [Fe(SiH3H)(PNNP-Ph)] (6) (Scheme 3-6). The latter complex has the agositic Si–H bond, 

which is elongated due to the back donation to the Si–H * bond. The author assumed that such the activated Si–H 

bond in 3 selectively reacts with silanols to form a dehydrogenative coupling product, and thus the occurrence of 

other side-reactions could be suppressed.  

 

Scheme 3-6. Synthesis of 3a.  

In this chapter, the author succeeded in the synthesis of various hydrosiloxanes by dehydrogenative 

coupling of hydrosilanes with silanols using PNNP-iron complexes. The reaction achieved the highest TON of > 

18,000 among the previously reported systems. 

 

Results and discussion 

First, the reaction was carried out using PhSiH3 and Me3SiOH as substrates, since both Me and Ph groups are 

significantly important substituents for the production of various siloxanes.1 The reaction was carried out in THF at 

room temperature for 12 h. The reaction did not proceed without catalysts (Table 1, entry 1). It was also confirmed 

that 1a did not catalyze the reaction, either (Table 1, entry 2). By using the combination of 1a (0.1 mol%) and 

NaBEt3H (0.2 mol%) as a catalyst, PhSiH3 reacted with 2 equiv of Me3SiOH to form hydrotrisiloxane 

(Me3SiO)2(SiHPh) in an excellent yield (Table 1, entry 3). Notably, neither disiloxane (Me3SiO)(SiH2Ph) nor 

tetrasiloxane (Me3SiO)3(SiPh) was obtained in the reaction. It was also confirmed that hydrotrisiloxane 

(Me3SiO)2(SiHPh) was obtained in the reaction of PhSiH3 with 3 equiv of Me3SiOH as the sole product even at a 



55 

 

higher catalyst loading, 1a (1 mol%) and NaBEt3H (2 mol%). 

 

Table 1. Dehydogenative coupling of Me3SiOH with PhSiH3 catalyzed by Fe complexes  

 
entry [Fe] cat (X mol%) Product yields NMRb (isolated) 

1 – 
 

(Me3SiO)2(SiHPh) – 
(Me3SiO)(SiH2Ph) – 

2 1a 
(1 mol%) 

(Me3SiO)2(SiHPh) – 
(Me3SiO)(SiH2Ph) < 5 

3 1a + 2 NaBEt3H 
(0.1 mol%) 

(Me3SiO)2(SiHPh) > 99 
(Me3SiO)(SiH2Ph)    – 

4 1a + 2 NaBEt3H 
(0.01 mol%)  

(Me3SiO)2(SiHPh) 89 
(Me3SiO)(SiH2Ph)  8  

5 [FeBr2(PNNP-Cy)] 1b + 2 NaBEt3H 
(0.01 mol%) 

(Me3SiO)2(SiHPh) 28 
(Me3SiO)(SiH2Ph) 28 

6 NaBEt3H 
(0.1 mol%) 

(Me3SiO)2(SiHPh) – 
(Me3SiO)(SiH2Ph) 55 
(Me3SiO)3SiPh    30 
Me3SiOSiMe3      4 

7 3  
(0.01 mol%) 

(Me3SiO)2(SiHPh) 83 
(Me3SiO)(SiH2Ph) 9 

a Reaction conditions: PhSiH3 (32.4 mg, 0.30 mmol) and Me3SiOH (56.8 mg, 0.63 mmol) in THF (5 mL) at room temperature for 12 

h. b Yields are determined by 1H NMR with mesitylene as an internal standard. 

The catalyst loading could be reduced to 0.01 mol% to give (Me3SiO)2(SiHPh) in a highly selective 

manner (89% yield) accompanied by the formation of disiloxane (Me3SiO)(SiH2Ph) (8% yield) as a minor product 

(Table 1, entry 3). The reaction suggests a much higher turnover number (TON) of >18, 000 than those of the 

previous reports, which are catalyzed by precious-metal complexes (TON 1000–4000).4a,4b Complex 1b reacts with 

NaBEt3H at a slower rate to form active 2b (vide supra) and thus exhibited less activity, resulting in the formation 

of (Me3SiO)2(SiHPh) (28%) and (Me3SiO)(SiH2Ph) (28%) in the presence of 1b (0.01 mol%) and NaBEt3H (0.02 

mol%) (Table 1, entry 3). The reaction catalyzed by NaBEt3H was also performed, leading to the formation of a 

mixture of disiloxane (Me3SiO)(SiH2Ph) (55%) and trisiloxane (Me3SiO)3(SiPh) (30%), accompanied by the homo-

coupling product Me3SiOSiMe3 (4%) (Table 1, entry 6). As mentioned above, the reaction catalyzed by 

1a/2NaBEt3H didn’t form either trisiloxane (Me3SiO)3(SiPh) or Me3SiOSiMe3. Thus, it is likely that the added 

NaBEt3H was completely consumed for the activation of 1a to provide 2a. Notably, when 3 (0.01 mol%) was used 
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as a catalyst, the yields of (Me3SiO)2(SiHPh) and (Me3SiO)(SiH2Ph) were 83% and 9% (Table 1, entry 7). Therefore, 

it was confirmed that 3 catalyzed the dehydrogenative coupling of Me3SiOH with PhSiH3 to the same level as 1a/ 

2NaBEt3H. 

 
Scheme 3-7. Reaction of silanols with primary silanes catalyzed by 1a/NaBEt3H. 

  
Scheme 3-8. Reaction of silanols with primary silanes catalyzed by 1a/NaBEt3H. 

 With the optimized conditions using 0.1 mol% of the 1a/2NaBEt3H combination, the author next 

examined the substrate scope of the dehydrogenative coupling of silanols with primary silanes (Scheme 3-7). PhSiH3 

reacted with various aliphatic silanols. When using iPr3SiOH and tBuMe2SiOH, the corresponding trisiloxanes 

(R3SiO)2(SiHPh) were formed in excellent yields. Reaction of PhSiH3 with bulky (tBuO)3SiOH resulted in the 

selective formation of hydrodisiloxane ((tBuO)3SiO) (SiH2Ph) in 92%. Interestingly, the silanol with a coordinating 

thiophenyl substituent, Me2(2-thiophenyl)SiOH was also applicable in the reaction to furnish the corresponding 

hydrotrisiloxane in 92% yield. 4-MeC6H4SiH3 and n-HexSiH3 were also subjected to the reaction, leading to the 
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quantitative formation of the corresponding hydrotrisiloxane (Me3SiO)2(SiHR) (R = 4-MeC6H4, nHex). 

 The combination of 1a/2NaBEt3H also catalyzed the coupling of Me3SiOH with secondary silanes 

(Scheme 3-8). In the presence of 1a (0.1 mol%) and NaBEt3H (0.2 mol%), Me3SiOH reacted with Ph2SiH2 and 

PhMeSiH2 to selectively form the corresponding hydrotrisiloxanes in good yields, (Me3SiO)SiHPh2 (77%) and 

(Me3SiO)SiHPhMe (84%), respectively. However, the reactivity of the dialkylsilane Et2SiH2 towards Me3SiOH was 

very low, (Me3SiO)SiHEt2 (35%). Bulky dialkylsilanes such as iPr2SiH2 and tBu2SiH2 did not react with Me3SiOH. 

 Since complex 3 efficiently catalyzed the dehydrogenative coupling of silanes with silanols (vide supra), 

the author postulated that 3 could be a key intermediate in the catalytic cycle. To shed light on the reaction 

mechanism, the following experiments were performed. 

 First, stoichiometric reactions of 3 with PhSiH3 or Me3SiOH were performed and followed by 1H NMR 

in C6D6. However, the reaction did not proceeded and 3 remained unchange in both cases (Scheme 3-9). On the 

other hand, treatment of 3 with 3 equiv of PhSiH3 and 8 equiv of Me3SiOH provided quantitative trihydrosiloxane 

(Scheme 3-9).  

 
Scheme 3-9. Stoichiometric reactions of 3 with phenylsilane and/or trimethylsilanols. 

It was revealed that 3 is active for ligand exchange. The treatment of 3 under CO atmosphere slowly 

proceeded to form 4 (81% yield) as well as free PhSiH3 (78%) (Scheme 3-10). Complex 3 also underwent ligand 
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exchange with free PhSiH3; the reaction of deuterated 3D bearing a PhSiD3 ligand with 3 equiv of PhSiH3 slowly 

proceeded at room temperature, resulting in the formation of 3H (25% for 13h) (Scheme 11). In the reaction, no H/D 

mixing of PhSiH3 was detected.  

 
Scheme 3-10. The reaction of 3 under carbon monoxide atmosphere. 

  

Scheme 3-11. The reaction of 3D with phenylsilane. 

 Nest, the reaction of 2a with (Me3SiO)2(SiHPh) as a bulky hydrosilane was performed to afford the 

corresponding hydrosilane complex 5 only in 43% yield (NMR) (Scheme 3-12). Therefore, the incorporation of 

substrates in the reaction sphere of [Fe(PNNP-R)] is somewhat dependent on the steric hinderance of the substrates.  

 
Scheme 3-12. The reaction of 2a with PhSiH(OSiMe3)2 with phenylsilane. 
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Scheme 3-13. Hypothesis of the reaction mechanism.  

As mentioned above, the catalytic reaction did not proceed only in the presence of excess hydrosilane. 

The results strongly indicated the involvement of the second PhSiH3 molecule to assist the catalytic cycle. The 

author tentatively ascribe the role of PhSiH3 molecule to stabilization effect of the active Fe(0) species during the 

reaction. One possible mechanism is including an Fe(0)/ Fe(II) cycle (Sheme 3-13 (a)); i.e. the reaction initiates 

with the oxidative addition of PhSiH3 to form a silyl(hydride) intermediate, which successively reacts with silanol, 

resulting in the formation of siloxanes, H2 and the active Fe(0) species.5 Alternatively, the activated PhSiH3 of 3 is 

directly attacked by silanol to form siloxane, in which step, the Si–H bond cleavage and the Si–O bond formation 

proceeded in a concerted fashion (Scheme 3-13 (b)). This mechanism is also demonstrated in the transition-metal-

catalysed dehydrogenative coupling of hydrosilanes with alcohols. The mechanistic study is still underway in the 

laboratory. 

 

Conclusion 

Selective formation of hydrotrisiloxanes was achieved through dehydrogenative coupling of silanols with silanes 

using 1a as the catalyst precursor. The reaction proceeded with high efficiency and good reaction selectivity. The 

reactions underwent iron(silane) complex and the silane ligand and reaction selectivity were affected by silanes 

steric. 
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Experimental section 

General considerations 

All experiments were performed under nitrogen atmosphere using Schlenk techniques or a glove box unless 

otherwise noted. n-Hexane, tetrahydrofuran, benzene and dichloromethane were purified by a solvent purification 

system (MBraun SPS-800 or Glass Contour Ultimate Solvent System). C6D6 was dried over sodium benzophenone 

ketyl and distilled. (Trimethylsilyl) methyllithium was crystalized at –40 °C from (Trimethylsilyl)methyllithium 

solution 1.0 M in pentane. PhSiD3
6 and 4-Methylphenylsilane7 were synthesized by following the reported 

procedures. All other reagents were purchased from commercial suppliers and used without further purification 

unless otherwise noted. 1H, 13C{1H}, and 31P{1H} NMR spectra (1H, 600 MHz; 13C, 150 MHz; 29Si, 119 MHz; 31P, 

243 MHz) were recorded on a Bruker AVANCE III HD 600 spectrometer. Chemical shifts are reported in  (ppm) 

and referenced to the residual solvent signals for 1H and 13C and 85% H3PO4 as an external standard for 31P. The 

high-resolution ESI mass spectra were obtained on a Bruker microTOF II. 

Synthesis of [Fe(2-HSiH2Ph)(PNNP-Ph)] (3D) 

To a THF suspension of 1a (0.030 g, 43 mol) (3 mL), was added NaBEt3H (1 M in THF, 86 l, 86 mol) at room 

temperature. The mixture was stirred for 30 minutes, added phenylsilane (18.4 mg, 171 mol), and further stirred 

for 30 minutes at the temperature. The solution was concentrated to dryness under vacuum, and the resulting solid 

was washed by hexane (1 mL × 3) and dried. The resulting compound was extracted with C6H6 and filtered. After 

evaporation, 5a was obtained as a black solid (0.024 g, 76 %). 5a was crystallized from cold Et2O/n-hexane to form 

block crystals. 1H NMR (600 MHz, C6D6):   7.54 (br, 4H, PPh-H), 7.20 (s, 2H, Phen-H), 7.13-7.05 (m, 8H, Ar-H), 

6.93 (d, 2H, J = 7.26 Hz, Phen-H), 6.83 (t, 1H, J = 7.26, SiPh), 6.71-6.69 (m, 6H, Ar-H), 6.61 (t, J = 7.32 Hz, 2H), 

6.51-6.49 (m, 6H), 4.26 (d, 2H, J = 15.84 Hz, PCH2), 3.81 (dt, 2H, J = 16.5, 5.28 Hz, PCH2),. 13C{1H} NMR (150 

MHz, C6D6):  155.9, 140.8, 140.6, 133.1, 132.9, 132.8, 131.3, 131.2, 129.5, 128.3, 126.7, 126.0, 118.8, 114.6, 47.1 

ppm. 31P{1H} NMR (243 MHz, C6D6):  106.5 (t, 2JD = 10.5 Hz) ppm. 
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1H NMR (600 MHz, C6D6): 

 

 

31P NMR (243 MHz, C6D6): 
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The reaction of 2 with PhSiH(OSiMe3)2 (Synthesis of 5) 

1 (0.010 g, 14 mol) (3 mL), NaBEt3H (1 M in THF, 28 l, 28 mol) and PhSiH(OSiMe3)2 (4.6 mg, 28 mol) in 

0.4 ml of C6D6 were added to J-Young NMR tube. After 12 h at room temperature, 1H NMR spectra was measured. 

The spectra was shown below.  

1H NMR (600 MHz): 

 

 

Catalytic dehydrogenation of silanes with silanols  

A typical procedure (Table 1, entry 1) is as follows. All reactions were carried out under a nitrogen atmosphere. To 

a vial were added a THF solution (0.5 mL) of PhSiH3 (32.4 mg, 0.30 mmol) and a 0.1 M stock solution of 

1a/2NaBEt3H (30 μl, 0.030 μmol).18 After stirring for 5 minutes, Me3SiOH (56.0 mg, 0.62 mmol) was added, and 
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the mixture was stirred at room temperature for 12 h. Mesitylene (36.0 mg, 0.30 mmol) as an internal standard was 

added to the reaction mixture, and 1H NMR spectra were recorded to determine the NMR yield of (Me3SiO)2(SiHPh) 

(>99%). 

Compounds characterization data of hydrosiloxanes 

The final product was characterized by 1H, 13C{1H} and 29Si{1H} NMR as well as HRMS. (Me3SiO)(SiH2Ph),4b 

(Me3SiO)2(SiHPh),4b,9 ((tBuO)3SiO)(SiH2Ph),4b (Me3SiO)(SiHPh2)10 and (Me3SiO)(SiHPhMe)9 were identified by 

comparing their 1H, 13C{1H} and 29Si{1H} NMR data with those previously reported. 4-Methylphenylsilane11 was 

synthesized by following the reported procedures. 

(iPr3SiO)2(SiHPh) Using PhSiH3 (32.4 mg, 0.30 mmol) and iPr3SiOH (108.1 mg, 0.62 mmol). 1H NMR (600 MHz, 

C6D6, 25 °C): δ 7.72 (d, 2H, J = 1.50 Hz, Ar-H), 7.21-7.18 (m, 3H, Ar-H), 5.39 (s, 1H, 1JSiH = 246.6 Hz), 0.98-0.89 

(m, 42H) ppm. 13C{1H} NMR (150 MHz, C6D6, 25 °C): δ 137.6, 132.8, 130.1, 128.1, 17.7, 12.8 ppm. 29Si{1H} 

NMR (119 MHz, C6D6, 25 °C): δ 9.5, –49.2 ppm. 

HRMS (ESI): m/z calcd for [C23H48O2Si3H]+ (M+H): 453.3040 ; found 453.3029. 

(tBuMe2SiO)2(SiHPh) Using PhSiH3 (32.4 mg, 0.30 mmol) and tBuMe2SiOH (108.1 mg, 0.62 mmol). 1H NMR 

(600 MHz, C6D6, 25 °C): δ 7.73 (dd, 2H, J = 7.74, 1.62 Hz, Ar-H), 7.23-7.19 (m, 3H, Ar-H), 5.39 (s, 1H, 1JSi, H = 

243.8 Hz, SiH), 0.96 (s, 18H), 0.14 (s, 6H), 0.12 (s, 6H) ppm. 13C{1H} NMR (150 MHz, C6D6, 25 °C): δ 137.4, 

133.4, 130.5, 128.2, 25.9, 18.4, –2.8 ppm. 29Si{1H} NMR (119 MHz, C6D6, 25 °C): δ 13.2, –48.5 ppm. 

HRMS (ESI): m/z calcd for [C18H36O2Si3H]+ (M+H): 369.2101 ; found 369.2111.  

(Me3SiO)2(SiHTol) Using TolSiH3 (36.6 mg, 0.30 mmol) and Me3SiOH (56.1 mg, 0.62 mmol). 

1H NMR (600 MHz, C6D6, 25 °C): δ 7.67 (d, 2H, J = 7.87, Ar-H), 7.07 (d, 2H, J = 7.07, Ar-H), 5.41(s, 1H, 1JSi, H = 

243.3 Hz, SiH), 2.08 (s, 3H, PhCH3), 0.17 (s, 18H, Si(CH3)3) ppm. 13C{1H} NMR (150 MHz, C6D6, 25 °C): δ 139.9, 

133.6, 133.2, 128.7, 25.4, 1.5 ppm. 29Si{1H} NMR (119 MHz, C6D6, 25 °C): δ 10.2, –48.1 ppm. 
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HRMS (ESI): m/z calcd for [C18H36O2Si3H]+ (M+H): 369.2101 ; found 369.2111. 

 (Me3SiO)2(SiHnHex) Using nHexSiH3 (34.8 mg, 0.30 mmol) and Me3SiOH (56.0 mg, 0.62 mmol). 1H NMR (600 

MHz, C6D6, 25 °C): δ 5.0 (s, 1H, 1JSi, H = 232.4 Hz, SiH), 1.50 (quin, 2H, J = 7.80, SiCH2CH2), 1.35 (quin, 2H, J = 

7.35, SiCH2CH2CH2), 1.32-1.23 (m, 4H, CH2CH2CH3), 0.89 (t, 3H, J = 7.02, CH3), 0.66 (t, 2H, J = 8.01, SiCH2), 

0.19 (s, 18H, Si(CH3)3) ppm. 13C{1H} NMR (150 MHz, C6D6, 25 °C): δ 32.6, 31.7, 22.6, 22.2, 17.5, 14.0, 1.5 ppm. 

29Si{1H} NMR (119 MHz, C6D6, 25 °C): δ 9.00, –36.0 ppm. 

HRMS (ESI): m/z calcd for [C12H32O2Si3H]+ (M+H): 293.1788 ; found 293.1787. 

(thiophen-2-ylMe2SiO)2(SiHPh) Using PhSiH3 (32.4 mg, 0.30 mmol) and thiophen-2-ylMe2SiOH (98.1 mg, 0.62 

mmol). 1H NMR (600 MHz, CD3CN): δ 7.72 (dd, 2H, J = 4.59, 0.87 Hz, Ar-H), 7.55 (dd, 2H, J = 7.21, 1.38 Hz, Ar-

H), 7.42 (dt, 2H, J = 7.47, 1.41 Hz, Ar-H), 7.34 (t, 2H, J = 7.32 Hz, Ar-H), 7.31 (dd, 2H, J = 3.36, 0.84 Hz, Ar-H), 

7.23-7.21 (m, 2H, Ar-H), 5.45 (s, 1H, 1JSiH = 248.9 Hz, SiH), 0.39 (s, 6H, SiCH3), 0.38 (s, 6H, SiCH3) ppm. 13C{1H} 

NMR (150 MHz, C6D6): δ 138.2, 136.1, 134.7, 133.2, 130.8, 130.3. 128.0, 1.27, 1.26 ppm. 29Si{1H} NMR (119 

MHz, C6D6): δ –3.5, –47.7 ppm. HRMS (ESI): m/z calcd for [C18H24O2S2Si3H]+ (M+H): 421.0604 ; found 421.0604. 
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Chapter 4 

Synthesis and properties of chloro(silyl)iron complexes via oxidative 

addition reaction of Si–Cl bond 

 

 

Abstract 

[{Fe(PNNP-Ph)}2(μ-N2)] (1) underwent the Si–Cl bond cleavage of chlorosilanes to form [Fe(SiR3)(Cl)(PNNP-

Ph)] (SiR3 = SiCl3 (2a), SiMeCl2 (3) and SiPhCl2 (4)) as the oxidative additive complexes. According to single 

crystal X-ray diffraction study, 2a adopt an octahedral geometry with the silyl and chloro ligands at the axial 

positions. The results demonstrated the first example of a well-defined Si–Cl oxidative addition reaction by a 3d 

transition metal complex. It was also revealed that the reaction of 1 with SiCl4 in presence of dihydroanthracene 

(DHA) resulted in the formation of [Fe(HSiCl3)(PNNP-Ph)] (6), indicating that the oxidative additive reaction of 

Si–Cl bond by 1 proceeded via radical pathway. 
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Introduction 

Chlorosilanes are important raw materials for various organosilicon materials (e.g. silicones).1 It is known that the 

diverse properties of silicones are highly dependent on the substituents on the silicon atom. Therefore, to produce 

various silicone products with higher performances, it is of great importance to prepare chlorosilanes with a variety 

of organic substituents. The common synthetic procedures of organochlorosilanes are as follows, 1) methyl-, ethyl-, 

and phenylchlorosilanes are synthesized by Müller–Rochow “direct process”, in which silicon metal reacts with 

alkyl-, or aryl chloride in the presence of a copper catalyst;1 2) treatment of the chlorosilanes with organometallic 

reagents or metal hydrides, such as organomagnesium, organolithium, and LiAlH4, etc.1 However, these methods 

tend to suffer from limited functional-group tolerance due to the harsh reaction conditions that require reactive 

organometallic reagents. Another problem of this method is its low reaction selectivity, namely, the nucleophilic 

substitution reactions of di- and trichlorosilanes usually produce mixtures of mono-, di-, and tri-substituted products. 

In these regards, catalytic Si–C-bond-forming reactions with chlorosilanes as starting materials are one of attractive 

strategies to efficiently prepare a series of organochlorosilanes with a high selectivity. However, bond dissociation 

energy (BDE) of Si−Cl bonds is extremely high (Me3Si−Cl: 113 kcal/mol);2 the value is much higher than those of 

Si−I bonds (Me3Si−I: 77 kcal/mol)2 and the carbon counterpart, C−Cl bonds (Me3C−Cl: 80 kcal/mol).2 Thus, only 

limited numbers of reports on catalytic transformation of Si–Cl to Si–R have been reported to date.3 In most cases, 

pre-treatment of chlorosilane with lithium iodide was required for the in-situ halogen exchange to provide the 

corresponding iodosilanes.3 In this context, a nickel-catalyzed direct silyl−Heck reaction of chlorosilanes was 

recently demonstrated.4 This reaction was assumed to be initiated with the oxidative addition of Si–Cl bond by an 

electrophilic nickel(0) complex. The piece of work is of great significance as the first example of the direct 

transformation of chlorosilanes via oxidative addition of a Si–Cl bond. Indeed, only four examples of the well-

defined Si–Cl oxidative addition reaction have been reported to date using complexes of electron rich Ir (Schemes 

4-1, 4-2),5a,5b Pt (Scheme 4-3),5c and Rh5d (Scheme 4-4). In addition, the detailed mechanistic studies had rarely 

performed. Therefore, to elucidate the detailed mechanism of Si–Cl bond cleavage is still a big challenge in this 
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area. 

 
Scheme 4-1. Reaction of IrCl(PMe3)3(cod) with MeSiCl3. 

 

 
Scheme 4-2. Reaction of IrH5(PiPr3)2 with MeSiCl3. 

 

 
Scheme 4-3. Reaction of Pt(PEt)4 with PhSiCl3. 

 

 
 Scheme 4-4. Reaction of Rh(SiPr)L with MeSiCl3. 

 

In this chapter, the author disclosed that [Fe(PNNP-Ph)]2(-N2) (1) smoothly underwent oxidative 

addition of Si–Cl bond to form silyl(chloro) complex. Mechanistic study was conducted to disclose the radical 

pathway for the Si–Cl bond cleavage. The reactivity of silyl(chloro) complex was further investigated.  

 

Results and discussion 

Treatment of   [{Fe(PNNP-Ph)}2(μ-N2)] (1) with SiX4 (X = Cl, Br) in C6D6 at room temperature quickly proceeded 

to result in the stoichiometric formation of purple complexes [FeSiCl3(Cl)(PNNP-Ph)] (2a) and 

[FeSiBr3(Br)(PNNP-Ph)] (2b), respectively (Scheme 4-5). These complexes were diamagnetic and characterized by 

1H, 13C, 31P and 29Si NMR spectra. The 31P NMR spectra (C6D6) of 2a and 2b exhibited one sharp singlet, which 

was assignable to two phosphine side-arms. Therefore, symmetrical structures of PNNP-Ph ligand were supported 
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in 2a and 2b. Likewise, 1H NMR spectra of 2a and 2b also supported the existence of the symmetry plane containing 

the Fe atom, the Si atom, and the midpoint of two N atoms. In the 1H NMR spectra, the CH2 moieties exhibited two 

doublets with germinal coupling constant at δ = 4.81 (d, J = 15.7 Hz) and δ = 4.35 (d, J = 14.3 Hz) ppm (2a) and δ 

= 4.96 (d, J = 18.4 Hz) and δ = 4.44 (d, J = 17.8 Hz) ppm (2b). The spectra supported the different magnetic 

environments, which was bisected with the phenanthroline plane of PNNP-R. The 29Si NMR signals of 2a appeared 

at δ = 46.9, respectively. According to single crystal X-ray diffraction studies, the geometries of both 2a and 2b 

were revealed to be octahedral with tetradentate PNNP-Ph ligand at equatorial plane and the SiX3 (X = Cl: 2a, = 

Br: 2b) and the halogen groups at the axial positions (Figure 4-1). The Fe–Si bond lengths were 2.285(6) Å (2a) 

and 2.275(17) Å (2b), which were in the common range of Fe–Si single bonds of iron(II) silyl complexes with a 

low-spin state. 

 

 
Scheme 4-5. Reaction of 1 with SiX4 (X = Cl, Br). 

 

 Reactions of 1 with various chlorosilanes were summarized in Scheme 4-6. Complex 1 similarly reacted 

with MeSiCl3, leading to the formation of the corresponding oxidative addition product of [Fe(Cl)(SiMeCl2)(PNNP-

Ph)] (3) in 83% yield (Figure 4-S1). In contrast, the reactions of 1 with bulkier PhSiCl3 did not proceeded at room 

temperature, but, the reactions performed at higher 50 °C provided [Fe(Cl)(SiPhCl2)(PNNP-Ph)] (4) in 43% yield, 

accompanied by thermal decomposition products of 1. The reactions of 1 with Ph2SiCl2 or Me3SiCl didn’t undergo, 

and the chlorosilanes were fully recovered only to provide thermal decomposition products of 1. It is reported that 

the reactivity of chlorosilane towards oxidative addition is highly dependent on the number of Cl substituents. The 

electron-withdrawing Cl groups make the LUMO energy level lower, and thus enhance the Lewis acidity of the Si 
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atom.6 As a result, the SiCl4 and RSiCl3 (R = Me, Ph) could interact with the electron rich iron(0) metal center more 

easily than Ph2SiCl2 or Me3SiCl. 

 

 
Figure 4-1. Molecular structures of 2a and 2b with 50% probability ellipsoids. Hydrogen atoms are omitted for clarity. Selected bond lengths 

(Å) and bond angles (°) of 2a: Fe1–N1 1.973(3), Fe1–N2 1.960(3), Fe1–P1 2.2338(10), Fe1–P2 2.2459(10), Fe1–Si1 2.2480(10), Fe1–Cl1 

2.3891(9), Si1–Cl2 2.0950(14), Si1–Cl3 2.1145(13), Si1–Cl4 2.1243(13), N1–Fe1–N2 81.73(12), P1–Fe1–P2 112.34(4), Si1–Fe1–Cl1 172.32(4). 
Selected bond lengths (Å) and bond angles (°): Fe1–N1 1.961(4), Fe1–N2 1.954(4), Fe1–P1 2.2472(17), Fe1–P2 2.2459(16), Fe1–Si1 2.2876(18), 

Fe1–Br1 2.5290(10), Si1–Br2 2.2571(17), Si1–Br3 2.2948(17), Si1–Br4 2.3048(17), N1–Fe1–N2 82.17(19), P1–Fe1–P2 111.83(6), Si1–Fe1–

Br1 174.38(6). 

 
Scheme 4-6. Reactions of 1 with MeSiCl3, PhSiCl3, Ph2SiCl2 and Me3SiCl. 

 

 In the reaction of 1 with HSiCl3, which contains both a Si–Cl bond and a Si–H bond, oxidative addition 

product 7 was obtained in only 4%, accompanied by the hydrosilane-adducted iron(0) complex [Fe(HSiCl3)(PNNP-

Ph)] (5) in 35% yield at room temperature after 30 minutes (Scheme 4-7). In addition, complex 2a was obtained as 

a major product (62%). After 12 h, the yields of 5 decreased to 52%, and that of 2a increased to 40%. The observed 

formation of 2a supported the occurrence of disproportionation of HSiCl3 to form SiCl4 in-situ. 
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Scheme 4-7. Reaction of 1 with HSiCl3. 

 

Generally, three mechanisms are established for oxidative addition as follows;7 1) concerted pathway 

(Scheme 4-8 (a)),7b 2) SN2-type pathway (Scheme 4-8 (b)),7c and 3) radical pathway (Scheme 4-8 (c)).7d To shed 

light on the reaction mechanism, the author performed the reaction of 1 with SiCl4 in the presence of 9,10-

dihydroanthracene (DHA) (Scheme 4-9). It was surprising that the reaction resulted in the formation of 5 (38% 

yield) as well as several unidentified paramagnetic species and anthracene. The result indicated that the oxidative 

addition of the Si–Cl bond by 2a proceeded via the radical pathway, in which a silyl radical was formed in-situ and 

successively abstracted a H atom from DHA to form HSiCl3. The resulting HSiCl3 was trapped by unreacted 2a, 

then 5 and anthracene were formed. The reaction is of great significance as the first example to demonstrate the Si–

Cl bond cleavage via the radical mechanism. Furthermore, it should be noted that such the hemolytic cleavage of 

Si–Cl bond is highly useful for the hydrogenation of chlorosilanes as discussed below. 
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Scheme 4-8. Mechanisms of oxidative addition. 

 
Scheme 4-9. Reactions of 1 with SiCl4, and/or DHA. 

 

To further shed light on the reaction mechanism, the radical clock experiments8 were carried out. The 

reaction of 1 with (bromomethyl)cyclobutane in C6H6 quickly provided oxidative addition product of 7 as well as 8 

(Scheme 4-10). Complex 7 was identified by NMR and ESI-MS. Luckily, green block crystals were obtained and 

single-crystal X-ray diffraction study was carried out. Complex 7 exhibited a distorted octahedral structure, in which 

bromo and cyclobutylmethyl ligands were located at the axial positions (Figure 4-2).  

The reaction of 1 with (bromomethyl)cyclopropane was also carried out in C6H6 at room temperature for 

30 min to give the complicated mixture containing 9 (Scheme 4-11). The 1H NMR spectrum of the resulting mixture 

exhibited same integral as δ = 6.23 (m, 1H), 5.04 (m, J = 15.0 Hz, 1H), and 4.95 (d, J = 9.65 1H) ppm, which 

ascribed to terminal alkene and the CH2 moieties in the PNNP-Ph ligand (δ = 4.58 (m, 2H) and 4.39 (m, 2H)). It 

was indicating the formation of oxidative addition product 9, which possesses 1-buthenyl ligand formed via ring 
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opening of the cyclopropyl ring.   

 

Scheme 4-10. Reactions of 1 with (bromomethyl)cyclobutane. 

 

Scheme 4-11. Reactions of 1 with (bromomethyl)cyclopropane. 

 
Figure 4-3. Molecular structure of 6 with 50% probability ellipsoids. Hydrogen atoms are omitted for clarity. Selected bond lengths (Å) 

and bond angles (°) of 6: Fe1–N1 1.931(3), Fe1–N2 1.952(3), Fe1–P1 2.2341(12), Fe1–P2 2.2257(10), Fe1–C39 2.096(4), Si1–Cl1 

2.131(4), Fe1–Br1 2.5770(8), N1–Fe1–N2 82.08(12), P1–Fe1–P2 110.94(4), Si1–Fe1–N3 175.88(11). 

Generally, when the oxidative reaction of alkyl halides proceeds via the radical pathway, low valent metal 

center (LMn) coordinated to halide of alkyl halide to form the adduct. Then, single electron transfer occurs to provide 

LMn+1(X) and alkyl radical (R‧). Next, R‧ combines with LMn+1(X) to give oxidative addition product (LMn+1(X)(R)) 

(Scheme 4-12).7d 

In such the radical process of oxidative additions of (bromomethyl)cyclobutane or 

(bromomethyl)cyclopropane, the ring-opening reaction proceeds to provide 1-pentene and 1-butene, respectively, 

when the radicals exist at the α-position of methylcyclobutane or methylcyclopropane with a certain lifetime 
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(Scheme 4-13). It was reported that the rate constants (kRO (S–1)) of methylcyclobutane radical or 

methylcyclopropane radical were calculated to be 4.7 × 103 and 1.0 × 108, respectively.8 Since the ring-opening was 

observed only in the case of (boromomethyl)cyclopropane in this study, the author estimated the lifetime of the 

alkyl radical formed in the oxidative addition reaction by 1 between 4.7 × 103 and 1.0 × 108. 

 

 
Scheme 4-12. Reaction mechanisms of 1 with alkyl bromide. 

 
Scheme 4-13. Radical clock reactions of cyclobuthylmethyl radical and cyclopropylmethyl radical. 

 

Overall, the mechanistic study using radical clocks supported that the oxidative addition reactions of Si–

Cl bond proceed via radical pathway. The possible mechanism was shown in Scheme 4-14. First, starting from 

chlorosilane adducts of 1, one electron was transferred to chlorosilane to form an iron(I) chloride intermediate and 

a silyl radical. Next, the silyl radical coordinated to the iron(I) metal, then oxidative addition product was generated. 

It was assumed that key step of the reaction was the single electron transfer step. Thus, the reactivity towards 

oxidative addition increase in the order of SiCl4 > RSiCl3 > R2SiCl2 > R3SiCl; SiCl4 is the most reactive because it 

is least sterically hindered and possesses lowest LUMO energy. 

 

 
Scheme 4-14. Reaction mechanisms of 1 with chlorosilane. 
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Next, the author set out for the development of facile Si–H bond formation of chlorosilanes. Direct 

substitution reaction of Si–Cl bond to Si–H bond under mild conditions is attractive to provide hydrosilanes. The 

conventional synthetic method for the production of hydrosilanes relies on the use of reactive hydride reagents, such 

as LiAlH4 and DIBAL-H.1,9a (Scheme 4-15 (a)). In addition, the substitute reactions using HSnMe3
9b (Scheme 4-15 

(b)) and NaBH4
9c (Scheme 4-15 (c)) as mild reagents are also known as a laboratory scale methods. However, it is 

necessary to use excess amounts of hydride reagents. Recently, some groups reported hydrogenation of halosilanes 

including chlorosilanes using iridium or ruthenium catalysts (Scheme 4-15 (d), (e)). In these reactions, it was 

necessary to add NaI or NaBArF
4, which undergo halogen-exchange with chlorosilanes to form reactive iodosilanes 

or silylcations.9d,e In this context, the author was motivated to engage in the direct hydrogenation of chlorosilanes. 

 
Scheme 4-15. Substitute reaction of Si–Cl to Si–H. 

 

The author applied to utilize the concept of MLC for the hydrogenolysis of chlorosilanes in the iron 

PNNP-R system, which was inspired by the previous reports on MLC-supported hydrogenolysis of carbonyl 

compounds by Milstein and co-workers.10 The author’s working hypothesis was shown in Scheme 4-16. (i) Iron(0) 
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complex A dissociates molecular N2 to form coordinatively unsaturated iron(0) species 1 (dissociative path). 1 reacts 

with a cleave of Si–Cl bond in chlorosilanes to form the corresponding iron silyl(chloro) complex A. (ii) 

Deprotonation of A by base leads to dearomatization of the ligand backbone moiety to form B. (iii) Treatment of B 

with hydrogen undergoes rearomatization to form silyl(hydrido) complex C. (iv) C undergoes reductive elimination 

to give hydrosilane and recovered 1. 

 
Scheme 4-16. Proposed catalytic reaction to provide hydrosilane from chlorosilane using hydrogen as a reductant. 

 

First, to obtain the dearomatized complex A, reactions of 2a with NaOtBu or NaH were performed. 

However, the efficient deprotonation of the PNNP-Ph ligand did not proceed and the substitution reaction of chloro 

groups on the Si atom proceeded. The dearomatization reaction was carried out using 1,8-diazabicyclo[5.4.0]undec-

7-ene (DBU) as a milder base. The reaction of 2a with DBU in C6H6 or THF did not proceeded. In contrast, treatment 

of 2a with DBU in CD3CN at room temperature resulted in the formation of dearomatized complex 10, which 

exhibited two doublet signals at  69.2 ppm (2JP = 28.7 Hz) and  54.6 ppm (2JP = 27.7 Hz) in 31P NMR spectrum. 

Complex 10 was converted again to 2a after the removal of CD3CN (Scheme 14-6). The red plate crystals of 10 

were obtained by treatment 2a with DBU in presence of 1,8-bis(dimethylamino) naphthalene (proton sponge). Since 

the deprotonation reaction proceeded only in the polar acetonitrile solvent, it is postulated that the Cl ligand 

dissociation occur in the polar acetonitrile. To investigate this point, cationic complex 12 was alternatively 
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synthesized by the reaction of 2a with NaBPh4 (Scheme 4-18).  

Complex 12 was fully identified by NMR. It should be mentioned that 11 exhibited similar signals to 

those of 12 in CD3CN, although the spectra of 2a and 12 were significantly different in other solvent. Therefore, it 

was indicated that both 10 and 11 exhibited the similar core structure, [Fe(SiCl3)(PNNP-Ph)(CH3CN)]+ in CD3CN. 

 
Scheme 4-17. Dearomatization reaction of 2a. 

 
Scheme 4-18. Reaction of 2a with NaBPh4. 

 
Figure 4-3. Molecular structures diagram of 10 (a) and 12 (b) with 50% probability ellipsoids. Selected bond lengths (Å) and bond angles (°) 

of 10: Fe1–N1 1.952(9), Fe1–N2 1.957(8), Fe1–P1 2.239(3), Fe1–P2 2.264(3), Fe1–Si1 2.254(4), Fe1–N3, 1.943(10), Si1–Cl1 2.131(4), Si1–
Cl2 2.119(4), Si1–Cl3 2.098(4), N1–Fe1–N2 81.1(4), P1–Fe1–P2 113.13(11), Si1–Fe1–N3 175.0(2). Selected bond lengths (Å) and bond angles 

(°) of 12: Fe1–N1 1.961(4), Fe1–N2 1.954(4), Fe1–P1 2.2316(17), Fe1–P2 2.2599(17), Fe1–Si1 2.2719(18), Fe1–N3 1.976(5), Si1–Cl1 2.087(2), 

Si1–Cl2 2.107(2), Si1–Cl3 2.110(2), N1–Fe1–N2 82.01(18), P1–Fe1–P2 112.47(7), Si1–Fe1–N3 172.79(14). 
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The single-crystal X-ray diffraction studies of 2a, 10 and 12 were performed (Figure 4-3, Table 4-1). The bond 

lengths around the iron metal are suitable to diamagnetic iron(II) complex. The C1–C2 and C11–C14 bond lengths 

of 2a and 12 are almost identical (2a: C1–C2 1.497(5) Å, C11–C14 1.496(5) Å, 13: C1–C2 1.498(7) Å, C11–C14 

1.510(8) Å). On the other hand, the C1–C2 and C11–C14 bond lengths of 9 are 1.491(14) Å and 1.368(15) Å. 

Thus, the dearomatization of 10 was confirmed. 

 

Table 4-1. Selected bond lengths (Å) of the crystal structures for 2a, 10, 12, and 13. 

 
Complex 2a 10 12 13 

C1–C2 1.497(5) 1.491(14) 1.498(7) 1.504(3) 

C2–N1 1.340(5) 1.363(13) 1.336(6) 1.339(3) 

C11–C14 1.496(5) 1.368(15) 1.510(8) 1.505(3) 

C11–N2 1.329(4) 1.378(14) 1.332(6) 1.338(3) 

Fe1–N1 1.973(3) 1.952(9) 1.961(4) 1.9450(18) 

Fe1–N2 1.960(3) 1.952(9) 1.964(4) 1.9473(17) 

Fe1–P1 2.2338(10) 2.239(3) 2.2316(17) 2.1854(6) 

Fe1–P2 2.2459(10) 2.264(3) 2.2599(17) 2.1875(6) 

Fe1–Si1 2.2480(10) 2.254(4) 2.2719(18) 2.2582(7) 

Fe1–X 2.3891(9) 

(X = Cl1) 

1.943(10) 

(X = N3) 

1.976(5) 

(X = N3) 

1.43(3) 

(X = H1) 

Next, the examination of the rearomatization step corresponding to iv in Scheme 4-15 was performed 

(Scheme 4-19). Treatment of 2a with DBU under hydrogen atmosphere in CD3CN resulted in the formation of 13. 

In the reaction, complex 10 was initially prepared and successively reacted with H2, resulting in the rearomatization 

of PNNP-Ph via H–H bond cleavage. Complex 13 exhibited the hydride signals at  –6.11 ppm (t, 2JP = 63.2 Hz) in 

the 1H NMR. In the 31P NMR spectrum, one singlet signal appeared at   85.9 ppm (Scheme 4-18). These results 

indicated the following reaction pathway; 10 was once generated in-situ by the reaction of 2a with DBU in CD3CN, 

then cleaved the H–H bond heterolytically associated with rearomatization of one pyridine ring to form 13. 
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Scheme 4-19. Synthesis of 12 using 2a with H2 as hydride source.  

Complex 13 could be alternatively synthesized as follows. The reaction of 2a with LiBH4 proceeded 

quickly to obtain 13 quantitatively as the deep blue crystals (Scheme 4-20). Based on the single crystal X-ray 

diffraction, the molecular structure of 13 exhibited an octahedral geometry in which tetradentate PNNP-Ph ligand 

coordinated to the iron center at the equatorial plane and the SiCl3 and the hydride located to the axial position of 

the iron (Figure 4-4, Table 4-1). The hydride signal was detected by difference Fourier synthesis. 

 
Figure 4-4. Molecular structure of 13 with 50% probability ellipsoids. Hydrogen atoms are omitted for clarity except H1. Selected bond lengths 

(Å) and bond angles (°): Fe1–N1 1.9450(18), Fe1–N2 1.9473(17), Fe1–P1 2.1854(6), Fe1–P2 2.1875(6), Fe1–Si1 2.2582(7), Fe1–H1 1.43(3), 

Si1–Cl1 2.1338(8), Si1–Cl2 2.1524(8), Si1–Cl3 2.1124(8), N1–Fe1–N2 81.22(7), P1–Fe1–P2 110.14(2), Si1–Fe1–N3 179.7(13). 

 
Scheme 4-20. Synthesis of 13 using 2a with NaBH4 as hydride source. 

  



81 

 

Conclusion 

 The author succeeded in demonstrating the well-defined oxidative addition of chlorosilanes using 

[{Fe(PNNP-Ph)}2(μ-N2)] 1. The resulting oxidative addition complex, iron silyl(chloro) complexes were fully 

characterized and structurally determined by a single-crystal X-ray study. The reaction of 1 with SiCl4 in presence 

of DHA resulted in the formation of hydrosilane complex 5. The result strongly indicates that the oxidative addition 

of chlorosilanes proceed via the radical pathway. Complex 2a easily underwent deprotonation by DBU in MeCN to 

form 10. The reaction of 10 with hydrogen provided 13. The author postulated that the MLC through 

aromatization/dearomatization from 2a to 13 is the key reaction to convert from Si–Cl to Si–H.  

 

Experimental section 

General considerations 

All experiments were performed under a nitrogen atmosphere using Schlenk techniques or a glove box unless 

otherwise noted. n-Hexane, tetrahydrofuran, toluene and dichloromethane were purified by a solvent purification 

system (MBraun SPS-800 or a Glass Contour Ultimate Solvent System). C6D6 was dried over sodium benzophenone 

ketyl and distilled. CD2Cl2 and CD3CN was dried over CaH2 and distilled. All other reagents were purchased from 

commercial suppliers and used without further purification unless otherwise noted. 1H spectra of 7 was written in 

chapter 1. 1H, 13C{1H}, 29Si{1H}, and 31P{1H} NMR spectra (1H, 600 MHz; 13C, 150 MHz; 29Si, 119 MHz; 31P, 243 

MHz) were recorded on a Bruker AVANCE III HD 600 spectrometer. Chemical shifts are reported in δ (ppm) and 

referenced to the residual solvent signals for 1H and 13C, 1,4-bis(trimethylsilyl)benzene for 29Si, and 85% H3PO4 as 

an external standard for 31P. The highresolution ESI mass spectra were obtained on a Bruker microTOF II. Column 

chromatography was performed with silica gel (Kanto Chemical CO., INC. Silica gel 60 N, 100–210 μm). 

 

Synthesis of [Fe(SiCl3)(Cl)(PNNP-Ph)] (2a) 
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NaBEt3H (1 M in THF, 74 l, 74 mol) was added to the suspension (0.2 mL) of [FeCl2(PNNP-Ph)] (0.030 g, 37 

mol) in 0.4 ml of C6H6 under N2 atmosphere. After stirred at room temperature for 30 minutes, 5 ml of hexane 

was added. Removal of the solvent by filtration and the residual solid was washed by 0.5 ml of hexane for three 

times. The residual was resolved in C6H6 and added SiCl4 0.028 mg (0.14 mmol). After stirred overnight, removal 

of the solvent in vacuo and washed by hexane. After dryness, the purple solid mg (mmol, 81 %) was obtained. 2a 

was crystallized from THF/n-hexane for 3 days to form purple block crystals. 1H NMR (600 MHz, C6D6):  7.76 

(br, 4H), 7.64 (br, 4H), 7.44 (d, J = 8.04, 2H), 7.18-7.11 (m, 6H) 7.79-7.01 (m, 10H), 4.82 (dt, J = 17.8, 4.10 Hz, 

2H), 4.36 (dt, J = 17.6, 4.10 Hz, 2H) ppm. 13C{1H} NMR (150 MHz, C6D6):  164.7, 149.9, 138.6-137.4 (multi), 

135.2 (t, 2JP = 4.42 Hz), 134.1 (t, 2JP = 4.47 Hz), 130.1, 129.3×2, 128.5, 117.5 (t, 2JP = 4.42 Hz), 125.7, 125.5, 

121.7 (d, 2JP = 4.47 Hz), 49.7 (t, 1JP = 17.2 Hz) ppm. 29Si{1H} NMR (243 MHz, C6D6):  46.9 (t, J = 67.8 Hz) 

ppm. 31P{1H} NMR (243 MHz, C6D6):  67.9 ppm. 1H NMR (600 MHz, C6D6) (10):  8.67 (d, J = 8.23, 4H),8.25 

(d, J = 8.34, 4H), 8.17 (s, 4H), 7.88 (tt, J = 12.2,1.80, 4H), 7.59 (t, J = 7.50, 2H), 7.48 (t, J = 9.46 Hz, 4H), 7.32-

7.25 (m, 6H), 5.05 (dd, J = 17.6, 5.17 Hz, 2H), 4.91 (dd, J = 18.4, 4.05 Hz, 2H) ppm. 31P{1H} NMR (243 MHz, 

C6D6) (10):  67.4 ppm. 

Synthesis of [Fe(SiBr3)(Br)(PNNP-Ph)] (2b) 

2b 0.033 g (35 mol, 86%) was prepared following the same procedure of 2a using NaBEt3H (1 M in THF, 74 l, 

74 mol), [FeCl2(PNNP-Ph)] (0.030 g, 37 mol) and SiBr4 0.044 mg (0.014 mmol). 2b was crystallized from 

THF/n-hexane for 1 week to form purple block crystals 1H NMR (600 MHz, C6D6):  7.98 (br, 4H), 7.65 (br, 4H), 

7.43 (d, J = 8.04, 2H), 7.18-7.11 (m, 6H) 7.79-7.01 (m, 10H), 4.95 (dt, J = 16.9, 4.31 Hz, 2H), 4.44 (dt, J = 17.7, 

4.06 Hz, 2H) ppm. 13C{1H} NMR (150 MHz, C6D6):  164.7 (t, 3JP = 6.4 Hz), 149.5, 138.1-137.6 (multi), 134.9 (t, 

2JP = 4.5 Hz), 133.9 (t, 2JP = 4.5 Hz), 129.8, 129.0, 128.2, 127.9, 126.8 (t, 2JP = 4.2 Hz), 125.2, 121.8 (t, 2JP = 5.4 

Hz), 48.4 (d, 1JP = 12.0 Hz), 48.3 (d, 1JP = 12.0 Hz), 1.0 ppm. 29Si{1H} NMR (243 MHz, C6D6):  24.3 (t, J = 61.4 

Hz) ppm. 31P{1H} NMR (243 MHz, C6D6):  64.4 ppm. 
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Synthesis of [Fe(SiMeCl2)(Cl)(PNNP-Ph)] (3) 

3 0.028 (31 mol, 83%) was prepared following the same procedure of 2a using NaBEt3H (1 M in THF, 74 l, 74 

mol), [FeCl2(PNNP-Ph)] (0.030 g, 37 mol) and SiMeCl3 0.020 mg (0.13 mmol). 1H NMR (600 MHz, C6D6):  

7.72 (br, 4H), 7.56-7.54 (m, 4H), 7.51-7.48 (m, 4H), 7.74 (d, 2H, J = 8.26 Hz), 7.23 (d, 2H, J = 7.12), 7.07-7.04 (m, 

6H), 6.99-6.98 (m, 4H), 4.26 (dt, 2H, J = 17.5, 4.79 Hz), 4.33 (dt, 2H, J = 16.7, 5.64 Hz), –0.49 ppm (s, 3H). 31P{1H} 

NMR (243 MHz, C6D6):  69.4 ppm.  

Synthesis of [Fe(SiPhCl2)(Cl)(PNNP-Ph)] (4) 

4 0.015 g (19 mol, 46%) was prepared following the same procedure of 2a using NaBEt3H (1 M in THF, 74 l, 74 

mol), [FeCl2(PNNP-Ph)] (0.030 g, 37 mol) and SiPhCl3 0.032 mg (0.14 mmol). 1H NMR (600 MHz, C6D6):  

7.84 (br, 4H), 7.56 (br, 4H), 7.39 (d, 2H, J = 8.22 Hz), 7.29 (br, 3H), 7.21-7.19 (m, 6H), 7.04-6.99 (m, 12H), 6.73 

(t, 1H, J = 7.11 Hz), 6.47 (t, 2H, J = 7.62), 6.17 (d, 2H, J = 6.18 Hz), 4.28-4.26 (m, 4H) ppm.31P{1H} NMR (243 

MHz, C6D6):  69.6 ppm.  

Synthesis of [Fe(C5H10)(Br)(PNNP-Ph)] (7) 

 NaBEt3H (1 M in THF, 74 l, 74 mol) was added to the suspension (0.2 mL) of [FeCl2(PNNP-Ph)] (0.030 g, 37 

mol) in 0.4 ml of C6D6 under N2 atmosphere. After stirred at room temperature for 30 minutes, 5 ml of hexane was 

added. Removal of the solvent by filtration and the residual solid was washed by 0.5 ml of hexane for three times. 

The residual was resolved in C6H6 and added (bromomethyl)cyclobutane 0.1 mg (45 mol ). After stirred overnight, 

removal of the solvent in vacuo and washed by hexane. After dryness, the purple solid was obtained. 7 was 

crystallized from THF/n-hexane for 3 days to form green block crystals. 1H NMR (600 MHz, C6D6):  7.82-7.78 

(m, 4H), 7.45 (br, 4H), 7.28 (br, 4H), 7.21-7.10 (m, 12H), 6.83 (t, J = 7.53, 2H), 4.56 (dm, J = 18.1 Hz, 2H), 4.45 

(dm, J = 17.2 Hz, 2H), 1.31-1.22 (m, 2H), 0.99-0.93 (m, 2H), 0.94-0.86 (m, 2H), 0.35 (q, J = 8.54, 1H), 0.06 (quin, 

J = 9.81, 1H), –0.25 (q, J = 7.12, 1H) ppm. 13C{1H} NMR (150 MHz, C6D6):  163.7, 151.3, 1.38-1.37 (multi), 

135.4 (t, 2JP = 6.7 Hz), 134.8 (t, 2JP = 6.2 Hz), 133.4 (t, 2JP = 6.2 Hz), 132.7 (t, 2JP = 6.2 Hz), 129.2, 1291, 128.5, 
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127.5 (t, 2JP = 4.42 Hz), 125.8, 119.5, 119.2, 48.1 (t, 1JP = 17.2 Hz), 31.9, 22.8, 22.7, 17.9, 1.4 ppm. 31P{1H} NMR 

(243 MHz, C6D6):  67.9 ppm. 

Synthesis of [Fe(SiCl3)(PNNP-Ph’)] (10) 

2a 0.010 g (13 mol) was dissolved in 0.4 ml of CD3CN and added DBU 0.002 g (14 mol). After 30 min, NMR 

measurement was carried out. Red needle crystals were obtained when proton sponge was added to the solution and 

stood at room temperature overnight. 1H NMR (600 MHz, C6D6):   7.54 (br, 4H, PPh-H), 7.20 (s, 2H, Phen-H), 

7.13-7.05 (m, 8H, Ar-H), 6.93 (d, 2H, J = 7.26 Hz, Phen-H), 6.83 (t, 1H, J = 7.26, SiPh), 6.71-6.69 (m, 6H, Ar-H), 

6.61 (t, J = 7.32 Hz, 2H), 6.51-6.49 (m, 6H), 4.75 (s, 2H, SiH2), 4.26 (d, 2H, J = 15.84 Hz, PCH2), 3.81 (dt, 2H, J 

= 16.5, 5.28 Hz, PCH2), –8.06 ppm (t, 1H, J = 36.8Hz, agostic-H). 13C{1H} NMR (150 MHz, C6D6):  155.9, 140.8, 

140.6, 133.1, 132.9, 132.8, 131.3, 131.2, 129.5, 128.3, 126.7, 126.0, 118.8, 114.6, 47.1 ppm. 31P{1H} NMR (243 

MHz, C6D6):  106.22 ppm.29Si{1H} NMR (119 MHz, C6D6):  12.2 ppm. 

Synthesis of [Fe(SiCl3)(H)(PNNP-Ph)] (13) 

(Method A) 2a 0.010 g (13 mol) was dissolved in 0.4 ml of CD3CN and added DBU 0.002 g (14 mol). After 

substituted to hydrogen atmosphere, 13 was generated at room temperature for 3 hours tracked by NMR 

measurement. 

(Method B) 2a 0.030 g (37 mol) was dissolved in 10 ml of THF and LiBH4 50 l (1M of THF, 50 mol) was added 

to the solution. After stirred 30 min, the volatile was removed in vacuo. The resulting solids were washed by hexane. 

The blue solid of 13 0.026 g (34 mol, 91%) was obtained. 13 was crystallized from C6D6/n-hexane for 1 day to 

form purple block crystals. 

1H NMR (600 MHz, C6D6):  7.76 (br, 4H), 7.38-7.32 (m, 6H), 7.17-7.14 (m, 4H), 7.10-7.09 (m, 4H), 7.02 (s, 2H), 

6.90 (t, J = 13.7 Hz, 4H), 6.82 (t, J = 14.2 Hz, 2H), 4.94 (dd, J = 16.0, 4.09, 2H), 4.09 (dd, J = 16.9, 6.41, 2H), –

6.08 ppm (t, 1H, J = 63.2 Hz, 1H). 31P{1H} NMR (243 MHz, C6D6):  67.9 ppm. 
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The reaction of 2a with (bromomethyl)cyclopropane. 

The crystal of 1 (0.005 g, 7.0 mol), which was crystalized a –THF/hexane at –40 °C,* in J Young NMR tube 

was dissolved in 0.4 ml of C6D6 and added (bromomethyl)cyclopropane 0.4 mg (0.003 mmol). As soon as, NMR 

measurement of the solution was carried out. See NMR caption. *The crystal of 1 was decomposed by dryness. 

Therefore, the weight of 1 was include little amount of mother liquid. 

1H NMR (600 MHz, C6D6): 

 

 

31P NMR (600 MHz, C6D6): 
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The reaction of 2a with SiHCl3 

The crystal of 1 (0.005 g, 7.0 mol), which was crystalized a –THF/hexane at –40 °C,* in J Young NMR tube was 

dissolved in 0.4 ml of C6D6 and added SiHCl3 (1 M in THF, 74 l, 74 mol). As soon as, NMR measurement of the 

solution was carried out. See NMR caption. * The crystal of 1 was decomposed by dryness. Therefore, the weight 

of 1 was include little amount of mother liquid. 

1H NMR (600 MHz, C6D6) (a) 2a, (b) Reaction of 1 with SiHCl3: 

 

  



87 

 

31P NMR (243 MHz, C6D6) (a) 2a, (b) Reaction of 1 with SiHCl3: 

 

 

The reaction of 2a with SiCl4 in presence of DHA. 

The crystal of 1 (0.005 g, 7.0 mol), which was crystalized a –THF/hexane at –40 °C,* in J Young NMR tube was 

dissolved in 0.4 ml of C6D6 and added DHA 0.003 g (0.028 mmol) and SiCl4 0.002 g (28 mmol). NMR measurement 

was carried out after 5 min (d, h) and 12 h (c, g). See NMR caption. * The crystal of 1 was decomposed by dryness. 

Therefore, the weight of 1 was include little amount of mother liquid. 
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1H NMR (600 MHz, C6D6) of (a) 2a with DHA, (b) 2a with DHA, (c) 2a with SiCl4 presence of DHA (12 h), and 

(d) 2a with SiCl4 presence of DHA (5 min) and 31P NMR (243 MHz, C6D6) of (e) 2a with DHA, (f) 2a with DHA, 

(g) 2a with SiCl4 presence of DHA (12 h), and (h) 2a with SiCl4 presence of DHA (5 min): 
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Single crystal X-ray diffraction studies.  

The single crystal X-ray diffraction measurements of 2a, 2b, 6, 9, 11 and 12 was performed under a cold nitrogen 

stream on a Rigaku XtaLAB P200 diffractometer with a Pilatus 200K detector using multi-layer mirrore 

monochromated Mo Kα radiation. The determination of crystal systems and unit cell parameters and data processing 

were performed with the CrystalClear program package. The data sets were corrected for Lorentz and polarzation 

effects and absorption. The structure was solved by direct methods using SIR2014 program,11 and refined by full-

matrix least squares calculations on F2 for all reflections (SHELXL-2014/7),12 using Yadokari-XG 2009.13 

 

 

Figure 4-S1. Molecular structure of 3 with 50% probability ellipsoids. Hydrogen atoms are omitted for clarity. Selected bond lengths (Å) and 

bond angles (°): Fe1–N1 1.955(2), Fe1–N2 1.949(3), Fe1–P1 2.280(9), Fe1–P2 2.2114(9), Fe1–Si1 2.2851(9), Fe1–Cl1 2.3822(8), Si1–Cl2 

2.1387(13), Si1–Cl3 2.1454(11), N1–Fe1–N2 81.71(11), P1–Fe1–P2 110.94(4). 
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Table S1 Crystallographic data of 2a, 2b, 3, and 6. 

  2a 2b 3 6 

Empirical formula C38H30Cl4FeN2P2Si ‧2C8H4O 2C38H30Br4Fe1N2P2Si1‧C7H8 C39H33Cl3FeN2P2Si‧C4H8O C43H39BrFeN2P2‧C7H8 

Formula weight 946.53 2052.45 854.01 873.59 

Temperature/K 93(2) 93(2) 93(2) 93(2) 

Crystal system monoclinic triclinic monoclinic triclinic 

Space group P21/c P-1 P21/c P-1 

a / Å 20.374(3) 14.313(2) 14.9907(13) 10.598(3) 

b / Å 14.3897(14) 15.870(3) 15.2634(11) 13.112(4) 

c / Å 16.074(2) 17.843(3) 19.0253(16) 15.439(4) 

 / ° 90 98.168(4) 90 96.098(4) 

 / ° 112.178(3) 92.892(4) 102.501(2) 99.571(5) 

 / ° 90 99.592(5) 90 104.409(7) 

Volume / Å3 4363.9(9) 3944.3(11) 4250.0(6) 2024.4(9) 

Z 4 2 4 2 

R1 / % 0.0574 0.0562 0.0604 0.0513 

wR2 / % 0.1417 0.0922 0.1887 0.1001 

GOF 1.043 1.046 1.080 1.041 

Table S2 Crystallographic data of 9, 11, and 12. 

  9 11 12 

Empirical formula C38H29Cl3D3FeN4P2Si‧C2D3N C64H53BCl3FeN3P2Si‧C4H8O C38H31Cl3FeN2P2Si‧C6H6 

Formula weight 854.00 1199.23 845.98 

Temperature/K 93(2) 93(2) 93(2) 

Crystal system monoclinic monoclinic triclinic 

Space group P21/n P2/n P-1 

a / Å 10.707(5) 15.909(4) 10.4880(6) 

b / Å 21.980(11) 18.043(4) 11.5601(7) 

c / Å 18.362(8) 21.267(4) 18.1782(19) 

 / ° 90 90 93.5220(10) 

 / ° 91.645(12) 97.456(5) 103.7830(10 

 / ° 90 90 112.500(9) 

Volume / Å3 4320(4) 6053(2) 1948.8(3) 

Z 4 4 2 

R1 / % 0.1344 0.0924 0.0383 

wR2 / % 0.3009 0.1238 0.0821 

GOF 1.018 1.061 1.047 
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