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Chapter 1 General Introduction 

 

1-1. Cobalt complexes  

Research on catalysts has intensely sprouted in recent years due to reconsideration for over-

exhausted resources such as their precious counterparts,1 e.g. complexes of ruthenium, rhodium, 

and platinum. Therefore, the demand for more sustainable and cheaper surrogates encourages 

more scientists to develop new catalysts. With similar electronic configurations in valence shells 

to those of noble metal atoms, 3d metal complexes are considered as candidates to replace those 

precious metal catalysts. In addition, 3d metal complexes are usually inexpensive, more earth-

abundant, and less toxic. Thus, there are recently more and more research focusing on the 

development of new 3d metal catalysts.  

In the study of these new 3d metal catalysts, cobalt complexes are regarded as one of the 

most promising systems due to their involvement in various biochemical and catalytic reactions.2 

In industries, for example, both Fischer–Tropsch3 and hydroformylation processes4 are well-

known cobalt-catalyzed processes. The former often makes use of a metallic cobalt usually 

supported on ruthenium, alumina, etc. to transform carbon monoxide (CO) and hydrogen (H2) 

into hydrocarbons. The latter historically applies cobalt tetracarbonyl hydride, [HCo(CO)4], as a 

catalyst to achieve aldehydes formation from alkenes, CO, and H2. Interestingly, this reaction was 

discovered by Roelen while he studied the Fisher-Tropsch process in 1938 (Scheme 1).5  

 

 

Scheme 1. The cobalt-catalyzed Fisher-Tropsch process and hydroformylation. 

 

The cobalt complex, [HCo(CO)4], is a well-defined cobalt catalyst, and the widely-accepted 

mechanism was proposed by Heck and Breslow in 1960.6 It is also widely known that the 

phosphine-supported Rh(I) complex, [HRh(CO)2(PPh3)2],7 was developed by Wilkinson et al. and 

revealed to exhibit much higher catalytic performance for the hydroformylation reaction. 

However, it is worth mentioning that a recent study on cobalt catalyst systems revealed that a 

cationic cobalt(II) carbonyl hydrido complex bearing two phosphine ligands can approach the 
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performance of the Rh catalyst.8 

Cobalamins (vitamin B12) as an enzyme having a cobalt ion at the active center, which belong 

to one of B vitamins and cofactors involved in DNA syntheses, nervous systems, and other 

biological reactions,9 are known to facilitate the generation of alkyl radicals, such as 

deoxyadenosyl radical via homolysis of a weak Co−C bond (ca. 20 ~ 30 kcal/mol) (Scheme 2).10  

 

  

Scheme 2. Facile Co−C bond cleavage of cobalamins (vitamin B12). 

 

Such mechanisms of radical generation by cobalamins and related compounds were applied 

to reduction of aryl halides, establishing processes for syntheses (i.e. deprotection of halide in 

aromatic systems)11 and degradation of organic halides, which are common chemical wastes and 

sources of pollution.12 For example, pentachlorophenol (PCP) can be mainly converted to isomers 

of tetrachlorophenol by vitamin B12 and titanium(III) citrate at room temperature after 24 hours 

(Scheme 3).13 

 

 

Scheme 3. Hydrodehalogenation of pentachlorophenol (PCP).  

 

Although there are some practical reactions catalyzed by cobalt complexes, and they are 

highly expected as candidates of precious metal catalyst surrogates, most of the cobalt complexes 
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still cannot be compatible with other noble metal complexes. Therefore, to overcome the 

inferiority, suitable ligand designs are desired to further expand the reaction chemistry of cobalt 

complexes.  

 

1-2. Consideration of ligand design 

Recently, research on metal-ligand cooperation (MLC) has expanded the central idea of the 

design for new metal complexes.14 Traditionally, reactions were considered to be conducted on a 

metal center in a complex; however, further research suggested that redox behaviors of ligands 

can also affect reactions. In 1966, Jørgensen suggested that ligands could be classified into two 

categories, “innocent” and “suspect”.15 The term “suspect” was then described as “noninnocent” 

by other chemists.16 The “innocent” ligands, such as H2O and halides, remain unchanged in the 

course of reactions. On the other hand, ligands sometimes undergo dissociation from the metal 

center and/or undergo chemical conversion. On this event, an oxidation state of the ligand changes, 

and thus it become difficult to define the total electronic structure of the ligand. In this case, 

Jørgensen coined the word “suspect” (“noninnocent”).  

The simplest form of noninnocent ligands are redox-active ligands. A classical example of 

such the ligands is NO, which can be in three different coordination modes, nitrosyl cation (NO+), 

nitric oxide radical (NO·), and nitroxide anion (NO−) (Figure 1a).15,16a  It is known that ligands 

with a -conjugated moiety can also demonstrate the noninnocence owing to capability to accept 

electrons in * orbitals.16c A simple example is pyrazine-type ligands which can reversibly accept 

an electron in the aromatic π system (Figure 1b).16a, 17 Recent research indicates that noninnocent 

ligands also cover ligands without any π system such as a trifluoromethyl group (-CF3). There are 

three coordination modes of CF3 as a ligand, CF3
+, CF3, and CF3

− (Figure 1c).16b,18 Hoffmann et 

al. suggested that these systems can be termed as σ-noninnocence.  

 

 
Figure 1. (a) Noninnocence of NO as a ligand: three modes of NO coordinating to a metal. (b) 

redox structures of pyrazine ligands. (c) Three modes of CF3 ligand.  

 

So far, with the concept of “noninnocent” combined with rigid chelating ability, various 

application has been established. Thus, the research shifted to ligands, which can fulfil the two 

factors of a π conjugate structure and a chelating ability. For example, a redox system of 
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catecholate/o-quinone and its derivatives16a,19 is one of well-known noninnocent bidentate ligands 

since 1970s (Scheme 4).20  

 

 

Scheme 4. Resonance structures of complexes bearing a catecholate/o-quinone redox 

noninnocent ligand. 

 

As shown in Scheme 4, such ligands can coordinate with a metal center tightly through a 

formation of a five-member ring. The redox ability of catecholate/o-quinone sequence allow 

complexes to exhibit three resonance structures. As a result, the redox properties of metal 

catecholate complexes has been widely applied to study, such as those on Fe-based intradiol 

dioxygenases,21 Cu-dependent amine oxidases,22 and others.23  

As time goes on, more complicated ligand systems have been developed by introducing a 

new concept of metal-ligand corporation (MLC).24 In this concept, incoming substrates interact 

with both a metal center and a ligand in a cooperative manner.14a Therefore, the substrate can be 

activated in a synergetic manner. One of the famous examples was reported by Noyori et al., and 

their work has been nowadays recognized as one of the most important studies in ligand-assisted 

hydrogenation of polar bonds (Scheme 5).25  

 

 

Scheme 5. H2 activation and hydrogenation of a ketone via MLC of a BINAPTol-Ru(II)-diamine 

complex. 

 

In the case of BINAPTol-Ru(II)-diamine complex (BINAPTol = 2,2’-bis(di-4-tolylphosphino)-
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1,1’-binaphthyl), not only the metal center but also a neighboring amido moiety at the primary 

coordination sphere can participate in the activation of H2.26 During the reaction, heterolytic 

cleavage of the H–H bond proceeds to form a hydride ligand (through TS1 in Scheme 5). 

Simultaneously, a proton (H+) is formed on the N atom of the chelating-diamine ligand (Scheme 

5 step C). Thus, H–H bond cleavage can be facilitated. 

The resulting Ru trans-dihydrido complex successively achieve hydrogenation of ketones 

through an outer-sphere mechanism (Scheme 5 step D to E). In this step, a ketone molecule is 

incorporated into the reaction sphere via interaction of the carbonyl group with the hydride and 

amino proton. Thus, the reaction proceeds via a six-membered transition state (TS2 in scheme 5), 

leading to the formation of the corresponding alcohol. The reaction is accomplished with high 

turnover frequency (TOF > 200,000 h−1) and high enantioselectivity (ee > 98%).27  

 

1-3. Metal-ligand cooperation of pincer systems 

As mentioned above, chelating modes, which can influence the electronic structures and 

thermodynamic stability of complexes, are considered as one of key factors for catalyst design. 

Among various types of chelating systems, pincer ligands were found as suitable candidates to 

fulfil the two factors, π conjugate structure and chelating ability, and thus they are one of famous 

ligand systems enabling MLC.14   

In 1970s, design of pincer ligands was pioneered by Nelson, Shaw and van Koten,28 and the 

concept has arrested great attention in area of homogeneous catalysts since then. Pincer ligands 

with a planar multidentate chelating ability usually afford a rigid meridional coordination mode 

to endow reactive complexes with good thermostability29 and sometimes even with moisture 

and/or air stability.30 Moreover, the design of pincer ligands can be easily tuned to render precise 

control of a steric circumstance, hemilability, and noninnocent nature.29 

 

 

Figure 2. Design of pincer ligand with an aromatic motif. 

 

As shown in Figure 2, a classical pincer ligand with an aromatic motif contains several 

sections, each of which plays some distinct roles. The side-arm group X, which are usually 
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composed of phosphanyl-groups (PR2) and/or amino-groups (NR2), can tune the electronic nature 

of the metal center. Furthermore, the R substituents can further control the steric circumstances 

and the chirality of metal complexes. According to the coordinating strength of the X groups, they 

sometimes exhibit hemilabile behaviors. The group Y is normally CH2, O, or NH moieties, which 

can tune a chelate-ring size and a bite angle. The length of the side arms and the chirality at the 

metal center can be also adjusted by the Y group. As a coordination site, group Z, which locates 

at the trans position to an incoming substrate, significantly influence an electronic nature of the 

metal atom. Group S as the substituent(s) on the backbone can directly modify the electron density 

of the aromatic ring, enabling fine tuning of the donating ability of Z.  

So far, detailed ligand design has been provided for in pincer-complex systems. In addition 

to classical oxidative addition/reductive elimination, in Scheme 6, two other important reaction 

modes are shown.2b In Scheme 6 (i), activation of substrates in a primary coordination sphere (via 

direct coordination) is well-established. Because the amine side-arm is hemilabile, the side-arm 

NEt2 group dissociates from the metal center at the initial stage, and a ketone can coordinate to 

the metal center and then be inserted into the M–H bond. 

The outer sphere substrate activation via MLC is also reported, such as hydrogenolysis of 

esters (Scheme 6 (ii)). The reaction initiates with the formation of a weak hydrogen bond between 

the lone pair electrons on the oxygen atom of the carbonyl group and the hydrogen at the ligand 

backbone. Simultaneously, the carbonyl carbon interacts with the hydride ligand. The reaction 

completes with the formation of a hemiacetal and an imido complex. 

 

 

Scheme 6. Two common activating modes: (i) inner-sphere approach (hydrogenation of ketone), 

(ii) outer-sphere approach (hydrogenation of ester).  

 

Another approach based on MLC has portrayed a unique and promising reactivity and a 

mechanism, which is different from the aformentioned two approaches (Scheme 7). As mentioned 
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above, pincer complexes can often exhibit MLC behavior. In pincer complexes with an aromatic 

moiety, particularly in the pyridine-based (also lutidine-based) pincer complexes, the switch 

between the aromatized form and the dearomatized form enables bond activation of small 

molecules, such as C−H, O−H, N−H, etc. (Scheme 7).14b For example, on the treatment with a 

base, one H atom at the methylene carbon atom on the ligand side arm is deprotonated, causing 

the dearomatization of the pyridine ring. Then, the metal center and the exomethylene carbon act 

as an acid and a base, respectively. Accordingly, H–X (H–X = H–H, H–OH, H−OR, H–N(H)R, 

etc.) bond is heterolytically cleaved via a bridged-transition state with the interaction between H–

X and both the metal center and the exo-methylene carbon atom.  

 

 

Scheme 7. Activation of small molecules via pyridine-based complexes applying MLC.  

 

For these pyridine-based PNP or PNN complexes, some specific catalytic reactivity or 

unprecedented reactions were reported (Scheme 8).31, 32 For example, Milstein et al. reported 

formation of amides directly from primary amines and alcohols along with H2 liberation catalyzed 

by a PNP-Ru complex in 2007,31 and his group also published a consecutive thermal H2 and light-

induced O2 revolution from water via a PNN-Ru pincer complex in 2009.32 Both of these reactions 

showed high reactivity based on the MLC with a dearomatization/rearomatization sequence. 

Hence, this thesis focuses on the systems with aromatic backbones.  

 

 

Scheme 8. (a) Amide formation and H2 liberation from primary amines and alcohols 
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catalyzed by a PNP-Ru complex. (b) Sequential H2 and O2 revolution from water via a PNN-Ru 

complex. 

 

Recently, long-range MLC has been reported. In 2010, two independent studies of long-

range MLC were reported by Milstein’s group33 and Song’s group34, respectively (Scheme 9). In 

the Milstein’s system, H2 activation was achieved by an acridine-based Ru complex in refluxing 

toluene under 5 bar H2 atmosphere. Bond cleavage of H2 was achieved heterolytically. In the 

resulting complex, one H atom was coordinated to Ru and the other one attached to a 9-position 

of the acridine framework. In the Song’s system, H2 activation occurred via a diazafluorene-based 

Ru complex at 60 °C in THF or benzene under 1 bar of H2. Similarly, Ru–H was formed, and 

another H attached to the 9-position of the diazafluorene framework. Thus, both of these two 

studies showed the occurrence of the heterolytic cleavage of H–H to afford one hydride at the Ru 

atom and one hydrogen atom at the terminal sites of the ligand backbone in each case. 

 

   

Scheme 9. Hydrogen activation via long-rang MLC developed by Milstein’s and Song’s groups, 

respecctively. 

 

Overall, MLC has provided a new concept of design of complexes, and the unique activating 

modes lead to various reaction pathways, which then offered distinct reactivity in catalytic 

reactions.14b 

 

1-4. Co(I) pincer complexes  

Among the miscellaneous systems, the low valent cobalt complexes, especially cobalt(I) 

complexes are of great interest because they can cleavage various bonds. It was revealed that the 

reactions proceed via both radical mechanism35 and ionic mechanism (two-electron redox 
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mechanism)2b, 36 (Figure 3).  

 

 

Figure 3. Selected Co(I) pincer complexes as catalysts in literature.  

 

With a specific electronic nature, excellent catalytic performance can be achieved by Co(I) 

pincer complexes. In addition to the PNP pyridine-based Co(I) complexes,36,37 Chirik’s group 

reported PDI-Co(I) complexes (PDI = bisimino(pyridine); Figure 3d),38 bipyridine-based (Figure 

3c),38 and phenanthroline-based (Figure 3f) Co(I) complexes,39 which could be applied as 

catalysts for borylation,37b,37d,37e,38b,39 hydrosilylation of carbon dioxide (CO2),37a and 

Suzuki−Miyaura cross coupling.37c Moreover, other tridentate PNP and CCC type Co (I) pincer 

complexes were introduced by Nishibayashi’s group (Figure 3h)40 and Fout’s group (Figure 3e)41. 

Nishibayashi’s PNP Co(I) complex was utilized as a catalyst for the direct transformation of 

molecular nitrogen (N2) into ammonia (NH3),40 while Fout et al. made use of CCC type Co(I) 

complexes with two NHC (NHC = N-heterocyclic carbenes) side groups to achieve catalytic 

olefin hydrogenation.41 Besides, a pentadentate PBP-Co(I) complex, which shows a similar 

structure to Nishibayashi’s complex reported by Peters’s group (Figure 3g), can be applied as a 

catalyst to (de)hydrogenation and transfer hydrogenation.42  

Surprisingly, to the best of my knowledge, MLC behavior has been not reported so far in 

most of the above-mentioned Co(I) complexes. However, in 2013, Milstein reported syntheses of 

PNP-Co(I)-methyl complexes bearing a pyridine-based pincer ligand (Figure 3a) by the reaction 

of PNP-Co(II)-dichloride with methyllithium (MeLi). It was revealed that the resulting methyl 

complex underwent a formal loss of H· radical, resulting in the formation of a Co(I) complex with 

a ligand-centered radical (Scheme 10a-i). In this study, the radical behavior of Co(I) methyl 

complex demonstrated not only the occurrence of a long-range MLC behavior but also 

hydrogenation of diphenylacetylene (Scheme 10b-i).35 In a different study, Chirik’s group also 
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reported the same reaction: i.e. reaction of PNP-Co(II) chloride with excess MeLi one year later. 

In contrast to Milstein’s study, it was reported that the PNP-Co(II)-dichloride underwent 

methylation, methane (CH4) generation, and again methylation, thus the resulting complex was 

assigned to a PNP-Co(II)-methyl complex with a dearomatized PNP ligand (Scheme 10a-ii). They 

also revealed that the reaction of PNP-Co(I) methyl complex with diphenylacetylene proceeded 

at elevated temperature to form PNP-Co(II)-Ar complex, which was generated via insertion of 

diphenylacetylene followed by orthometalation (Scheme 10b-ii).36  

 

Scheme 10. (a) Syntheses of the PNP-Co-methyl complexes with excess amount of MeLi by 

Milstein and Chirk. (b) Reactions of PNPtBu-Co-methyl complex with biphenylacetylene by 

Milstein and Chirik. 

 

Overall, although these Co(I) pincer complexes behave as good catalysts in the reactions 

mentioned above, MLC behavior was rarely found in these systems. Thus, there is still a huge 

space for chemists to search on Co(I) complexes with MLC. 

 

1-5. Complexes bearing a tetradentate phenanthroline-based PNNP ligand 

Even with abundant pincer systems as a chemists’ tool kit, a journey to search new and 

powerful ligands has not yet been stopped. To develop new ligand system, Ziessel introduced a 

series of PNP and PNNP pincer ligands in 1989 (Figure 4).43  
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Figure 4. Examples of Ziessel’s ligands. 

 

     All of these ligands contain two diphenylphosphanyl methyl groups built on the backbone 

of pyridine-, bipyridine-, and phenanthroline-moiety, respectively. Among them, the third one 

((2,9-bis ((diphenylphosphanyl)methyl)-1,10-phenanthroline, PNNP ligand) with four coordinate 

sites and a more rigid conjugated backbone, behave as a strong-field ligand to stabilize the metal 

center and enable MLC by the dearomatization/rearomatization sequence.44 Complexes 

synthesized from Ru precursors and a tailored PNNP ligand (with tert-butyl groups on the 

phosphine atoms; 2,9-bis ((di-tert-butylphosphanyl)methyl)-1,10-phenanthroline, PNNP-tBu 

ligand) were reported by Milstein’s group in 2013 (Scheme 11).45 Saito et al. utilized a tailored 

bipyridine based PCY2 ligand (6,6'-bis((dicyclohexylphosphaneyl)methyl)-2,2'-bipyridine, 

PCY2), which possesses a mesityl group at the 4 position of each pyridine moiety and two 

cyclohexyl group on each phsophino terminal, to synthesize a Mes-IrPCY2 complex which 

allowed the selective formation of formic acid from carbon dioxide (CO2).46 

 

 

Scheme 11. H2 activation by a Ru complex with a dearomatized PNNP-tBu ligand. 

 

    With PNNP-tBu, a square pyramidal complex was synthesized on the treatment of its 

octahedral precursor ([RuHCl(PNNP-tBu)]) with lithium bis(trimethylsilyl)amide (LiN(SiMe3)2) 

to proceed deprotonation affording a dearomatized backbone, [RuH(PNNP’-tBu)] (Scheme 11). 

After the introduction of H2 (1atm), [RuH(PNNP’-tBu)] was partially converted to a complex with 
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PNNP”-tBu, which had a hydrogenated phenanthroline framework (Scheme 11). Since no trans-

dihydride intermediate ([Ru(H)2(PNNP-tBu)]) was observed, further investigation from direct 

synthesis of the dihydride species was performed by applying 2 equiv of sodium 

triethylborohydride (NaHBEt3) to [RuCl2(PNNP-tBu)] complex (Scheme 11). Although there was 

an evidence to prove the initial existence of a small amount of Ru dihydride species,47 the final 

product was a mixture including [RuH(PNNP’-tBu)] and [RuH(PNNP”-tBu)]. Accordingly, the 

Ru dihydride species, though it was not fully identified, was proposed to be the intermediate 

during the hydrogenation of [RuH(PNNP’-tBu)] (Scheme 11). Collectively, even the hydrogen 

source to the phenanthroline framework was still not clear, which can be from either hydride 

source (e.g. NaHBEt3) or H2 gas, the experimental results still demonstrated a new mode of long-

range MLC. Upon applying this complex as a catalyst, catalytic dehydrogenative coupling of 

alcohols was performed via the mode of MLC (Scheme 12).   

 

 

Scheme 12. Dehydrogenative coupling of alcohols using Ru complexes with a dearomatized 

PNNP-tBu ligand as catalysts. 

 

    As shown in Scheme 13, the dehydrogenative coupling of alcohols was achieved with 0.2 

mol% of [RuH(PNNP’-tBu)] or [RuH(PNNP”-tBu)] in refluxing toluene after 6 to 72 h. However, 

the proposed mechanism suggested that there were only coordination and transfer hydrogenation 

from the alcohols to the ligand of the complex. No further application of hydrogenation by PNNP-

Ru system has not yet be reported. 

    In 2018, our group reported a series of Fe complexes bearing a PNNP ligand (Scheme 13a).48 

A dichloro PNNP-Fe complex, [FeCl2(PNNP)], in a pentacoordinate distorted trigonal 

bipyramidal structure was converted to the dihydride complex, [Fe(H)2(PNNP)] upon treatment 

with 2 equiv NaHBEt3 (Scheme 13a, path I).48a Furthermore, the hydrido complex underwent 

reductive elimination under N2 atmosphere to generate a N2-bridged dinuclear Fe complex, 

[{Fe(PNNP)}2(μ-N2)]. It was also found that dehydogenative coupling of silanols with silanes 

catalyzed by [FeCl2(PNNP)]/NaHBEt3 proceeded to afford hydrotrisiloxanes selectively (Scheme 

13b).48a  
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Scheme 13. (a) Syntheses of [FeCl2(PNNP)], [FeH2(PNNP)], [FeCl(PNNP’)], and 

[{Fe(PNNP)}2(μ-N2)]. For the [{Fe(PNNP)}2(μ-N2)] complex, structural detail of PNNP ligand 

was replaced by P-N-N-P for clarity. (b) Dehydogenative coupling of silanols with silanes 

catalyzed by [FeCl2(PNNP)].  

 

In addition, it was revealed that treatment of [FeCl2(PNNP)] with 2 equiv sodium tert-

butoxide (NaOtBu) at –78 °C in THF resulted in the formation of an iron complex bearing a 

dearomatized phenanthroline framework, [FeCl(PNNP’)], as a major product (Scheme 13a, Path 

II).48b It is worth mentioning that the X-ray crystallographic study of [FeCl(PNNP’)] revealed a 

significantly shorter C1−P1 bond than its counterpart on another side.49 Along with the results of 

DFT calculation, it was suggested that there is a resonance structure of the metallacycle moiety 

which contains P1, C1, C2, N1, and the Fe center (Scheme 14). In this system, the redox active P 

atom and the Fe atom play pivotal roles. Overall, it is likely that the PNNP ligand established a 

broad -conjugation system involving the Fe atom, thus facilitating the stability of [FeCl(PNNP’)].  
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Scheme 14. Possible resonance structures of [FeCl(PNNP’)]. 

 

    The MLC behaviors of PNNP-Fe system were also observed (Scheme 15).50 While treating 

with 2 equiv NaOtBu to [Fe(CH3)I(PNNP)], which was prepared from [{Fe(PNNP)}2(μ-N2)] and 

4 equiv CH3I, afforded [Fe(CH3)(PNNP’)] bearing a dearomatized PNNP’ ligand. Interestingly, 

on the treatment of [Fe(CH3)(PNNP’)] with 1 atm H2 atmosphere for 20 min, an octahedral trans 

methyl hydrido complex with a rearomatized PNNP ligand ([Fe(CH3)(H)(PNNP)]) was formed 

(Scheme 15a). Thus, conventional MLC was demonstrated in the PNNP-Fe system.  

Recently, an iron dihydride complex bearing PNNP-Cy ligand, [Fe(H)2(PNNP-Cy)] (2,9-bis 

((dicyclohexylphosphanyl)methyl)-1,10-phenanthroline, PNNP-Cy ligand), was prepared by the 

reaction of a dibromide precursor with 2 equiv NaHBEt3. The resulting Fe-hyderido complex can 

be spontaneously transformed into a new iron complex with a doubly-hydrogenated 

phenanthroline ligand, demonstrating a new long-range MLC behavior (Scheme 15b).51 Moreover, 

[Fe(H)2(PNNP-Cy)] can react with benzophenone to afford an insertion product 

[Fe(OCHPh2)(PNNP’-Cy)].50 In this reaction, partial dearomatization of the phenanthroline 

framework proceeded. As a result, the resulting complex was supported by an unsymmetrical 

PNNP’-Cy, in which two phosphanyl groups are connected to the ligand backbone via one 

methylene carbon and one exo-methylene carbon (Scheme 15b). Thus, the reaction also 

demonstrated the occurrence of a long-range MLC in the PNNP-Fe system. 
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Scheme 15. MLC in a PNNP-Fe system: (a) a conventional mode and (b) a long-range mode.  

 

1-6. Purpose of this research 

In this thesis, study on fundamental reactions of PNNP-Co(I) complexes are described. Based on 

the properties of the PNNP ligands, two characteristic aspects can be expected: (1) The low valent 

Co(I) center could be stabilized by the PNNP ligand via a rigid coordination as well as the electron 

accepting ability of the phenanthroline framework. (2) PNNP-Co complexes could render 

intrinsic MLC behaviors via the dearomatization/rearomatization sequence of a broader 

conjugation system with the phenanthroline-based ligand than that with the pyridine-based ligand. 

Based on these two concepts, it is expected that a square planar 16-electron PNNP-Co(I) complex 

with two vacant sites (Figure 5), which can be potentially synthesized, might demonstrates novel 

reactivity.  
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Figure 5. Expected PNNP’-Co(I) complex. 

 

The outlines of chapters are as follows: 

In Chapter 2, motivated by the importance of PNP-Co(I) alkyl complexes in various catalytic 

reactions,37, 39 the syntheses of PNNP-Co(I) alkyl complexes and their potential MLC behavior 

were described (Scheme 16). In addition, a long-range MLC behavior was also observed during 

the heating reaction of a PNNP-Co(I) alkyl complex, which underwent homolysis of Co−C bond 

and benzylic hydrogen atom abstraction. 

 

 

Scheme 16. Structural transformation of 2 into 3. 

 

In Chapter 3, mechanistic study on H2 activation by the PNNP-Co(I) system is described 

(Scheme 17). In order to gain mechanistic insight into H−H activation by the PNNP-Co(I) 

complex, mechanistic study was performed including a deuterium labeling experiment and 

stoichiometric reactions. 

 

   

Scheme 17. H2 activation via 3.  
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In Chapter 4, catalytic hydrodehalogenation of aryl halides catalyzed by a PNNP-Co(I) 

complex is discussed (Scheme 18). The reactions were proceeded under milder conditions (e.g. 

under 1 atm H2) in comparison with previous reports. Moreover, mechanistic study including 

kinetic study is also included to uncover the reaction mechanism. Based on the mechanistic study, 

the catalytic cycle was suggested to be based on the specific long-range MLC behaviors via a 

series of structural transformation of the PNNP ligand which has been elucidated in the previous 

chapters. 

 

 

Scheme 18. Hydrodehaloation of aryl halides catalyzed via a PNNP-Co(I) catalyst. 

 

Chapter 5 describes the summary of this thesis. 
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Chapter 2 Synthesis and Reactivity of Cobalt(I) Alkyl Complexes with a Tetradentate 

Phenanthroline-Based PNNP Ligand  

 

2-1. Introduction 

As mentioned in Chapter 1, on the basis of the unique electronic structures, the cobalt(I) 

alkyl complexes with a tridentate pincer ligands often demonstrate diverse reactivities.1 

Polymerization of ethylene catalyzed by PDI-Co complexes (PDI = 2,6-bis(1-(2,6-

diisopropyphenyllimino)ethyl)pyridine) were surveyed by Brookhard2 and Gibson3, and the 

mechanistic study suggested the presence of a reactive Co(I) species. More solid evidence based 

on the detailed mechanistic study was reported independently by Gibson4 and Gal5 in 2001, 

showing a PDI-Co(I) methyl complex behaved as a key intermediate. 

Several leading reports on Co(I)-alkyl complexes with a series of pyridine-based PNP pincer 

ligands (PNP = 2,6-bis((dialkylphosphanyl)methyl)pyridine) were launched by Chirik et al.6 For, 

example, CO2 hydrosilylation was achieved catalyzed by a PNP-Co(I) (trimethylsilyl)methyl 

complex, which converts CO2 into silyl formate, bis(silyl)acetyl, silyl ether, and siloxanes 

(Scheme 1a).6a This Co(I) alkyl complex was also found to be active for C−H borylation reaction 

of furan, thiophene, pyridine, benzene, and their derivatives (Scheme 1b).6b,6d Thus, miscellaneous 

catalytic abilities of Co(I) alkyl complexes can be expected by the introduction of pincer ligands.  

 

 

Scheme 1. Selected examples of catalytic reaction via Co(I) pincer complexes reported by 

Chirik’s group. (a) CO2 hydrosilylation. (b) C−H borylation.  

 

    It has been known that metal-ligand cooperation (MLC) further expands the reactivity of 

pincer complexes in various reactions.7 Some specific reports has been reveal in Chapter 1, such 
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as Milstein’s works on the direct synthesis of amides from alcohols and amines,8 and consecutive 

H2 and O2 evolution from water,9 both of which were mediated by MLC of Ru pincer complexes. 

However, in the chemistry of cobalt pincer complexes, examples to exhibit MLC behavior still 

remain rare. One distinct example is a formal loss of a H• radical from PNP-Co(I) methyl 

complexes via homolysis of benzylic C−H bond at the ligand side-arm (Chapter 1, Scheme 10).10  

    Recent study on a tetradentate PNNP ligand ((2,9-bis ((diphenylphosphanyl)methyl)-1,10-

phenanthroline), which has the phenanthroline framework and renders MLC behavior via the 

dearomatization/rearomatization sequence of the phenanthroline framework, has demonstrated 

their applicability for catalysts, such as PNNP-Ru11 and PNNP-Fe12 systems (Chapter 1, Schemes 

13 and 14). In this context, the preparation of the first PNNP-Co(I) alkyl complex 

[Co(CH2SiMe3)(PNNP)] (2) was achieved in our laboratory by the reaction of PNNP-Co(I) 

chloride (1) with 1 equiv of the corresponding Grignard reagent in 27% yield (Scheme 2).13 

 

 

Scheme 2. Synthesis of 3. 

 

    It is well known that the four low-coordinate Co(I) alkyl species are applicable for C–H bond 

cleavage.14 For example, Chirik’s group reported that PNP-Co(I) methyl complex successfully 

proceed an oxidative addition reaction of benzene at 80 °C.15 In contrast, complex 2 was 

transformed to 3, which possesses asymmetric dearomatized PNNP’ ligand, upon heating at 60 °C. 

Concomitant formation of tetramethylsilane (SiMe4) was also confirmed by 1H NMR. This 

reaction strongly supports a long-range MLC behavior of the PNNP-Co system. To shed light on 

this phenomenon, mechanistic study was performed in this chapter. 

 

2-2. Preparation of PNNP-Co(I) alkyl complexes 

    First of all, synthesis of 2 was re-examined. The reaction of 1 with Me3SiCH2MgCl was 

similarly performed. After several trials, it was revealed that the reduction of the reaction time to 

1 h significantly improved the yield of 2 to 89%. By applying this method, the reaction of 1 with 

MeMgBr was also performed, affording another reaction platform of the PNNP-Co(I) alkyl, 

[CoMe(PNNP)] (5) with the isolated yield of 49% (Scheme 3). Complex 5 slowly decomposed at 

ambient temperature to form a complex mixture. However, it could be identified by NMR 

spectroscopy. 
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Scheme 3. Synthesis PNNP-Co(I) alkyl complexes 2 and 5 from 1. 

 

     In 31P{1H} NMR spectrum, 5 exhibits one singlet at 76.9 ppm, which is similar to that of 2 

(75.7 ppm). In 1H NMR spectrum, the methyl group attached to the Co metal appears in the typical 

high-field region, −0.36 ppm (3JPH = 3.3 Hz). Two side-arms (PCH2) were found at 3.93 (m) and 

4.42 ppm (d, 2JPH = 16.3 Hz).  

 

2-3. Mechanistic study of PNNP-Co(I) alkyl complexes 

    To shed light on the mechanism of the transformation of 2 to 3, further consideration is 

necessary.16 Therefore, reaction of 2 with TEMPO ((2,2,6,6-tetramethylpiperidin-1-yl)oxyl) as a 

radical scavenger was examined (Scheme 4).17 

 

 

Scheme 4. Reaction of 2 with TEMPO. 

 

Complex 2 reacted with excess amount of TEMPO (4 equiv) at 60 °C for 1 h. The reaction 

mixture was examined by 1H NMR, showing a formation of a new Co complex (6), TEMPO-H, 

TEMPO-alkyl, and SiMe4 in 31%, 35%, 35%, and 27% yield, respectively, along with some 

unidentified species. Based on the formation of TEMPO-alkyl, it was suggested that Co−C 

homolysis proceeded to generate (Me3Si)CH2
• radical during this reaction. The formation of 

SiMe4 and TEMPO-H should be formed via H atom abstraction by (Me3Si)CH2
• radical and 

TEMPO radical, respectively.  

Considering these observations, it is likely that the Co−C homolysis proceeds during the 
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transformation from 2 to 3, where the resulting alkyl radical further underwent benzylic H atom 

abstraction to afford SiMe4 (Scheme 5). In this process, the delocalized -system composed of 

the Co metal and the PNNP ligand, which was evidenced in the PNNP-Fe system (Chapter 1, 

Scheme 14), should facilitate the benzylic H atom abstraction. 

 

 

Scheme 5. Possible reaction path for the formation of 3 from 2. 

 

Complex 6 was identified by NMR. Complex 6 exhibits one singlet signal at 33.9 ppm in the 

31P{1H} NMR spectrum, which can be assigned to the PCH groups. In the 1H NMR spectrum, the 

CH2SiMe3 group appears at −0.17 (s, 9H) and −0.29 (t, 2H). There is a singlet signal of the PCH 

groups at 4.68 ppm with the integral intensity of 2 H. In the 13C{1H} NMR spectrum, the PCH 

groups exhibit one singlet signal at 82.7 ppm. All these observed NMR spectra are consistent with 

the assignment of 6 as a Co(III) alkyl complex (alkyl = CH2SiMe3) with a symmetrically doubly-

deprotonated PNNP’’’ ligand. It is likely that the doubly C−H bond homolysis occurred on the 

treatment of 2 with TEMPO to afford 6. It should be mentioned that all the above-mentioned 

reaction processes include benzylic H atom abstraction from the ligand side-arms, strongly 

supporting the occurrence of long-rang MLC.  

Single crystals of 6 were formed from its cold hexane solution, therefore structural 

determination of 6 was performed by a single-crystal X-ray study (Figure 1). 
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Figure 1. ORTEP drawing of 6 with 50% probability ellipsoids.16 Hydrogen atoms are omitted 

for clarity. Selected bond lengths (Å) and angles (°): Co–C15, 2.017(5); Co–P1, 2.2196(15); Co–

P2, 2.2207(15); Co1–N1, 1.894(4); Co–N2, 1.884(4); P1–Co–P2, 110.68(6); P1–Co–N1, 

82.02(14); N1–Co–N2, 83.31(19); N2–Co–P2 82.36(13). 

 

    The C1−C2 (1.361(7) Å) and C7−C8 (1.357(7) Å) bonds exhibit double bond character.17 

Moreover, the bond lengths of C2−C3 and C3−C4 are 1.451(7) and 1.354(7) Å, which can be 

assigned to a single bond and a double bond, respectively. A similar trend was observed in C8−C9 

(1.449(7) Å) and C9−C10 (1.339(7) Å) bonds on the other side. Collectively, all values of the X-

ray result are consistent with the NMR spectral data.  

 

2-4. Conclusion 

In this chapter, two PNNP-Co(I) alkyl complexes, 2 and 5, were synthesized in good yields. 

Owing to the stable diamagnetic characteristics of these complexes, 5 was fully characterized by 

NMR spectroscopy. Mechanistic study was performed to shed light on the transformation of 2 to 

3. On the treatment of 2 with TEMPO as a radical scavenger as well as a hydrogen atom acceptor, 

both alkyl group and H atom were trapped. Based on this observation, it was concluded that 

formation of 3 from 2 initiated by the Co−C homolysis to form an alkyl radical, where the 

resulting alkyl radical further underwent benzylic H atom abstraction to afford SiMe4. In the 

TEMPO reaction, a new Co(III) alkyl complex 6, which possesses doubly-dearomatized PNNP’’’ 

ligand, was formed. It is likely that the double C−H bond homolysis occurred on the treatment of 

2 with TEMPO to afford 6. Based on these results, occurrence of the facile benzylic-H atom 

abstraction of the PNNP ligand was evidenced, supporting the potential capability of a long-range 
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MLC of 2, which could be promising to develop new catalytic reactions. 

 

2-5. Experimental Details  

2-5-1. Synthesis of [Co(CH2SiMe3)(PNNP)] (2)13, 16 

1 (19.9 mg, 0.030 mmol) was dissolved in benzene (35 mL) and stored in a 50 mL Schlenk tube. 

Trimethylsilylmethylmagnesium chloride (30.0 μL of 1 M THF solution, 0.030 mmol) was added 

dropwise. The mixture was stirred at room temperature for 1 h. The resulting solution was dried 

under vacuum. The residue was extracted with Et2O and filtered using a Celite pad. The filtrate 

was concentrated to dryness under vacuo to afford 2 as a purple solid (18.7 mg, 0.026 mmol, 

87 %).  

1H NMR (C6D6, 25 °C) δ 7.35 (d, 2H, Phen-H, 3JHH = 7.0 Hz), 7.32 (m, 4H, PPh2), 7.13 (vt, 4H, 

Phen-H (2H) + PPh2 (2H)), 7.04 (vq, 6H, Phen-H (2H) + PPh2 (4H)), 6.75 (m, 4H, PPh2), 6.64 (t, 

2H, PPh2, 3JHH = 7.4 Hz), 6.49 (t, 4H, PPh2, 3JHH = 7.7 Hz), 4.81 (d, 2H, PCH2, 3JHH = 15.8 Hz ), 

3.95 (m, 2H, PCH2), –0.57 (s, 9H, CH2SiMe3), –0.60 (t, 2H, CH2SiMe3, 3JPH = 4.4 Hz). 13C{1H} 

NMR (C6D6, 25 °C) 157.0, 140.0, 138.7, 134.2, 133.5, 131.7, 131.4, 129.5, 128.6 (×2), 128.3, 

126.3, 117.2, 113.7, 45.4, 2.9, –22.2. 31P{1H} NMR (C6D6, 25 °C) δ 75.72. 29Si{1H} NMR (C6D6, 

25 °C) δ 7.46 (t, 3JSiP = 3.6 Hz). HRMS (ESI) Calculated: (C42H42CoN2P2Si) 723.1919 ([M+H]+), 

Found: 723.1907. 

 

2-5-2. Synthesis of [CoMe(PNNP)] (5)19 

1 (50.0 mg, 0.074 mmol) was dissolved in benzene (5 mL) and stored in a 30 mL Schlenk tube. 

Methylmagnesium bromide (29 μL of 3.0 M Et2O solution, 0.090 mmol) was added dropwise at 

room temperature. The mixture was stirred at room temperature for 1 h. The resulting solution 

was dried under vacuum, and the residue was extracted with ether. The solution was filtered using 

a Celite pad, and the filtrate was concentrated to dryness under vacuo to afford 5 as a purple solid 

(23.2 mg, 0.036 mmol, 49 %).  

1H NMR (C6D6, 25 °C) δ 7.69 (br, 2H, Phen-H), 7.29 (br, 4H, PPh2), 7.12 (m, 2H, Phen-H), 7.08 

(s, 2H, Phen-H), 7.02 (brm, 4H, PPh2), 6.91 (m, 6H, PPh2), 6.73 (t, 2H, PPh2, 3JHH = 7.0 Hz), 6.61 

(t, 4H, PPh2, 3JHH = 7.3 Hz), 4.42 (d, 2H, PCH2, 3JHH = 16.3 Hz), 3.93 (m, 2H, PCH2), –0.36 (t, 

3H, CoCH3, 3JPH = 3.3 Hz). 13C{1H} NMR (C6D6, 25 °C) 156.4, 140.8, 138.0, 133.7, 133.4, 131.9, 

131.8, 129.3, 128.6, 126.3, 116.3, 112.5, 45.4, –15.2. Two Ar signals were obscured in a residual 

benzene signal. 31P{1H} NMR (C6D6, 25 °C) δ 76.92. HRMS (ESI) Calculated: (C39H33CoN2P2) 

651.1524 ([M+H]+), Found: 651.1511. 
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Figure 2. 1H NMR spectrum of 5 in C6D6. 

 

Figure 3. 13C{1H} NMR spectrum of 5 in C6D6. 
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Figure 4. 31P{1H} NMR spectrum of 5 in C6D6. 

 

2-5-3. Synthesis of [Co(PNNP’)] (3)13, 16 

Method 113: 2 (24.3 mg, 0.034 mmol) was charged in a 50 mL Schlenk tube and dissolved in 

benzene (10 mL). The solution was stirred at 60 °C for 16 h to form a deep green crystalline 

precipitate. After filtration, 3 was obtained as an analytically pure form (14.2 mg, 0.029 mmol, 

86%). Single crystals of 3 was obtained by slow evaporation of saturated C6H6 solution of 3 at 

room temperature. 

Method 216: To a benzene solution (10 mL) of 1 (15.2 mg, 0.023 mmol), was added sodium tert-

butoxide (2.2 mg, 0.023 mmol). The solution was stirred at room temperature for a few minutes. 

The solution was filtered with a Celite pad to give 3 as a deep green solid (13.8 mg, 0.022 mmol, 

96%).  

1H NMR (C6D6, 25 °C) δ 7.60 (t, 4H, PPh2, 3JHH = 8.6 Hz), 7.56 (d, 1H, Phen-H, 3JHH = 8.3 Hz), 

7.41 (t, 4H, PPh2, 3JHH = 8.6 Hz), 7.00 (m, 4H, PPh2), 6.88-6.93 (m, 9H, Phen-H (1H) + PPh2 

(8H)), 6.65 (m, 2H, Phen-H), 6.55 (d, 1H, Phen-H, 3JHH = 8.0 Hz), 6.28 (d, 1H, Phen-H, 3JHH = 

8.5 Hz), 4.33 (brs, 1H, PCH), 3.08 (d, 2H, PCH2, 2JPH = 12.0 Hz ). 13C{1H} NMR (DMSO-d6, 

25 °C) δ 165.8, 151.3, 146.0, 143.6, 139.4, 133.9, 132.6, 130.8, 130.7, 129.4, 127.9, 127.7, 127.6, 

127.2, 126.1, 124.0, 121.6, 117.1, 114.2, 111.2, 70.9, 46.7. 31P{1H} NMR (C6D6, 25 °C) δ 52.8 

(br), 38.2 (br). HRMS (ESI) Calculated: (C38H29CoN2P2) 634.1132 ([M+H]+), Found: 634.1148. 

impurities 
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Anal. Calculated for CoN2P2C38H29: C, 71.93; H, 4.61; N 4.41. Found: C, 72.24; H, 4.96; N, 4.58. 

 

2-5-4. Reaction of 2 with TEMPO16 

A C6D6 solution (0.4 mL) of 2 (9.1 mg, 0.013 mmol) was charged in a J-Young NMR tube, and 

TEMPO (2,2,6,6-tetramethylpiperidin-1-yl)oxyl) (7.7 mg, 0.049 mmol) was then added to the 

solution. The solution was left to stand at 60 °C for 1 h, and the resulting solution was analyzed 

by 1H NMR by comparing with 1 euqiv. 1,4-dioxane (1.1 mg, 0.013 mmol) as the internal standard 

to determine the yield of each product. TEMPO-H20 and TEMPO-CH2SiMe3
21 were identified by 

comparison of their spectral data with those of authentic samples. The yields of 6, TEMPO-H, 

TEMPO-CH2SiMe3 and SiMe4 were 31%, 35%, 35%, and 27%, respectively. After removal of all 

the volatiles, the resultant was extracted with hexane. The extract was concentrated to dryness to 

give 6 (trace amount).  

TEMPO-H: 1H NMR (C6D6, 25 °C) δ 3.74 (br, 1H, OH), 1.39 (m, 4H, CH2), 1.30 (m, 2H, CH2), 

1.15 (s, 12H, CH3).  

  

TEMPO-CH2SiMe3: 1H NMR (C6D6, 25 °C) δ 3.54 (s, 2H, OCH2), 1.48 (m, 4H, CH2), 1.33 (m, 

2H, CH2), 1.16 (br, 6H, CH3), 1.08 (br, 6H, CH3), 0.06 (s, 9H, Si(CH3)3). 

 

6: 1H NMR (C6D6, 25 °C) δ 7.44 (m, 4H, PPh2), 7.40 (m, 4H, PPh2), 7.07 (t, 2H, PPh2, 3JHH = 7.3 

Hz), 7.00 (t, 4H, PPh2, 3JHH = 7.4 Hz), 6.89 (t, 2H, PPh2, 3JHH = 7.3 Hz), 6.72 (d, 2H, Phen-H, 

3JHH = 9.2 Hz), 6.67-6.63 (m, 6H, Phen-H (2H) + PPh2 (4H)), 6.62 (d, 2H, Phen-H, 3JHH = 9.2 

Hz), 4.68 (s, 2H, PCH), –0.17 (s, 9H, SiMe3), –0.29 (t, 2H, CH2SiMe3, 3JPH = 9.2 Hz). 13C{1H} 

NMR (C6D6, 25 °C) δ 167.5, 146.8, 133.7, 132.7, 132.1, 132.0, 131.9, 131.7, 129.9, 129.4, 128.5, 

121.1, 121.0, 117.7, 82.7, 0.60 (×2). HSQC (C6D6, 25 °C) δH-δC –0.17 (δH), –0.29 (δH) - 0.60 (δC). 

31P{1H} NMR (C6D6, 25 °C) δ 33.9 (br). 29Si{1H} NMR (C6D6, 25 °C) δ 9.24 (t, 3JSiP = 1.2 Hz). 

HRMS (ESI) Calculated: (C42H39CoN2P2Si) 721.1763 ([M]+), Found: 721.1764. Single crystal of 

6 was obtained from cold hexane solution at –35 °C. 
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Figure 5. 1H NMR spectrum of the reaction mixture in C6D6; ■ : 6; ● : TEMPO-CH2SiMe3; 

▲ : SiMe4; ※: TEMPO-H. 
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Figure 6. 1H NMR of TEMPO-CH2SiMe3 in C6D6. 

 

Figure 7. 1H NMR of 6 in C6D6. 
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Figure 8. 13C{1H} spectrum of 6 in C6D6. 

 

Figure 9. 31P{1H} spectrum of 6 in C6D6. 
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Figure 10. 29Si{1H} spectrum of 6 in C6D6. 

 

2-5-5. X-ray Crystallographic Data 

All single-crystal X-ray diffraction measurements of 6 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 (λ = 0.71073 Å, 50 kV/24 mA). The determination of 

crystal systems and unit cell parameters were performed with the CrystalClear program package. 

Data processing was performed with the CrystalClear program package or CrysAlisPro program 

package. All structures were solved by direct methods using SIR2014 program22, and refined by 

full-matrix least squares calculations on F2 for all reflections (SHELXL-2014/7)23, using 

Yadokari-XG 2009 program24. The X-ray crystallographic data for 6 has been deposited at the 

Cambridge Crystallographic Data Centre (CCDC) under deposition no. CCDC  2013569. These 

data can be obtained free of charge from the CCDC (www.ccdc.cam.ac.uk/data_request/cif). 

 

 

 

 

http://www.ccdc.cam.ac.uk/data_request/cif
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Table 1. Crystallographic parameters of 6. 

Empirical formula C42H39CoN2P2Si α/deg 90 ° 

Formula weight 720.71 β/deg 103.596(8) ° 

Temperature 93(2) K γ/deg 90 ° 

Crystal system monoclinic Volume 3526.3(5) Å3 

Space group P21/c Z 4 

a/Å 15.4631(12) Å Goodness-of-fit on F2 1.038 

b/Å 12.4153(11) Å Final R indices 

[I>2sigma(I)] 
R1 =0.0577, wR2 = 

0.1107 

c/Å 18.8980(12) Å R indices (all data) 
R1 = 0.1227, wR2 = 

0.1564 
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Chapter 3 Hydrogen Activation via Metal-Ligand Cooperation of PNNP-Cobalt(I) 

Complexes 

 

3-1. Introduction  

    Hydrogen activation is considered as an important method to utilize molecular hydrogen 

(H2) to various areas, such as hydrogenation reactions1 and hydrogen storage2. Among various 

approaches to activate H2, H−H bond cleavage by metal complexes undergoes oxidative addition, 

and the reverse reaction proceeds via reductive elimination (Scheme 1).3 

 

 

Scheme 1. Reversible hydrogen activation via a metal complex. 

 

In comparison with the above classical model of hydrogen activation, metal-ligand 

cooperation (MLC) utilizes both metal centers and ligand moieties to achieve H−H cleavage.4 

One leading report was achieved via a BINAPTol-Ru(II)-diamine complex (BINAPTol = 2,2’-

bis(di-4-tolylphosphino)-1,1’-binaphthyl) by Noyori et al.5 as mentioned in Chapter 1.  

In the cobalt(I) pincer complexes, the reaction pattern of H2 activation varies depending on 

the ligand system. For example, Chirik et al. reported activation of atmospheric H2 with a CNC-

Co(I) methyl complex (CNC = bis(arylimidazol-2-ylidene)pyridine) to afford a CNC-Co(I) 

hydride complex in 2013 (Scheme 2a). The application of this CNC-Co(I) methyl complex as the 

pre-catalyst to hydrogenation of alkenes was also reported.6 Thomas et al. reported the first H2 

activation across 3d metal−P bond via MLC in 2018 (Scheme 2b).7 The heterolytic H−H bond 

cleavage was achieved in THF under 1 atm H2 by a PPP-Co(I) complex (PPP = 1,3-bis(2-

(diphenylphosphino)phenyl)-1,3,2-diazaphospholidine). Unfortunately, the PPP-Co(I) complex 

was found to exhibit poor reactivity in catalytic hydrogenation of alkenes due to the steric 

hinderance of its trimethylphosphine group (PMe3).7 To the best of my knowledge, Thomas’s 

report is the only example to achieve H2 activation, mediated via MLC of a Co(I) pincer complex. 
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Scheme 2. (a) Hydrogen via a CNC-Co(I) methyl complex. (b) H2 activation via a PPP-Co(I) 

complex. 

 

    With the consideration to develop a new mode of MLC other than traditional pincer systems, 

the PNNP ligand (2,9-bis ((diphenylphosphanyl)methyl)-1,10-phenanthroline) and its tailored 

derivatives were introduced in several ruthenium and iron complexes as shown in Chapter 1.8,9 In 

those studies, [Ru(PNNP’-tBu)] complex and [FeCH3(PNNP’)] complex, both of which possess 

the dearomatized ligand backbone, can achieve H2 activation via MLC (Chapter 1, Schemes 11 

and 15).8c, 9 Recently, our group also reported H2 activation using PNNP-Co(I) system (Scheme 

3).10 

 

 

Scheme 3. H2 activation via complex 3 in C6D6. 

     

In this reaction, [Co(PNNP’)] (3) undergoes H−H bond cleavage, and the two H atoms were 

incorporated in the endocyclic double bond of the ligand backbone to form a new Co(I) complex, 

[Co(PNNP”)] (4), which possesses partially hydrogenated phenanthroline framework. The results 

suggested a long-range MLC behavior of 3. 

    Although the result indicated that H2 activation can occur via MLC, the detailed mechanism 
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is still unclear. Therefore, in this chapter, mechanistic study on H2 activation by 3 was performed  

 

3-2. Synthesis of 3 via deprotonation of 1 

    The previous method to synthesize 3 includes two steps, alkylation and structural 

transformation. In this study, reactions of 1 with various bases were first of all examined to 

establish a facile synthetic route for 3. In C6D6, 1 did not react with amine type bases, such as 

DBU (1,8-diazabicyclo(5.4.0)undec-7-ene) and triethylamine (Et3N). Treatment of 1 equiv 

sodium tert-butoxide as a strong base afforded 3 as a major product (96% isolated yield) along 

with tert-butyl alcohol (tBuOH) (Scheme 4). 

 

 

Scheme 4. Preparation of 3 from 1 with NaOtBu. 

 

Interestingly, 1 was found to release the Cl ligand easily in a polar solvent DMSO-d6 to 

become a cationic specie [Co(PNNP)]+Cl– (1+). This structural transformation was evidenced by 

1H NMR spectroscopy. In 1H NMR spectrum, the two benzylic CH2 groups of 1 exhibited one set 

of diastereotopic signals at 5.23 ppm and 4.17 ppm in C6D6, whereas one singlet benzylic CH2 

signal appeared at 4.83 ppm in DMSO-d6. As a result of being an ionic form, 1+ can easily undergo 

deprotonation with an organic base in DMSO (Scheme 5). Therefore, 1+ was partially converted 

to 3 (56% NMR yield) upon treatment with 10 equiv DBU.  

 

 

Scheme 5. Deprotonation 1 with DBU in DMSO-d6. 

  

3-3. Mechanistic study on H2 activation by 3 

With a more facile pathway to prepare 3, H2 activation by 3 was further examined. It was 

found out that 4 underwent dehydrogenation to recover 3 upon heating. After heating a toluene 
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solution of 4 at 110 °C for 24 h, partial conversion of 3 (24% by NMR) was observed along with 

a small amount of unidentified species (Scheme 6).  

 

 

Scheme 6. Conversion of 4 to 3 at 110 °C in toluene. 

 

This result supported reversibility of the H2 activation via 3, thus suggesting an intrinsic 

properties of the PNNP–Co(I) system as a H2 reservoir. Similar reversibility of H2 activation was 

also observed in Ru complexes with a PNNP-tBu ligand, however the reaction required high 

pressure of H2 (6 atm).9  

    

Next, reaction of 3 with deuterium (D2) was performed (Scheme 7). 

 

 

Scheme 7. Deuteration of 3. 

 

    After the introduction of D2 gas (1 atm) into a benzene solution of 3, the reaction was kept 

and stirred at room temperature. It was found that the full conversion of 3 into the deuterated 4 

after seven days.12 As shown in Scheme 4, the deuterated 4-d was formed with the deuteration 

ratio of ca. 14% for the Ha and ca. 10% for Hc/Hd atoms.13 No obvious deuteration (<5%) was 

detected. According to the mechanism mentioned below, D incorporation at the Hb position should 

occur, however it was obscured due to the low signal intensity in the 1H NMR.  

It should be noted that deuteration of Ha occurred, excluding the occurrence of a simple 

hydrogenation of the PNNP-ligand backbone during the reaction. Therefore, it was suggested that 

the transformation of 3 to 4 in the presence of H2 involves the H2 activation by conventional 

MLC,7 whereby both the Co center and the exo-methylene carbon synergistically cleave H−H 

bond in a heterolytic manner to form the hydride intermediate [CoH(PNNP)] (A) (Scheme 8). 
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Intermediate A underwent similar structural transformation as PNNP-cobalt alkyl complex 2 via 

Co−H homolysis (Chapter 2, Scheme 5) to form 4.  

 

 

Scheme 8. Possible pathway for H–H bond cleavage by MLC of 3. 

 

One might notice that the observed deuteration rate in 4-d was low than expected (the 

expected vs. observed total deuteration rates: >99% vs. 34%). The result suggested the occurrence 

of the H atom abstraction not only from D2 but also from in situ existing other molecules. One 

possible reason for this is that after the Co− homolysis, the reactive H radical is trapped by the 

PNNP-Co complex as well as other molecules. Then, the resulting complex can abstract a H atom 

contaminated molecules other than D2-originated D-sources. These steps should lead to a 

significant decrease in the deuteration ratio in 4-d. This process is summarized in Scheme 9. 

 

 

Scheme 9. Possible routes for the formation of 4 from A. 

 

In order to confirm the proposed reaction path from A to 4, several hydride sources (e.g., 

NaH and NaHBEt3) were applied to 1 to prepare the hydride intermediate A. However, such 

reactions afforded 3 and/or 4 along with a complicated mixture. Thus, another route to prepare A 

was examined using PNNP-Co ethyl complex [CoEt(PNNP)] (7), which could generate A via β-

H elimination.  

Complex 7 was synthesized by following the similar procedure for the formation of 2: i.e. 

reaction of 1 with ethylmagnesium bromide (EtMgBr) resulted in the quantitative formation of 7. 

Next, 7 was dissolved in C6D6 and heated at 60 °C, and the process was monitored by NMR. After 

5 h, 7 was completely consumed, and 4 was observed in 35% NMR yield along with 3 in 26% 

NMR yield. In addition, formation of ethene (C2H4; major), ethane (C2H6; minor), and some 
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unidentified species were also confirmed (Scheme 10).  

 

 

Scheme 10. Transformation of 7 in C6D6 at 60 °C. 

 

The resulting product 4 and C2H4 supported the in situ formation of a hydride intermediate 

A, which successively undergoes transfer of hydride and one of hydrogen atoms at the benzylic 

moiety to the PNNP backbone (Scheme 11a). Furthermore, the formation of 3 might be derived 

from the Co−C bond homolysis and the following hydrogen abstraction at the benzylic carbon by 

the resulting ethyl radical (Scheme 11b). The similar transformation of [Co(CH2SiMe3)(PNNP)] 

(2) was also reported (Chapter 2, Scheme 2). Collectively, these results implied that the formation 

of A from 7 could also be mediated via homolysis of both the benzylic C–H bond and the Co–H 

bond. 

 

 

Scheme 11. Possible pathways for the transformation of 7 to 4 (a) and 3 (b).  

 

3-4. Conclusion 

    In this chapter, the deuterium labeling experiment of 3 was performed to support the 

occurrence of heterolytic cleavage of H–H bond mediated via MLC. In this process, a hydride 

precursor, which further undergoes H atom transfer to form 4, is expected. PNNP-Co(I) ethyl 

complex 7 as a hydride precursor was synthesized, and transformation of 7 to 4 was confirmed. 

This experimental result also supported the postulated H2 activation process. It is to be mentioned 

that reversibility of H2 activation by 3 was indicated. All the study discussed in this chapter 
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strongly support that the PNNP-Co(I) system can exhibit long-range MLC behavior as a H2 

reservoir. 

 

3-5. Experimental Details 

3-6-1. Another synthetic approach of [Co(PNNP’)] (3)11 

To a benzene solution (10 mL) of [CoCl(PNNP)] (1) (15.2 mg, 0.023 mmol), was added sodium 

tert-butoxide (2.2 mg, 0.023 mmol). The solution was stirred at room temperature for a few 

minutes. The solution was filtered with a Celite pad to give 3 as a deep green solid (13.8 mg, 

0.022 mmol, 96%).  

1H NMR (C6D6, 25 °C) δ 7.60 (t, 4H, PPh2, 3JHH = 8.6 Hz), 7.56 (d, 1H, Phen-H, 3JHH = 8.3 Hz), 

7.41 (t, 4H, PPh2, 3JHH = 8.6 Hz), 7.00 (m, 4H, PPh2), 6.88-6.93 (m, 9H, Phen-H (1H) + PPh2 

(8H)), 6.65 (m, 2H, Phen-H), 6.55 (d, 1H, Phen-H, 3JHH = 8.0 Hz), 6.28 (d, 1H, Phen-H, 3JHH = 

8.5 Hz), 4.33 (brs, 1H, PCH), 3.08 (d, 2H, PCH2, 2JPH = 12.0 Hz ). 13C{1H} NMR (DMSO-d6, 

25 °C) δ 165.8, 151.3, 146.0, 143.6, 139.4, 133.9, 132.6, 130.8, 130.7, 129.4, 127.9, 127.7, 127.6, 

127.2, 126.1, 124.0, 121.6, 117.1, 114.2, 111.2, 70.9, 46.7. 31P{1H} NMR (C6D6, 25 °C) δ 52.8 

(br), 38.2 (br). HRMS (ESI) Calculated: (C38H29CoN2P2) 634.1132 ([M+H]+), Found: 634.1148. 

Anal. Calculated for CoN2P2C38H29: C, 71.93; H, 4.61; N 4.41. Found: C, 72.24; H, 4.96; N, 4.58. 

3-6-2. Reaction of 1 with 10 equiv DBU in DMSO-d6 

 

Complex 1 (2.7 mg, 4.0 mmol) was dissolved in DMSO-d6 (0.40 mL). To the solution, was added 

10 equiv DBU (6.0 μL, 40 mmol). The reaction was followed by 1H and 31P{1H} NMR 

spectroscopy, showing the partial conversion of 1+ to 2 (conv. 56%). After removal of the solvent, 

the residue was analyzed by 1H and 31P{1H} NMR using C6D6 as a solvent to support complete 

recovery of 1. 

 

1+: 1H NMR (DMSO-d6, 25 °C) δ 8.68 (d, 2H, Phen-H, 3JHH = 6.0 Hz), 8.02 (m, 4H, Phen-H), 

7.36 (vt, 4H, PPh2, J = 9.0 Hz), 7.16 (t, 8H, PPh2, 3JHH = 9.0 Hz), 7.11 (br, 8H, PPh2), 4.83 (s, 4H, 

CH2PPh2). 31P{1H} NMR (DMSO-d6, 25 °C) δ 65.1 (s). 

2: 1H NMR (DMSO-d6, 25 °C) δ 7.96 (d, 1H, Phen-H, 3JHH = 6.0 Hz), 7.41 (t, 4H, PPh2, 3JHH = 

9.0 Hz), 7.35 (t, 2H, PPh2, 3JHH = 9.0 Hz), 7.22 (m, 5H, PPh2 (4H) + Phen-H (1H)), 7.12 (m, 8H, 

PPh2 (6H) + Phen-H (2H)), 7.02 (t, 4H, PPh2, 3JHH = 6.0 Hz), 7.00 (d, 1H, Phen-H, 3JHH = 6.0 Hz), 
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6.75 (d, 1H, Phen-H, 3JHH = 12.0 Hz), 4.29 (s, 1H, CHPPh2), 4.06 (d, 2H, CH2PPh2, 2JPH = 6.0 

Hz). 31P{1H} NMR (DMSO-d6, 25 °C) δ 66.2 (d, 2JPP = 41.3 Hz), 44.0 (m). 

 

3-6-3. Reaction of 3 with H2 

A C6D6 solution (0.5 mL) of [Co(PNNP’)] (3) (4.1 mg, 0.0065 mmol) was charged in a J-Young 

NMR tube. H2 (1 atm) was introduced to the NMR tube. The solution was kept at room 

temperature overnight. Full conversion of 4 and clean formation of 4 were confirmed by NMR 

analysis. The solution was concentrated to dryness under vacuum and washed with hexane to give 

6 as a brown solid (2.2 mg, 0.0035 mmol, 53%). Single crystals of 4 was obtained by slow 

evaporation of saturated C6H6 solution of 4 at room temperature. 

4: 1H NMR (C6D6, 25 °C) δ 7.74 (d, 1H, Phen-H, 3JHH = 8.3 Hz), 7.62 (m, 4H, PPh2), 7.49 (m, 

4H, PPh2), 7.10 (d, 1H, Phen-H, 3JHH = 7.9 Hz), 7.00 (m, 2H×2, PPh2), 6.96 (m, 4H, PPh2), 6.92 

(m, 4H, PPh2), 6.84 (d, 1H, Phen-H, 3JHH = 7.9 Hz), 6.48 (d, 1H, Phen-H, 3JHH = 8.3 Hz), 4.64 (m, 

1H, PCH), 3.25 (d, 2H, PCH2, 2JPH = 9.4 Hz ), 2.89 (t, 2H, CH2, 3JHH = 7.0 Hz), 2.67 (t, 2H, CH2, 

3JHH = 7.2 Hz). 13C{1H} NMR (C6D6, 25 °C) δ 166.0, 155.7, 149.9, 143.0, 138.8, 137.1, 132.9, 

132.8, 130.0, 128.6, 128.3* (×2), 128.2*, 127.9*, 119.6, 118.7, 110.5, 89.7, 49.4, 26.9, 25.5. One 

ipso-carbon was obscured due to low intensity. * signals were determined based on HSQC.  

HSQC (C6D6, 25 °C) δH-δC 7.00 (δH) - 128.2 (δC), 128.3(δC); 6.96 (δH) - 128.3 (δC); 6.92 (δH) - 

127.9 (δC). 31P{1H} NMR (C6D6, 25 °C) δ 55.6 (br), 44.5 (br). Anal. Calculated for CoN2P2C38H31: 

C, 71.70; H, 4.91; N 4.40. Found: C, 72.13; H, 4.87; N, 4.28. 

 

3-6-4. Deuteration of 3 

A benzene solution (5 mL) of [Co(PNNP’)] (3) (24.9 mg, 39 mmol) was charged in a Schlenk 

tube with a Teflon cock. D2 (1 atm) was introduced to the Schlenk tube, and the solution was kept 

at room temperature with stirring for a week. The solution was passed through a Celite pad and 

concentrated to dryness under vacuum. The residue was analyzed by 1H NMR spectrum12, 

supporting full conversion of 3 to 4-d. Incorporation of deuteride was confirmed at Ha in 14%, 

and Hc and Hd in 10%. Significant decrease in the integral intensity of Hb was not observed. 

 

3-6-5. Synthesis of 7  
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A benzene solution (2.0 mL) of 1 (7.9 mg, 0.012 mmol) was charged in a vial. To the solution, 

was added EtMgBr (12.0 μL, 1 M THF soln, 0.012 mmol) slowly at ambient temperature. The 

solution was stirred at room temperature for 15 minutes. The solution was concentrated to dryness 

under vacuum, and the resulting residue was extracted with benzene (3 mL) and filtered through 

a Celite pad. The filtrate was concentrated to dryness under vacuo to afford 7 as a purple solid 

(7.3 mg, 0.011 mmol, 93 %).  

1H NMR (C6D6, 25 °C) δ 7.24 (m, 4H, PPh2), 7.12 (t, 2H, PPh2, 3JHH = 9.0 Hz), 7.08 (m, 4H, 

Phen-H), 7.02 (t, 4H, PPh2 , 3JHH = 9.0 Hz), 6.89 (m, 4H, PPh2), 6.86 (d, 2H, Phen-H, 3JHH = 6.0 

Hz), 6.72 (t, 2H, PPh2, 3JHH = 6.0 Hz), 6.60 (t, 4H, PPh2, 3JHH = 6.0 Hz), 4.32 (d, 2H, PCH2, 2JPH 

= 18.0 Hz), 3.87 (m, PCH2), 1.21 (m, 2H, -CH2CH3), 0.23 (t, 3H, -CH2CH3, 3JHH = 9.0 Hz). 

31P{1H} NMR (C6D6, 25 °C) δ 76.3 (s). 13C{1H} NMR δ 156.0, 140.8, 137.4, 135.3, 133.4, 131.7, 

131.6, 129.3, 128.6, 128.1 (×2), 126.4, 115.8, 112.1, 46.0, 14.9, –4.9. HRMS (ESI) Calculated: 

(C40H35CoN2P2) 664.1602 ([M]+), Found: 664.1574. 

 

 

Figure 1. 1H NMR of 7 in C6D6. 
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Figure 2. 13C{1H} NMR of 7 in C6D6. 

 

Figure 3. 31P{1H} NMR of 7 in C6D6. 
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3-6-6. Heating C6D6 solution of 7 

Complex 7 (6.3 mg, 0.0095 mmol) was dissolved in C6D6 (0.6 mL) and transferred into a J-

Young NMR tube. 1,4-dioxane (0.9 mg, 0.10 mmol) was added as an internal standard. The 

solution was kept at 60 °C. After 5 h, 7 was fully consumed, and 3 and 4 were formed in 26% and 

35% NMR yields, respectively. Unidentified products, which exhibit singlets at 77.0, 57.5, and 

48.0 ppm in 31P{1H} NMR spectrum, were slightly formed. 

 

 

Figure 4. 1H NMR spectrum of 7 before (a) and after (b) heating in C6D6. The signals marked 

with ○, ▲, ◆ are 3, 4, and 7, respectively.  
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Chapter 4 Radical Hydrodehalogenation of Aryl Halides with H2 Catalyzed by a PNNP-

Cobalt(I) Complex 

 

4-1. Introduction 

Degradation of environmentally hazardous chemicals holding structures of aryl halides, such 

as insecticides and fire retardants, is a long-lasting issue for scientists.1 Conventionally, transition 

metal complexes are utilized to proceed hydrodehalogen of aryl halides.1 However, the reactions 

have been usually performed using via noble-metal complexes as catalysts.1 Recently, radical 

hydrodehalogenation, which usually proceeds successively with the formation of aryl radicals and 

hydrogen atom transfer (HAT), arrests much more attention due to the radical pathway with 

considerably lower intrinsic barrier.2 Accordingly, the reaction can be performed in milder 

reaction conditions and apply broader substrate scope than other transition-metal-mediated 

approaches.3 For example, König et al. reported a visible-light photocatalytic 

hydrodehalogenation of aryl halides catalyzed by N,N-bis(2,6-diisopropylphenyl)perylene-

3,4,9,10-bis(dicarboximide) (PDI) as a metal-free photoredox-active catalyst to render successive 

photoinduced electron transfer (PET) at 40 °C in dimethyl sulfoxide (DMSO) or N,N-

dimethylformamide (DMF) (Figure 1a).4  

 

 
Figure 1. Selected examples of catalytic radical hydrodehalogenation 
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Inspired by König’s work, several groups further expanded the concept. One of important 

reports from Wickens’s group utilized a combination of electrochemical and light-irradiation 

stimulation to activate photoredox catalysts and thus achieved hydrodehalogenation of various 

aryl bromides (Figure 1b).5 In addition to the approaches using photoredox catalysts, it was 

revealed that aryl radicals can be generated by 1,10-phenanthroline (Phen) with Strong base like 

potassium tert-butoxide (KOtBu) or sodium hydride (NaH)6, which can be applied to 

hydrodehalogenation7 or cross-coupling reactions of aryl halides with various unactivated arenes8. 

One of leading works to apply this chemistry to radical hydrodehalogenation was reported by 

Studer et al. (Figure 1c)8. The radicals, generating from NaH and Phen, effectively convert aryl 

halides along with 1,4-dioxane as the solvent and the hydrogen source into the corresponding 

arenes. Most importantly, even aryl fluorides can be converted via Studer’s approach.  

Albeit these radical approaches showed nice performance of hydrodehalogenation of aryl 

halides, the hydrogen sources in these methods were limited to solvents, such as DMF or 1,4-

dioxane, which may cause potential health problems.9 In comparison with such solvents, 

molecular hydrogen (H2) is an environmentally benign and atom economical hydrogen source; 

however, there is no report to utilize H2 as the hydrogen source for radical hydrodehalogenation, 

because aryl radicals can not proceed H abstraction from H2 with a BDE of 103.8 kcal/mol.10  

    In the previous chapters, fundamental reactivity of PNNP-Co(I) complexes was surveyed. 

PNNP-Co(I) complexes undergo Co−C bond homolysis via MLC to generate the corresponding 

alkyl radicals in situ. This is the crucial step for the cobalamins to afford alkyl radicals in radical 

dehalogenation of alkyl halides.11 Inspired by this chemistry, hydrodehalogenation of organic 

halides was performed using the PNNP-Co system. It is to be mentioned that [Co(PNNP’)] (3) 

undergoes H2 activation to afford [Co(PNNP”)] (4) via long-range MLC, where activated H 

terminus were incorporated into the ligand backbone (Chapter 3, Scheme 3). Based on this 

phenomenon, it is expected that once organic radical is formed in situ from organohalides by 3, 

the formed organic radicals could undergo hydrogen atom transfer (HAT) from the activated H2, 

which is stored at the ligand backbone of 3. Indeed, hydrodehalogenation of various aryl halides 

proceeded under mild conditions via PNNP-Co(I) complexes. Based on the foundation of several 

stoichiometric reactions of PNNP-Co(I) complexes and further mechanistic study including 

kinetic study for this catalytic reaction, it was revealed that the reaction was achieved via a radical 

mechanism utilizing atmospheric pressure of H2. It is also to be mentioned that the reaction was 

catalyzed via PNNP-Co(I) as a base metal catalyst, which enjoys unique long-range MLC.  

 

4-2. Reaction of 4 with chlorobenzene 

    In order to scrutinize the proposal to achieve hydrodehalogenation of aryl halides via PNNP-

Co(I) complexes, a model study by performing reaction of 4 with chlorobenzene was performed 
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at 80 °C in C6D6 (Scheme 1). 

 

 

Scheme 1. Reaction of 4 with chlorobenzene. 

 

    As shown in Scheme 1, the quantitative formation of 1 and benzene were observed by 1H 

NMR. Accordingly, this preliminary result supported the activation of C−Cl bond of 

chlorobenzene and hydrogen abstraction along with structural rearrangement of PNNP” ligand. 

Hence, a catalytic cycle was postulated: (i) formation of 3 via deprotonation of 1, (ii) hydrogen 

activation by 3 to afford 4, and (iii) hydrodehalogenation of aryl halides by 4 (Scheme 2). 

 

 

Scheme 2. Proposed reaction cycle of the hydrodehalogenation of aryl halides (ArX). 

 

4-3. Optimization of reaction conditions 

    Optimization of reaction conditions using 1-bromonanpfthalene as a substrate was 

performed (Table 1). 

    Firstly, various bases were screened in the presence of 2 mol% of 1 and 1 atm H2 in DMSO. 

With 2 equiv NaOtBu, only 6% yield of naphthalene as the hydrodebrominated product was 

formed (entry 1, Table 1). With another inorganic base, potassium carbonate (K2CO3), only trace 

amount of naphthalene was observed probably due to poor solubility of K2CO3 in DMSO (entry 

2, Table 1). In the presence of triethylamine (NEt3)12 or dimethyl-4-aminopyridine (DMAP)13, 

only limited yield (<5%) of the product was formed (entry 3 and 4, Table 1). In contrast, higher 

yields were achieved to 43% and 97% when stronger bases, pyrrolidine13 and 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU)12 were applied, respectively (entry 5 and 6, Table 1). The 



 

51 

 

highest yield (>99%) was observed by applying a stronger base, 7-methyl-1,5,7-

triazabicyclo[4.4.0]dec-5-ene (MTBD)12 (entry 7, Table 1). Lower temperature (room 

temperature) and reduced amount of base (1 equiv) and catalyst loading (0.2 mol%) resulted in 

lower yields (entry 8 ~ 10, Table 1). Moreover, solvents with less polarity suppressed the 

performance of catalytic reactions (entry 11- 14, Table 1), and this phenomenon was congruous 

with the behavior of deprotonation of 1, which is reluctant in non-polar solvent, as revealed in the 

previous chapter (Chapter 3). 

 

Table 1. Optimization of reaction conditions for hydrodebromination of 1-

bromonaphthalene1 

 

Entry Solvent Base 1 (x mol %) T (°C) Yield (%)2 

1 DMSO NaOtBu 2 80 6 

2 DMSO K2CO3 2 80 trace 

3 DMSO Et3N 2 80 <5 

4 DMSO DMAP 2 80 <5 

5 DMSO Pyrrolidine 2 80 43 

6 DMSO DBU 2 80 97 

7 DMSO MTBD 2 80 >99 

8 DMSO DBU 2 r.t. 35 

9 DMSO DBU3 2 80 82 

10 DMSO DBU 0.2 80 <5 

11 MeCN DBU 2 80 33 

12 DMF DBU 2 80 21 

13 THF DBU 2 80 6 

14 Benzene DBU 2 80 Trace 

1Reaction conditions: Aryl halides (0.5 mmol), base (1.0 mmol), and 1 (2 or 0.2 mol %) in DMSO (4 mL) 

under a H2 atmosphere. 2GC yield. 31.1 equiv of DBU. 
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4-4. Substrate scope  

    After the investigation of the reaction conditions (Table 1), the high performance (97%) was 

found in entry 6 by a relatively inexpensive base, DBU in DMSO. Thus, this condition was 

applied as the optimal catalytic conditions to scan substrate scope (Table 2). In the reactions of 

bromobenzene and iodobenzene, benzene was afforded in similar yields, 88% and 87%, 

respectively. In both cases, trace biphenyl as a homocoupling product was detected by GC 

analyses. By contrast, no benzene was furnished from phenyl triflate under the optimal reaction 

conditions, which might imply the radical mechanism involved in this catalytic system (vide 

infra).14 2-, 3-, and 4-Hydrodehalogenation of bromotoluenes also proceeded to form toluene in 

good yields. For 1-bromo-4-trifluoromethylbenzene, 78% yield of the corresponding product was 

observed. Bulky substrate, such as 1-bromo-4-t-butylbenzene and 1-bromo-2,4,6-

trimethylbenzene also afforded the corresponding dehalogenated products in good yields. 

Similarly, reaction of 4-bromobiphenyl achieved good product yield. For other functional groups, 

such as amino-, alkoxy-, hydroxy-, keto-, ester groups, and boronic acid ester, the reaction was 

also applicable to achieve good product yields (72 ~ 85% yield), suggesting a widely adoptable 

functional scope. The formation of benzaldehyde (66%) along with benzyl alcohol (33%) as a 

fully hydrogenated product were achieved in the reaction of 4-bromobenzaldehyde. Reaction of 

1-bromo-4-chlorobenzene achieved good yielding to 1-chlorobenzene (87% yield) along with a 

slight amount of benzene (10% yield) as a further hydrogenated product. In contrast, 1-bromo-4-

fluorobenzene mainly afforded 1-fluorobenze (85% yield) without the observation of 

bromobenzene and benzene. For multi-fluoro-substituted aryl bromide, 1-bromo-2,4,6-

trifluorobenzene afforded 1,3,5-trifluobenze in high yield (92%). There were some cases that 

showed relative limited performance. For example, 1-bromo-4-cyanobenzene did not fully 

convert to the corresponding product (54% yield). 5-Bromo-1,3-benzodioxole resulted in 25% 

product yield, and complicated mixture of byproducts were concomitantly formed probably due 

to the decomposition of the methylenedioxy group. In the reaction of 4-bromo-N-

methylphthalimide, 71% yield of the corresponding product was achieved. In the cases with 

heteroaromatic and fused aromatic rings, the reactions were also good yielding. 
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Table 2. Substrate scope of hydrodehalogenation of aryl halides catalyzed by 11 

 

 
1Reaction conditions: aryl halides (0.5 mmol), DBU (1.0 mmol), and 1 (2 mol %) in DMSO (4 mL) under 

a H2 atmosphere. Yields were determined by GC. 2Trace homocoupling products were observed. 3Trace 1-

phenylethanol was formed. 4Benzyl alcohol was also formed in 33%. 5The yield was low due to the low 
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boiling point (bp 31.3 °C) of furan. 

 

    Collectively, this catalytic system demonstrated excellent performance and good functional 

group tolerance in hydrodehalogenation of aryl bromides. 

    In the case of aryl chlorides, catalytic reactions were achieved with higher loading of 1 (Table 

3). Chlorobenzene was reduced to benzene in 80% yield with 15 mol% of 1 after 16 h. For 

substrates with electron-donating groups, such as 4-chlorotoluene, 1-chloro-4-t-butylbenzene, 

and 1-chloro-4-methoxybenzene, moderate yields of the corresponding products (55 ~ 67% yield) 

were achieved under the same conditions. In contrast, 1-chloro-4-trifluoromethylbenzene and 1-

chloronaphthalene showed good performance to form the corresponding dehalogenated products 

in 80% and 95% yields, respectively, while applying lower loading of 1 (10 mol%). 

 

Table 3. Substrate scope of hydrodehalogenation of aryl chlorides catalyzed by 11 

 

 

 

1Reaction conditions: aryl halides (0.5 mmol), DBU (1.0 mmol), and 1 (10 or 15 mol %) in DMSO (4 mL) 

under a H2 atmosphere. Yields were determined by GC. 215 mol %, 16 h. 310 mol %, 12 h. 410 mol %, 16 

h. 

 

Moreover, this system was applicable for degradation of brominated fire retardants. 

Hydrodebromination of hexabromobenzene was achieved 61% yield of benzene along with trace 

of 1-bromobenze and dibromobenzene (a mixture of isomers) via 20 mol% of 1 and 12 equiv 

DBU in 0.5 mL DMSO at 80 °C after 24 h (Scheme 3). Another multisubstituted aryl bromide, 

decabromodiphenyl ether (deca-BDE) also as a fire retardant (unify), was treated with H2 (1 atm) 
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in the presence of 10 mol % of 1 and 11 equiv DBU in 4 mL DMSO at 80 °C. After 12h, GC-MS 

analysis revealed that tri- and tetrabromodiphenyl ether were predominantly formed as a mixture 

of several isomers. 

 

 

Scheme 3. Hydrodebromination of hexabromobenzene 

 

4-5. Radical clock reaction 

   As mentioned above, the reluctant reactivity of phenyl triflate in our catalytic system implied 

that C–X bond cleavage proceeds not via the ionic pathway but via radical pathway.14 To support 

this point, a radical clock experiment was performed. The reaction of 1-bromo-2-(but-3-en-1- 

yl)benzenewas performed in the presence of 2 mol% of 1 and 2 equiv DBU in 4 mL DMSO, and 

66% 3-methyl-1H-indene was formed as a major product (Scheme 4). This result was a solid 

evidence of the existence of aryl radicals formed in situ. In this case, the formed aryl radical 

further underwent an intramolecular cyclization and isomerization to afford 3-methyl-1H-indene. 

Such the reaction was also reported in other catalytic reactions.15 

    

 

Scheme 4. Catalytic hydrodehalogenation of 1-bromo-2-(but-3-en-1-yl)benzene. 

 

4-6. Kinetic study 

    In order to shed light on the detail of the catalytic reaction, several kinetic studies were 

performed. First of all, the examination of hydrodehalogenation of 1-bromo-4-

trifluoromethylbenzene was performed in the presence of 2 mol% of 1 and 2 equiv DBU in 4 mL 

DMSO, and a pseudo-first-order reaction pattern was found (Figure 2). The observed rate constant 

(kobs) was determined to be 7.71 ×10−5 s−. 
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Figure 2. Plots of –ln(1−Y) of 1-catalyzed hydrodehalogenation of 1-bromo-4-

trifluoromethylbenzene against time (s). –ln(1−Y) = 7.71(0.53)×10−5 x + 0.084(0.011) (R2 = 0.99). 

Y = Yield of the hydrogenated product. 

 

    Followed by the same protocol, competitive reactions of hydrodehalogenation of various 

para-substitued aryl bromides with 1-bromo-4-trifluoromethylbenzene were also studied, and the 

rate constants of hydrodehalogenation of each substrate was determined (Chapter 4-8, Table 5). 

It was revealed that the rate constant increased as the electron-withdrawing ability of the 

substituent on the aryl halide increased. The kinetic parameter of each substrate (log(kobs)) also 

revealed a good linear correlation with Hammett substituent constant σ (Figure 3). The Hammett 

reaction constant ρ was calculated to be 0.87. 

 

 

Figure 3. Hammett plot for the rate constants (kobs) of 1-catalyzed hydrodehalogenation against 

the σ values of para substituents on the Ar groups. log(kobs) = [0.87(0.090)] σ – 4.59 (0.037) (R2 

= 0.95). 
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    This result along with the observation in the radical clock experiment suggests that C–X 

bond cleavage of aryl halides by the PNNP-Co(I) catalyst is accomplished by a radical mechanism. 

Accordingly, the reaction might start with electron transfer from the Co(I) center to the π* orbital 

of an aryl halide to generate an aryl halide radical anion. Such behaviors can be also found in 

various homogeneous catalytic reactions16 and electrochemical reactions17. Moreover, the positive 

ρ value, 0.87, in the Hammett plot implied the electron-withdrawing substituents could stabilize 

the substrate with negative charge in the transition state. The determined ρ value is close to the 

one in the Hammett correlation with the one-electron reduction half-wave potentials of various 

aryl bromides (ρ = 0.57),18 which suggested the similarity between these two processes. Hence, 

one possible transition state is proposed as [Co(II) + ArX•–]‡. This result also supports the silent 

reactivity of phenyl triflate which usually prefers an ionic SNAr-type oxidative addition 

mechanism14.  

    Further mechanistic insight was surveyed via the Eyring plot from the kinetic study of 

hydrodehalogenation of 1-bromo-4-trifluoromethylbenzene at different temperature (Figure 4). 

At 353 K, the activation enthalpy was found as 7.4 kcal/mol, and the activation entropy was a 

relatively large negative value, −48.4 cal/mol·K. Thus, the activation Gibbs free energy was 

calculated as 27.5 kcal/mol. It is likely that the rate-determining step of this reaction might involve 

the incorporation of the substrate into the reaction sphere. The relatively large negative entropy 

of activation might be due to the influence of steric hindrance of the phenyl groups on the PNNP 

ligand. 

     

 

Figure 4. Eyring plot; plots for the rate constants (kobs) of 1-catalyzed hydrodehalogenation at 

343, 353, 363, and 373 K. ln(kobs/T) = –3741.7(403)(1/T) – 4.7(1.1) (R² = 0.98). 

 

    Further study to shed light on the reaction mechanism was performed. The correlation 

between log(kobs) and half-peak reduction potential (Ep/2) of various aryl bromides with different 

substituents was studied (Figure5),19 revealing a linear free energy relationship with the slope as 
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1.99.20 Although this slope was smaller than expected value of 8.5 based on Marcus’s model,18b, 

19 the result suggested the inclusion of the electron transfer process in the rate-determining step.   

 

 

Figure 5. The correlation diagram between log(kobs) and the half peak potential (Ep/2) of aryl 

bromides at 80 °C. log(kobs) = 1.99(0.47)(Ep/2) + 0.36(1.18) (R² = 0.86). 

 

     Next, the correlation of the observed rate constant (log(kobs)) versus the energy gap of 

HOMO (4) and-LUMO (aryl halides) was examined. To this end, structural optimization of 4 was 

performed to evaluate HOMO of 4 (Figures 6 and 7) by DFT study. 

 

 

Figure 6. A DFT-optimized structure of 4. Selected bond distances (Å) and angles (deg): Co1–

P1, 2.22; Co1–P2, 2.17; Co1–N1, 1.91; Co1–N2, 1.92; P1–Co1–P2, 107.9; P1–Co1–N1, 83.2; 

N1–Co1–N2, 83.8; N2–Co1–P2 85.2; C2-C3-C4-C5, −44.9; C6-C7-C8-C9, −179.1. 
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Figure 7. HOMO and LUMO of 4 obtained by DFT calculations. 

 

    It was revealed that the HOMO of 4 is mainly composed of dz
2 orbital on the Co center. The 

LUMOs of various aryl bromides were similarly evaluated by the DFT study, and the energy 

difference between the HOMO of 4 and LUMO of aryl halides were estimated. The correlation 

of the observed rate constant (log(kobs)) versus the energy gap of HOMO (4) and-LUMO (aryl 

halides) was then plotted, showing a similar linear free energy relationship (Figure 8). 

 

 

Figure 8. The Plots of log(kobs) against energy difference between HOMO of 4 and LUMO energy 

level (eV) of aryl bromides. log(kobs) = 1.17(0.13)ΔE – 0.93(0.40) (R2 = 0.98). 
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    Based on all the results discussed in this section, it is likely that electron transfer from the 

Co(I) center of 4 to the substrate, which should play an important role in the rate-determining step 

of the catalytic dehydrohalogenation of aryl halides by 1.  

With the mechanistic studies discussed in this chapter, a probable mechanism for PNNP-Co-

catalyzed hydrodehalogenation of aryl halides is proposed (Scheme 5). Complex 1, which 

undergoes dissociation to form the cationic 1+ in DMSO, is then deprotonated by DBU to afford 

3. H–H bond cleavage is achieved by 3 to form a Co(I) hydride intermediate, A. Probably through 

homolysis of the benzylic C–H bond and Co–H bond, A is transferred into 4. Finally, a facile C–

X cleavage occurs via a radical mechanism, and abstraction of hydrogen then proceeds with the 

aryl radical formed in situ to generate Ar–H and 1+, which is regenerated after rearomatization of 

the phenanthroline framework and reduction of the Co(II) center.  

 

 

Scheme 5. The proposed mechanism of hydrodehalogenation of aryl halides catalyzed by 1. 

 

4-7. Conclusion 

    Radical hydrodehalogenation of aryl halides was achieved via PNNP-Co(I) complexes under 

1 atm H2 through a long-range MLC. The reaction conditions are mild and applicable for various 

aryl bromides and aryl chlorides. Moreover, degradation of hexabromobenzene, which is a stable 

fire retardant, was proceeded to afford benzene as the major product. Degradation of deca-BDE 
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was similarly reduced to tri- and tetrabromodiphenyl ether. Each elementary step in the catalytic 

cycle was confirmed using alternatively prepared intermediates, establishing one plausible 

mechanism. The detailed mechanistic study based on the kinetics indicates the radical process 

during C–X cleavage of aryl halides. As a result, this catalytic system can accomplish radical 

hydrodehalogenation of aryl halides with H2 (1 atm). Most importantly, with the application of a 

long-range MLC via PNNP-Co(I) complexes, a well-controlled radical catalytic system which 

restrains chaotic radical side reactions to predominately afford the corresponding hydrogenated 

products from aryl halides. In addition, this system also highlights a base metal catalyst functioned 

as a hydrogen reservoir through log-range MLC.  

 

4-8. Experimental Details 

4-8-1. Identification of the products in hydrodehalogenation of aryl halides 

Most of the hydrogenated products were characterized by the comparison with the commercially 

available products through NMR and GC. Benzene, toluene, and pyridine are reported 

compounds.21 

 

3-Methyl-1H-indene22 

1H NMR (CDCl3, 25 °C) δ 7.46 (d, 1H, Ar-H4, 3JHH
 = 7.3 Hz), 7.29-7.35 (m, 2H, 

Ar-H5,6), 7.21 (td, 1H, Ar-H7, 3JHH
 = 7.3 Hz, 4JHH

 = 1.16 Hz), 6.21 (q, 1H, Ar-H2, 

3JHH
 = 1.6 Hz), 3.32 (t, 2H, Ar-H1, 3JHH

 = 2.1 Hz), 2.18 (q, 3H, Ar-CH3, 3JHH
 = 2.0 

Hz). 

 

4-8-2. Kinetic study 

(1) Determination of observed rate constant (kobs) from the reaction of 1-bromo-4-

trifluoromethylbenzene with H2  

5 different Schlenk tubes equipped with a Teflon cock were charged with a DMSO solution (4 

mL) of 1 (6.7 mg, 0.01 mmol), DBU (152 mg, 1.0 mmol), 1-bromo-4-trifluoromethylbenzene (0.5 

mmol), and mesitylene (12.0 mg, 0.1 mmol) in each tube. After Freeze-Pump-Thaw cycles, H2 

gas (1 atm) was introduced into the flask. The reaction solution was kept at 80 °C with stirring. 

The reaction was terminated after appropriate reaction time. The product yields were determined 

by GC analysis. A pseudo-first-order reaction with respect to the concentration of 1-bromo-4-

trifluoromethylbenzene was confirmed by plotting –ln(1-Y) vs time (Y = product yield in 

decimals; Figure 2). The rate constants were similarly determined at 70, 90, 100 °C (Table 4). The 

data was used for Eyring plot. 
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Table 4. Rate constants kobs for hydrodehalogenation of 1-bromo-4-trifluoromethylbenzene at 

different temperature 

T (°C) k
obs (s–1) 

70 6.21 × 10
−5

 

80 7.71 × 10
−5

 

90 1.20 × 10
−4

 

100 1.56 × 10
−4

 

 

(2) Determination of rate constant kobs for hydrodehalogenation of substrates other than 1-bromo-

4-trifluoromethylbenzene  

Complex 1 (6.7 mg, 0.01 mmol), DBU (228 mg, 1.5 mmol), 1-bromo-4-trifluoromethylbenzene 

(113 mg, 0.5 mmol), aryl halide (0.5 mmol), and mesitylene (12.0 mg, 0.1 mmol) as an internal 

standard were dissolved in 4 mL DMSO and charged in a Schlenk tube equipped with a Teflon 

valve. After Freeze-Pump-Thaw cycles, H2 gas (1 atm) was introduced into the flask. The solution 

was kept at 80 °C for 1 h. The yields of products were determined by GC analysis. Based on the 

ratio of the product, kobs was determined as shown in Table 5. 

 

Table 5. Rate constants of each substrate at 80 °C 

Substrate k
obs (s-1) Substrate k

obs (s-1) 

1-Bromo-4-

trifluoromethylbenzene  
7.71 × 10

−5

 
1-Bromo-4-

(trifluoromethoxy)benzene  
4.36 × 10

−5

 

1-Bromo-4-fluorobenzene  3.64 × 10
−5

 4-Bromotoluene 2.46 × 10
−5

 

4-Bromobiphenyl  2.42 × 10
−5

 1-Bromo-4-t-butylbenzene 1.30 × 10
−5

 

4-Bromo-N,N-dimethylaniline 4.62 × 10
−6

   

 

(3) Plot for log(kobs) against HOMO (4) – LUMO (substrates) gap 

The HOMO energy level of 4 (–3.76 eV) and LUMO energy levels of aryl bromides were 

estimated by DFT calculation (Table 5). The plot for log(kobs) versus HOMO (3) – LUMO 

(substrates) gap is shown in Figure 6. 

 

Table 5. The LUMO of mono-substituted 4-substituted-bromobenzenes 

substituent CF3 OCF3 F tBu NMe2 



 

63 

 

LUMO (eV) –1.10 –0.83 –0.68 –0.31 –0.083 

 

(4) Plot for log(kobs) against the half peak reduction potential (Ep/2) of aryl bromides 

Cyclic voltammetry was performed with an electrochemical analyzer ECstat-301 by EC Frontier 

Co., Ltd. The data were collected in DMSO (1 mM) in the presence of [Bu4N][PF6] electrolyte 

(0.1 M), using a glassy carbon working electrode, platinum wire as the counter electrode and the 

reference electrode equipped with electrochemical outlets, at a scan rate of 100 mV/s at 80 °C. 

The values were listed in Table 6.  

 

Table 6. Ep/2 of 4-substituted-bromobenzenes in DMSO (0.1 mM) at 80 °C versus SCE 

substituent CF3 OCF3 F tBu NMe2 

Ep/2 vs SCE (V) –2.22 –2.44 –2.40 –2.74 –2.73 

 

(5) Plot for activation Gibbs free energy (ΔG‡) against the reaction free energy (ΔG80) 

The activation Gibbs energy G‡ was calculated based on the following equation: 

 

 

 

(k(T) : rate constant at T (K); the values listed in Tables 5 were used for the calculation, kB : 

Boltzmann constant (1.38×10−23 J·K-1), h : Planck constant (6.626×10−34 Js), R : 8.314 

(J·K−1mol−1), ΔG‡ : the activation Gibbs free energy) 

 

The free energies ΔG° at 80 °C (353 K) in DMSO of each reaction were determined based on the 

energy difference between the free energy of the products ([Co(PNNP)]+Br– + Aryl-H) and the 

reactants (4 + Aryl-Br) estimated by DFT calculation. The calculated values were listed in Table 

7. 

 

Table 7. The activation Gibbs free energy (ΔG‡) and the reaction free energy (ΔG°) at 80 °C 

Substrate G353
 (kcal/mol) G‡

353
 (kcal/mol) 

1-Bromo-4-trifluoromethylbenzene –43.0 27.5 

1-Bromo-4-(trifluoromethoxy)benzene –43.2 27.9 

4-Bromobiphenyl –42.1 28.3 

1-Bromotoluene –41.8 28.3 

1-Bromo-4-t-butylbenzene –41.7 28.7 

𝑘(𝑇) =  
𝑘𝐵𝑇

ℎ
𝑒−

∆𝐺‡

𝑅𝑇  
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Figure 7. Plot for the activation Gibbs free energy (ΔG‡
353) against the reaction free energy 

(ΔG°
353) in DMSO at 80 °C (353 K). ΔG‡

353 = 0.58(0.18) ΔG353 + 52.69(7.78) (R² = 0.77). 

 

4-8-3. Details of Theoretical Calculation 

All calculations of 3 and substrates were carried out using B3LYP functional23 with 6-31G for 

phenyl carbon atoms on the phosphorus atoms and 6-31G(d,p) for other carbon atoms, phosphorus 

atoms, nitrogen atoms, and bromine atom.24 Cobalt atom was treated with LANL2DZ 

pseudopotential and the corresponding basis set.25 Solvent effects (DMSO) were treated with 

polarizable continuum model (PCM),26 and D3 empirical dispersion correction was also applied.27 

It was ascertained that the optimized geometry of 1++Br–, 4, and aryl bromides exhibited no 

imaginary frequency. Gaussian 16 suite of programs28 was used for all calculations.  

 

Table 8. Total energies (Hartrees) of all molecules calculated at B3LYP/LANL2dz-6-31G(d,p) 

(PCM) level of theory  

System Esol (a. u) Gsol  (a. u) 

4 −2403.977903 −2403.454672 

1+ + Br− − − 

1-Bromo-4-

trifluoromethylbenzene 

−3140.412244 −3140.354362 



 

65 

 

1-Bromo-4-

(trifluoromethoxy)benzene 

−3215.631145 −3215.571004 

4-Bromobiphenyl 
−3034.447657 −3034.313567 

1-Bromotoluene 
−2842.695970 −2842.611951 

1-Bromo-4-tert-butylbenzene 
−2960.654142 −2960.488034 

Trifluoromethylbenzene − − 

(Trifluoromethoxy)benzene −  − 

Biphenyl -463.341255 -463.193833 

Toluene -271.589103 -271.491704 

Tert-butylbenzene -389.547048 -389.367612 

 

Table 9. Cartesian coordinates of all compounds 

4                                                          1+
 

Atomic                                Atomic 

Number     X          Y        Z    Number       X       Y        Z 

27 2.266216 4.650996 16.67713 27 6.496003 3.480692 10.56178 

15 2.350056 6.780856 16.06522 15 4.468127 3.987924 9.904215 

15 3.517097 4.411793 18.43309 15 7.871326 4.21108 9.015022 

6 1.206889 6.791248 14.66997 7 5.634297 2.909029 12.17871 

6 1.206889 6.791248 14.66997 7 5.634297 2.909029 12.17871 

6 -0.1411 5.200386 13.177 6 3.416561 3.284041 11.3005 

6 -1.17068 4.074614 13.43314 1 2.62198 3.968973 11.61299 

6 -0.55576 2.932702 14.21124 1 2.924953 2.383495 10.91272 

6 -0.99284 1.589743 14.18501 6 4.322404 2.910699 12.44815 

6 3.541424 2.537048 18.65549 6 3.858229 2.550521 13.73508 

6 2.500703 1.939398 17.73711 1 2.791528 2.563794 13.9309 

6 2.116603 0.575356 17.77609 6 4.750208 2.181052 14.72775 

6 1.162856 0.088459 16.90223 1 4.390321 1.902536 15.71367 

6 0.554792 0.955603 15.9528 6 6.141001 2.169683 14.45252 

6 -0.45789 0.611335 15.01655 6 7.189329 1.818231 15.37315 
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6 0.471977 3.277458 15.08975 1 6.916094 1.521092 16.38118 

6 1.002788 2.29874 15.97174 6 9.512414 3.480187 9.585868 

7 1.012332 4.524193 15.24782 1 9.74932 2.600201 8.977095 

7 1.944242 2.77053 16.84906 1 10.3349 4.189552 9.451744 

6 3.941696 7.481409 15.46566 6 9.361877 3.066738 11.02922 

6 4.087944 8.837595 15.11129 6 10.44819 2.744647 11.8763 

6 5.314575 9.31784 14.64038 1 11.45763 2.817482 11.48621 

6 6.411833 8.451253 14.52182 6 10.22718 2.340405 13.18214 

6 6.276988 7.102417 14.87301 1 11.0632 2.09467 13.82993 

6 1.783371 8.045321 17.2757 6 8.900556 2.250425 13.67418 

6 0.413571 8.341187 17.4019 6 8.508217 1.85546 15.00078 

6 -0.04231 9.177944 18.42852 1 9.283225 1.587032 15.71239 

6 0.865491 9.730624 19.34173 6 6.515802 2.548572 13.15322 

6 2.232597 9.445203 19.22126 6 7.882753 2.591869 12.76906 

6 2.688411 8.607165 18.19862 6 3.715984 3.339805 8.371919 

6 5.287581 4.914986 18.46143 6 4.462402 2.426805 7.605376 

6 5.686745 6.105289 19.10022 1 5.460206 2.151799 7.927151 

6 7.000786 6.573576 18.97907 6 3.931369 1.89344 6.425112 

6 7.936032 5.861214 18.21882 1 4.524209 1.20463 5.83334 

6 7.548722 4.678388 17.57465 6 2.648576 2.265763 6.00599 

6 6.234532 4.212941 17.68927 1 2.23653 1.85669 5.089217 

6 2.873668 5.021885 20.04421 6 1.895458 3.172343 6.767499 

6 1.698632 5.794718 20.04594 1 0.901599 3.461398 6.441799 

6 1.16517 6.274331 21.2492 6 2.425142 3.710159 7.94452 

6 1.799741 5.980931 22.46179 1 1.844843 4.423827 8.520635 

6 2.970926 5.207597 22.47121 6 4.10039 5.783049 9.89674 

6 3.506533 4.73226 21.27016 6 4.133866 6.512264 8.692336 

6 5.047901 6.620957 15.34045 1 4.251449 5.994009 7.746569 

1 1.009051 7.656099 14.04492 6 4.019567 7.906556 8.706146 

1 -0.63415 6.092204 12.77872 1 4.046099 8.456362 7.771081 

1 0.566677 4.858325 12.4073 6 3.878264 8.590513 9.920068 

1 -1.59059 3.72963 12.48144 1 3.794625 9.672121 9.92933 

1 -2.01104 4.488026 14.01231 6 3.848835 7.873317 11.12358 

1 -1.78662 1.318252 13.49158 1 3.74028 8.397049 12.06763 

1 4.535206 2.147195 18.40692 6 3.961886 6.478527 11.11398 

1 3.352727 2.264915 19.69987 1 3.954922 5.940421 12.05696 
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1 2.581379 -0.07959 18.50625 6 7.703214 3.751891 7.248568 

1 0.86753 -0.95685 16.9414 6 7.98276 2.438019 6.82327 

1 -0.81875 -0.41202 14.97061 1 8.405362 1.713114 7.511671 

1 3.247892 9.517322 15.21685 6 7.698081 2.040148 5.512582 

1 5.417657 10.36449 14.37122 1 7.922903 1.026153 5.198657 

1 7.364624 8.828438 14.16377 6 7.119735 2.944079 4.611648 

1 7.125413 6.429785 14.80097 1 6.8945 2.63237 3.597228 

1 -0.2903 7.913711 16.69388 6 6.829263 4.248837 5.027832 

1 -1.10186 9.398948 18.5132 1 6.3773 4.953268 4.337302 

1 0.511958 10.37733 20.1384 6 7.116804 4.651536 6.336792 

1 2.941026 9.869547 19.92595 1 6.883056 5.66418 6.646761 

1 3.748004 8.384407 18.12002 6 8.191597 6.015388 9.00401 

1 4.973049 6.667347 19.69283 6 7.472345 6.835395 9.892011 

1 7.290888 7.492713 19.47818 1 6.727033 6.392113 10.54235 

1 8.954088 6.224706 18.12501 6 7.704284 8.216023 9.92707 

1 8.265927 4.122329 16.97936 1 7.131608 8.838121 10.60629 

1 5.947071 3.310931 17.15744 6 8.658759 8.786619 9.077305 

1 1.217418 6.026036 19.10202 1 8.837245 9.856754 9.100622 

1 0.266342 6.881727 21.23362 6 9.384189 7.975529 8.191161 

1 1.389002 6.352844 23.39507 1 10.12392 8.417069 7.531426 

1 3.464691 4.98041 23.41067 6 9.153136 6.597342 8.152835 

1 4.421689 4.147839 21.28332 1 9.708162 5.977946 7.455106 

1 4.941117 5.581799 15.63142         

 

4-Bromobenzotrifluoride                         1-Bromo-4-(trifluoromethoxy)benzene 

Atomic                                Atomic 

Number     X          Y        Z    Number       X       Y        Z 

6 1.0974 0.455278 -0.25004 6 1.113274 0.487906 -0.07144 

6 1.640076 -0.77969 0.099833 6 1.65077 -0.77242 0.189527 

6 0.782335 -1.80633 0.493398 6 0.787434 -1.84002 0.434808 

6 -0.59994 -1.62789 0.542672 6 -0.59807 -1.68008 0.425261 

6 -1.13244 -0.38931 0.190654 6 -1.13302 -0.41872 0.164067 

6 -0.28528 0.648535 -0.20537 6 -0.26909 0.643716 -0.081 

35 1.52075 -3.50602 0.9737 35 1.52405 -3.57264 0.791344 

6 -0.86196 1.998324 -0.52685 1 1.753592 1.340129 -0.26663 

9 -2.10646 1.906057 -1.04931 1 2.724231 -0.91865 0.200928 
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9 -0.09899 2.678334 -1.41287 1 -1.25086 -2.52309 0.61771 

9 -0.96196 2.777435 0.579336 1 -2.20453 -0.25739 0.148178 

1 1.749769 1.262217 -0.564 8 -0.81088 1.901152 -0.40445 

1 2.710817 -0.9409 0.064153 6 -1.0378 2.744083 0.633191 

1 -1.24879 -2.44034 0.847083 9 0.090847 3.043597 1.307799 

1 -2.20533 -0.2357 0.217608 9 -1.90813 2.234141 1.528187 

        9 -1.54923 3.872221 0.137028 

 

4-Bromobiphenyl                                    1-Bromotoluene 

Atomic                                Atomic 

Number     X          Y        Z    Number       X       Y        Z 

6 -0.96307 0.952336 -0.80178 6 -0.84875 1.126795 -0.28636 

6 -0.42173 -0.28962 -0.47468 6 -0.30292 -0.11744 0.032079 

6 -1.16734 -1.16551 0.311767 6 -1.16243 -1.17906 0.306078 

6 -2.43687 -0.82179 0.771941 6 -2.54569 -1.01765 0.268759 

6 -2.96372 0.423453 0.433921 6 -3.06963 0.235366 -0.05199 

6 -2.24051 1.333208 -0.35639 6 -2.23544 1.325282 -0.33666 

35 -0.43174 -2.87795 0.769899 35 -0.42575 -2.89755 0.75126 

1 -0.37094 1.642968 -1.39359 1 -0.17973 1.956576 -0.49724 

1 0.568111 -0.56674 -0.81872 1 0.771686 -0.25613 0.069608 

1 -3.0094 -1.51646 1.375749 1 -3.20275 -1.85142 0.489014 

1 -3.96254 0.679518 0.772431 1 -4.14825 0.363678 -0.07852 

6 -2.80943 2.657775 -0.71022 6 -2.81405 2.667406 -0.71441 

6 -2.59196 3.219359 -1.98053 1 -2.95623 2.738983 -1.79956 

6 -3.57935 3.381941 0.216744 1 -3.78966 2.827862 -0.2468 

6 -3.12612 4.464205 -2.31238 1 -2.15176 3.485806 -0.41808 

1 -2.02115 2.666453 -2.72046     

6 -4.1147 4.625992 -0.11607     

1 -3.73907 2.978489 1.212101     

6 -3.89015 5.172743 -1.38188     

1 -2.95254 4.876814 -3.30183     

1 -4.70042 5.172372 0.617287     

1 -4.30653 6.141579 -1.64066     
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1-Bromo-4-fluorobenzenebenzene               1-Bromo-4-tert-butylbenzene 

Atomic                                Atomic 

Number     X          Y        Z    Number       X       Y        Z 

6 -0.83672 1.135046 -0.30117 6 -0.91803 1.157126 0.10046 

6 -0.30254 -0.11022 0.031428 6 -0.35396 -0.06462 0.460431 

6 -1.16568 -1.16931 0.312308 6 -1.13355 -1.21689 0.377096 

6 -2.55102 -1.01279 0.268467 6 -2.45261 -1.15792 -0.05702 

6 -3.08644 0.231974 -0.06399 6 -2.99694 0.079556 -0.41295 

6 -2.21866 1.281969 -0.34239 6 -2.24819 1.262051 -0.34361 

35 -0.43046 -2.88101 0.769623 35 -0.37158 -2.91063 0.870109 

1 -0.19636 1.980445 -0.52546 1 -0.2982 2.045244 0.170698 

1 0.771231 -0.25059 0.070451 1 0.674275 -0.11877 0.799824 

1 -3.20604 -1.84715 0.489778 1 -3.05255 -2.05885 -0.11923 

1 -4.15794 0.390159 -0.10776 1 -4.02675 0.098828 -0.7482 

9 -2.73655 2.487525 -0.66432 6 -2.81868 2.637226 -0.72793 

    6 -1.98071 3.233224 -1.88323 

    1 -2.37417 4.215406 -2.16674 

    1 -0.93204 3.363351 -1.60059 

    1 -2.01533 2.584045 -2.76426 

    6 -4.28518 2.553398 -1.18903 

    1 -4.93712 2.163278 -0.40073 

    1 -4.64397 3.553586 -1.45066 

    1 -4.39671 1.919188 -2.07447 

    6 -2.74885 3.579402 0.496581 

    1 -3.14926 4.565412 0.237084 

    1 -3.33735 3.179981 1.32905 

    1 -1.72141 3.718199 0.845336 

 

4-Bromo-N,N-dimethylaniline                   (Trifluoromethyl)benzene 

Atomic                                Atomic 

Number     X          Y        Z    Number       X       Y        Z 

6 0.604227 0.512947 0.663945 6 1.097861 0.457939 -0.25054 

6 1.260158 -0.6664 1.004352 6 1.633254 -0.7808 0.101919 

6 0.808065 -1.8832 0.500059 6 0.788877 -1.82123 0.497904 

6 -0.30161 -1.92658 -0.34037 6 -0.59393 -1.62492 0.540485 
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6 -0.95977 -0.74911 -0.68261 6 -1.13509 -0.38854 0.189011 

6 -0.51931 0.508361 -0.19964 6 -0.28604 0.649053 -0.20658 

35 1.713662 -3.51236 0.974895 6 -0.86201 1.998485 -0.52713 

1 0.976896 1.440398 1.079053 9 -2.10974 1.911103 -1.04542 

1 2.118974 -0.63185 1.665761 9 -0.10308 2.680178 -1.41702 

1 -0.66003 -2.87439 -0.72694 9 -0.95794 2.781783 0.578273 

1 -1.82298 -0.8189 -1.33173 1 1.745552 1.268985 -0.56488 

7 -1.15419 1.68152 -0.56176 1 2.707051 -0.93392 0.064472 

6 -2.41803 1.618339 -1.28254 1 -1.25069 -2.43393 0.843917 

1 -3.19945 1.089679 -0.71706 1 -2.20763 -0.22952 0.213216 

1 -2.76692 2.631274 -1.48263 1 1.20786 -2.78498 0.770517 

1 -2.29714 1.114025 -2.24779     

6 -0.79679 2.924512 0.107406     

1 0.258563 3.170584 -0.05482     

1 -1.39122 3.738309 -0.3076     

1 -0.97492 2.88555 1.192165     

 

(Trifluoromethoxy)benzene                       Biphenyl 

Atomic                                Atomic 

Number     X          Y        Z    Number       X       Y        Z 

6 1.114191 0.490157 -0.0715 6 -0.9614 0.954724 -0.80048 

6 1.644047 -0.77488 0.189588 6 -0.42712 -0.29029 -0.46888 

6 0.794319 -1.85646 0.437071 6 -1.15945 -1.184 0.316407 

6 -0.59162 -1.67725 0.423979 6 -2.43143 -0.82116 0.765989 

6 -1.1352 -0.41773 0.164423 6 -2.96626 0.423099 0.432468 

6 -0.26856 0.642757 -0.07973 6 -2.2405 1.333135 -0.35609 

1 1.74949 1.346256 -0.26733 1 -0.37284 1.650708 -1.39062 

1 2.720621 -0.91271 0.198537 1 0.565979 -0.55878 -0.81726 

1 -1.25284 -2.5165 0.615163 1 -3.01283 -1.51127 1.370487 

1 -2.20595 -0.25011 0.14747 1 -3.96584 0.683975 0.766868 

8 -0.81228 1.904613 -0.4038 6 -2.80988 2.658694 -0.71027 

6 -1.03869 2.745847 0.631825 6 -2.59534 3.220336 -1.9812 

9 0.08884 3.048433 1.308652 6 -3.57789 3.385399 0.216468 

9 -1.91038 2.239274 1.528685 6 -3.12919 4.465358 -2.31356 

9 -1.55029 3.875372 0.1362 1 -2.02545 2.666584 -2.72126 

1 1.21161 -2.83803 0.637839 6 -4.11361 4.629521 -0.11625 
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    1 -3.73654 2.982387 1.212215 

    6 -3.89135 5.175599 -1.38278 

    1 -2.95676 4.876821 -3.30383 

    1 -4.69795 5.176523 0.617922 

    1 -4.30772 6.144459 -1.64171 

    1 -0.74329 -2.15296 0.575325 

 

Toluene                                                 Tert-butylbenzene 

Atomic                                Atomic 

Number     X          Y        Z    Number       X       Y        Z 

6 -0.84832 1.128897 -0.2869 6 -0.91735 1.158065 0.100394 

6 -0.31021 -0.11956 0.032381 6 -0.36046 -0.06862 0.458677 

6 -1.15465 -1.19724 0.310609 6 -1.12411 -1.23671 0.382965 

6 -2.53903 -1.01419 0.267766 6 -2.44506 -1.15499 -0.05472 

6 -3.07154 0.236519 -0.05216 6 -2.99811 0.078996 -0.41286 

6 -2.23574 1.325825 -0.33688 6 -2.2483 1.261777 -0.34369 

1 -0.18398 1.963276 -0.49861 1 -0.30169 2.049971 0.168689 

1 0.76778 -0.24952 0.067836 1 0.670944 -0.11222 0.797426 

1 -3.20483 -1.8441 0.487255 1 -3.05417 -2.05235 -0.12019 

1 -4.15015 0.371298 -0.07999 1 -4.02821 0.103604 -0.74852 

6 -2.81475 2.668988 -0.71527 6 -2.81931 2.638008 -0.72827 

1 -2.95759 2.743259 -1.80045 6 -1.98222 3.235645 -1.88334 

1 -3.79076 2.83056 -0.24802 1 -2.37462 4.218568 -2.16677 

1 -2.1532 3.488384 -0.41865 1 -0.93324 3.364028 -1.60109 

1 -0.73819 -2.16856 0.562337 1 -2.01754 2.586991 -2.76492 

    6 -4.28587 2.556902 -1.19006 

    1 -4.93838 2.166231 -0.40244 

    1 -4.64415 3.55761 -1.45137 

    1 -4.39806 1.922741 -2.07548 

    6 -2.75025 3.581568 0.495226 

    1 -3.15018 4.568175 0.236163 

    1 -3.33934 3.182389 1.327587 

    1 -1.72298 3.719323 0.844845 

    1 -0.69388 -2.19428 0.661263 
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Chapter 5 Summary 

 

In this thesis, properties of PNNP-Co(I) complexes including their metal-ligand cooperation 

(MLC) behaviors were revealed. It was also revealed that the PNNP-Co(I) system facilitate H2 

activation via MLC. This is further applied to hydrodehalogenation of aryl halides, achieving 

degradation of environmentally hazardous fire retardants under 1 atmospheric pressure of H2. 

Through mechanistic study, radical process of C−X (X = Cl, Br) cleavage and the following 

hydrogen atom transfer (HAT) were evidenced in the catalytic reactions. Most importantly, 

capability of the PNNP-Co(I) system as a H2 reservoir, which is mediated via MLC, was also 

demonstrated through this study.  

In Chapter 1, importance of cobalt complexes as catalysts is introduced. Reflecting the 

obstacles of cobalt catalysts, new design and/or modification of ligands is important. In this 

context, pincer ligands and the concept of MLC and pincer ligands were introduced. Previous 

reports on Co(I) complexes, which exhibit remarkable reactivity, are also introduced. Furthermore, 

this chapter finally discuss the importance of the precise design of Co(I) pincer complexes to 

establish MLC, which is attractive but still a challenging research target in the organometallic 

field. To this end, the chapter describes the utility of the PNNP ligand, which is a tetradentate 

ligand with four σ-donating groups and a phenanthroline framework, as a strong-field ligand to 

stabilize Co(I) center with a low-spin state. It should be also noted that with a delocalized PNNP 

backbone, the PNNP-Co system could efficiently demonstrate a dearomatization/rearomatization 

sequence during the MLC processes.  

In Chapter 2, properties of PNNP-Co(I) alkyl complexes were studied. Co(I) alkyl 

complexes are known as key species to achieve remarkable reactivity in various catalytic reactions. 

It has been previously reported that PNNP-Co alkyl complex [Co(CH2SiMe3)PNNP] (2) 

underwent structural transformation upon heating to form 3, which possesses asymmetric PNNP’ 

ligand with a dearomatized backbone, accompanied by the formation of SiMe4. In this study, 

[CoMe(PNNP)] (5) was newly synthesized and identified by NMR spectroscopy. Synthesis of 2 

was re-examined to improve the reaction yield. Reaction of 2 with TEMPO was performed to 

form TEMPO-alkyl and TEMPO-H. Based on these studies, it was revealed that 2 can afford alkyl 

radical and H radical. Thus, the possible reaction path for the formation of 3 from 2 was 

considered to be as follows, (i) 2 undergoes Co−C bond homolysis to generate (Me3Si)CH2
•, and 

(ii) hydrogen abstraction from the benzylic carbon by (Me3Si)CH2
• affords SiMe4 (R−H) (Scheme 

1).  
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Scheme 1. Structural transformation of 2 into 3. 

 

In Chapter 3, the mechanism of hydrogenation (H2) activation by 3 to form 4 bearing a PNNP” 

ligand with a hydrogenated phenanthroline framework was illustrated (Scheme 2). Based on 

reaction of 3 with D2, occurrence of heterolytic H−H bond cleavage via MLC was evidenced 

(Scheme 2, step i). Moreover, formation of Co(I) hydride intermediate (A) was suggested in this 

process (Scheme 2, step ii). Heating experiment of Co(I) ethyl complex (7), which underwent 

structural transformation to 4, also supported the formation of A (Scheme 2, step iii). Reversibility 

between 3 and 4 was also supported. Accordingly, a long-range MLC behavior as a H2 reservoir 

was demonstrated in the PNNP-Co(I) system. 

 

 

Scheme 2. The proposed mechanism of H2 activation via 3. 

 

     In Chapter 4, a catalytic hydrodehalogenation of aryl halides is reported (Scheme 3). In this 

study, a broad substrate scope was achieved (Chapter 4, Tables 2 and 3) under mild reaction 

conditions (e.g. 1 atm H2). Moreover, the degradation of fire retardants such as 

hexabromobenzene and decabromodiphenyl ether (deca-BDE) were accomplished. One possible 

reaction mechanism was proposed, which was evidenced by detailed mechanistic study 

sometimes using model systems. Through this study, a radical mechanism for the C−X bond 

cleavage followed by a hydrogen abstraction from the PNNP” ligand backbone was revealed 

based on a radical clock experiment as well as kinetic study. Overall, this study demonstrated 

radical hydrodehalogenation of aryl halides, which is mediated by MLC of the PNNP-Co(I) 

system. To the best of my knowledge, this is the first example to apply this behavior in catalysis. 
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Scheme 3. Hydrodehalogenation of aryl halides via PNNP-Co(I) complexes. 

 

  Through this thesis, the PNNP-Co(I) complexes with various characteristic MLC behaviors 

and their mechanism are disclosed. A unique long-range MLC behavior, which utilizes the 

phenanthroline framework as a hydrogen reservoir, is manifested. In these reactions, radical 

properties of PNNP-Co(I) complexes including homolysis of the Co−C bond and the benzylic C–

H bonds play a pivotal role. It can also be mentioned that the highly delocalized system 

synergizing both the PNNP ligand skeleton and the Co center is of importance to accomplish the 

observed long-range MLC. I believe that with all these studies on PNNP-Co(I) complexes, further 

application of this system to various catalytic reactions can be expected in the future. 
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