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Abstract 
 Organofluorine compounds find various applications ranging from pharmaceuticals to 

refrigerants, insecticides, high-value fluoropolymers and reagents in catalysis. However, the 

synthesis of organofluorine compounds depends on toxic chemicals such as hydrogen fluoride, 

chlorinated hydrocarbons, reactive F2 gas and environmentally persistent long-chain 

fluorosurfactants. Recently more sustainable, energy-efficient syntheses have been developed 

using base metal-catalyzed transformations of fluoroalkenes and the formation and 

functionalization of d6-8 fluorometallacycles. In this thesis, we use manganese complex precursors 

to prepare the first examples of d4 fluorometallacycles. 

Work in Chapter 2 describes the synthesis and one-electron reduction of manganese 

bis(diphosphine)- and tetrakis(phosphite) dibromide complexes, MnBr2(P-P)2 and MnBr2[P(O-i-

Pr)3]4 and reactions of the corresponding reduced Mn(I)Br complexes with tetrafluoroethylene 

(TFE). Products proposed to be d4 perfluorometallacycles, MnBr[-CF2(CF2)2CF2-](P-P) proved to 

be unstable, reforming TFE upon application of vacuum. In Chapter 3 we show that photolysis of 

ligated manganese(I) carbonyl bromide complexes, MnBrLn(CO)5-n, in the presence of TFE, 

chlorotrifluoroethylene (CTFE) or perfluoro(methyl vinyl ether) (PMVE) in tetrahydrofuran 

affords the Mn-H insertion products, Mn(CF2CFXH)(L2)(CO)3 (X = F, Cl, OCF3) only for L2 = 

DPPE [1,2-bis(diphenylphosphino)ethane] as well as a solid by-product proposed to be MnBr2Ln. 

These reactions are accompanied by THF fluoroalkylation products, O[-(CH2)3CH(CF2CFHX)-]. 

By switching to methyl t-butyl ether solvent, we showed that exhaustive photolysis of MnBr(CO)5 

+ 3 equiv. of DPPE gave a new product proposed to be the first stable d4 fluorometallacycle, 

MnBr[-(CF2)4-](CO)(DPPE). Reactions of the fluoroalkenes with zerovalent Mn2(CO)10 also 

contributed to our understanding of potential reaction pathways to form these Mn-H-derived 

products. 

Previous work in the Baker group compared FeH2(dmpe)2 and [FeH(H2)(dmpe)2]
+ as 

catalysts for the dehydrogenation of amine-boranes [dmpe = 1,2-bis(dimethylphosphino)ethane]. 

In Chapter 4 the catalytic reactivity and selectivity of MnH(H2)(dmpe)2 are compared with those 

observed using the Fe analogs and the catalyst resting state, Mn(2-BH4)(dmpe)2, is identified.  

Finally, in Chapter 5 we summarize the findings of this thesis and suggests future 

directions based on this work. 
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Chapter 1: Introduction 

 First Row Transition Metal Complex Catalysts 

In the first decades of its development and applications, molecular homogeneous catalysts 

have been typically based on complexes of the noble metals (Ru, Os, Rh, Ir, Pd, Pt, Au).1 Over the 

last three decades, however, there has been a drive to supplement noble-metal catalysts with 

analogs from the first row (Mn, Fe, Co, Ni, Cu) that are less toxic, more economical, and earth-

abundant.2 In addition, first-row transition metal complexes can show various coordination 

geometries and multiple spin states which can be used to manipulate their electronic structure, 

orbital overlap, and bonding character. Moreover, first-row metal complexes often exhibit 

increased substitutional lability in comparison to their heavier analogs. Recent examples of 

efficient base-metal catalysis include C-C coupling,3 polymerization,4 (de)hydrogenation,5 E-H 

bond addition to unsaturated organics (E = B, Si),6 and C−H borylation.7 

1.1.1 Manganese complex catalysts 

 The last decade has seen an explosion in the applications of molecular manganese catalysts 

in organic synthesis including C–H bond activation, late-stage fluorination, hydrosilylation and 

cross‐coupling.8 Most relevant to this thesis are catalyzed dehydrogenative coupling reactions that 

have been applied to a number of tandem reaction schemes.9,10 In 2016 Milstein and co-workers 

reported a highly active manganese catalyst (1-1) for dehydrogenative coupling of amines and 

alcohols (Scheme 1.1).11 Diverse aliphatic and benzylic alcohols were efficiently transformed to 

imines with broad functional group tolerance. The Kirchner group used a PN3P manganese 

complex (1-2) as a useful catalyst for the same reaction.12  
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Scheme 1.1. Catalytic synthesis of imines by dehydrogenative coupling.11, 12 

 

Liu et al. used a well-defined manganese pincer complex (1-3) as a catalyst for conversion 

of ethanol to n-butanol (Guerbet reaction; Scheme 1.2).  This tandem reaction involves ethanol 

dehydrogenation followed by base-catalyzed aldol coupling and then hydrogenation of the 

resulting ,-unsaturated aldehyde.  Although the reaction required high temperatures for the 

initial alcohol dehydrogenation, the catalyst is quite stable as n-butanol was produced with high 

selectivity and turnover number.13  

 
 

Scheme 1.2. Manganese-catalyzed Guerbet reaction.13 
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 Amine-Borane Dehydrogenation Catalysis by Transition Metal Hydrides 

 Dehydrogenation of amine-boranes has been studied intensively over the last 15 years both 

as hydrogen storage materials and sources of inorganic B-N polymers.14 The advantage of amine-

boranes vs. cyclic hydrocarbons as hydrogen sources stem from their hydridic B-H and protic N-

H bonds that facilitate hydrogen release at low temperatures. Investigators have developed both 

homogeneous and heterogeneous catalysts to release H2 from ABs under mild conditions.15 

However, the dehydrogenation mechanisms and product selectivity vary widely with different 

experimental conditions and catalyst choice.16 

1.2.1 Selectivity of catalyzed amine-borane dehydrogenation 

In their investigations of homogeneous transition metal catalysts for dehydrogenation of 

ammonia-borane (AB), Baker, Paul and co-workers identified two types of catalyst based on their 

product selectivity.17a-c Type I catalysts rapidly generate a single equivalent of H2 and 

aminoborane, NH2BH2, which is subsequently polymerized to insoluble poly(aminoborane) 

(Scheme 1.3). Typical Type I catalysts include Ir- and Fe pincer complexes 1-4 and 1-5 (Figure 

1.1).18,19 In contrast, Type II catalysts allow for the cyclo-oligomerization of aminoborane, with 

initial formation of the branched cyclic tetramer, B-cyclodiborazanylamine-borane (BCTB), 

followed by iminoborane cyclic trimer, borazine, and two equiv of H2. Further B-N 

dehydrocoupling of borazine can generate additional H2 along with polyborazylene precursors to 

BN-graphene.20 Typical type II catalysts include Ni bis(N-heterocyclic carbene) complex 1-6 and 

Fe pincer complex 1-7.21,22 
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Scheme 1.3. General scheme for AB dehydrogenation using Type I (A) or Type II catalysts (B).17a-c 

 

 
 

Figure 1.1. Typical Type I (1-4 and 1-5) and Type II (1-6 and 1-7) AB dehydrogenation catalysts.18,19,21,22 

 

1.2.2 Mechanisms for amine-borane dehydrogenation reactions 

Paul and co-workers first identified the novel mechanism employed by Type I catalysts 

(Scheme 1.4).17c These catalysts contain electron-rich metal hydrides that are readily protonated 

by the amine-borane, followed by -hydride elimination to rapidly generate aminoborane, in which 
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the Lewis acidity of B and basicity of N are modulated by formation of the B=N -bond. Insertion 

of aminoborane into M-H generates a 4-coordinate B that yields in turn a basic terminal amido site 

that reacts with a second aminoborane, generating another basic amido site, growing the polymer 

chain remote from the metal center.  Although the chain termination step has not been determined, 

higher poly(aminoborane) molecular weights are obtained from alkylamine-boranes (ca. 20,000 

from NMeH2-BH3)
23 vs. AB as unsubstituted poly(aminoborane) is thought to contain only about 

20 monomers when it precipitates from solution. 

 

 

Scheme 1.4. Proposed catalytic cycle for AB dehydrogenation using Type I catalysts.17c 

 

For Type II catalysts, the B-H and N-H bonds of the amine-borane are often cleaved in a 

concerted step, allowing escape of the aminoborane from the metal where it undergoes cyclization. 

Guan et al. investigated the catalytic cycle using iron bis(phosphinite) pincer complex and 

ammonia-borane that affords > 2 equiv of H2 at 60°C (Scheme 1.5).22 After initial dissociation of 

PMe2Ph, binding of AB through the B-H bond is followed by protonation of the ligand’s ipso 

carbon as hydride is transferred to the Fe center. Finally, loss of dihydrogen regenerates the 

catalyst. Dixon, Baker et al. showed that dimerization of aminoborane proceeds through the 
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reactive H3BNH2BHNH2 intermediate17a and that conversion of BCTB to borazine is also metal-

catalyzed.20 

 

Scheme 1.5. Proposed cycle for Fe-catalyzed dehydrogenation of AB.22 

 

Dehydrogenation pathways of methylamine-borane (MeAB) are less studied with a variety 

of catalysts24 and in some cases Type I catalysts that yield polymer with AB give only cyclic 

products N-trimethylcyclotriborazane and N-trimethylborazine with MeAB, although competing 

B-N bond cleavage often yields additional products such as HB(NMeH)2. In contrast, 

dimethylamine-borane (DMAB) is most widely studied and competing reaction pathways leading 

to the cyclic aminoborane dimer vs. linear H3BNMe2BH2NMe2H are well understood.25 
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 Metal Organofluorine Chemistry  

Fluorine forms the strongest single bond to carbon with a bond dissociation energy (BDE) 

of 115 kcal/mol vs 104.9 kcal/mol for CH3-H because the high electronegativity of fluorine makes 

the bond more polar.26 As a result, fluorinated molecules can be used as versatile materials that 

can display thermal stability and chemical inertness, making them useful in various applications 

ranging from pharmaceuticals and insecticides to refrigerants, foam-blowing agents, and reagents 

in catalysis.27 The synthesis of fluorinated molecules has benefited greatly from the development 

of metal organofluorine chemistry by pioneers such as Stone28 and Hughes.29 

1.3.1 Fluoroalkenes – 4th generation of greener refrigerants and foam-blowing agents 

Owing to their stability and physical properties, chlorofluorocarbons (CFCs) were 

developed in the 1950s as foam-blowing agents, solvents, propellants, and refrigerants.30 However, 

their development on an industrial level was followed by atmospheric release that negatively 

impacted the earth’s ozone layer. Following the Montreal Protocol, hydrochlorofluorocarbons 

(HCFCs) soon replaced the CFCs, followed by hydrofluorocarbons (HFCs) that could not serve as 

a source of atmospheric chlorine.31,32a Although HFCs have a marginal effect on the ozone layer, 

IR-absorbing C-F bonds make them good greenhouse gases. In contrast, the double bond of 

recently developed 4th generation refrigerants, HCFOs and HFOs, is easily oxidized, reducing their 

capacity to serve as greenhouse gases (Figure 1.2). 
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Figure 1.2. Selection of important CFCs, HCFCs, HFCs, HFOs and HCFOs.31, 32a, 33, 34 

 

Regarding nomenclature, many marketing materials and patents for small fluorinated 

molecules employ the refrigerant naming system developed by the American Society of Heating, 

Refrigerating, and Air-Conditioning Engineers (ASHRAE).32b These naming conventions vary 

according to the type of refrigerant. Refrigerants are assigned a four-digit R number including d, 

c, h and f. The first digit represents the number of double bonds in the compound, the second the 

number of carbon atoms less one, the third the number of hydrogen atoms plus one and the fourth 

the number of fluorine atoms. For example, trifluoromethane CHF3 has no double bonds (d = 0), 

one carbon atom less one (c = 0), one hydrogen atom plus one (h = 2) and three fluorine atoms (f 

= 3). Thus the R number 23 refers to a hydrofluorocarbon (HFC-23). Moreover, the R numbering 

systems has undergone two evolutions: for two-carbon refrigerants, the letters a, b, or c can be 
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added at the end of the R-number, as the structure becomes less symmetrical (cf. CFCl2CF2Cl is 

CFC-113 and CF3CCl3 is CFC-113a). For fluoroalkenes, Z or E are added at the end of the R-

number to denote cis or trans and the structures are more fully delineated by additional letters 

representing the halocarbon fragment (Table 1.1).32b  

Fragment Designation  Fragment Designation 

CCl2 A  CHCl2 N 

CClF B  CH2Cl O 

CF2 C  CHF2 P 

CHCl D  CH2F Q 

CHF E  CHClF R 

CH2 F  CH3 S 

CCl3 J  C T 

CCl2F K  CCl X 

CClF2 L  CF Y 

CF3 m  CH Z 

Table 1.1. Halocarbon molecular fragments and corresponding letter designations.32b 

One of the most promising HFC substitutes, 2,3,3,3-Tetrafluoropropene (HFO-1234yf), 

can be prepared by hydrogenation of CF3CF=CHF (HFP) using Pd/C catalyst, followed by 

defluorination over 𝛾-alumina.33 Another common HFO, 1,3,3,3-tetrafluoropropene (HFO-

1234ze), is manufactured from 3-chloro-1,1,1,3-tetrafluoropropane (HCFC-244fa) or 1,1,1,3,3 

pentafluoropropane (HFC-245fa). However, the processes for HCFC and HFC synthesis are 

lengthy and additional purification steps are needed as multiple products are formed in both these 

processes.34 To sum up, fluoroalkene synthesis as CFC substitutes requires toxic compounds35and 

energy-intensive processes. 

1.3.2  Reactions of metal complexes with fluoroalkenes 

  Fluorine’s high electronegativity has a depletive effect on the electron density in the 𝜋-

bond of olefin. As a result, it will affect the ability to donate σ electrons leading to reaction only 
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with low-valent metals because of the latter’s ability for strong 𝜋-backbonding. Retro-dative metal 

bonding is thus highly essential for fluoroolefins and will depend on ancillary ligands and the 

metal’s oxidation state (Figure 1.3).36The bond between metal and fluoroolefin is like the normal 

𝜋-bond in metal-olefin complexes in which a filled metal d-orbital participates in back-bonding 

with the 𝜋-antibonding orbital of the olefin. As this back-bonding becomes especially strong, a 

more consistent bonding picture is the bis(σ-bonded) three-membered ring.  Besides, intermediate 

situations are likely where the mode of bonding is not exclusively metallacyclopropane or olefin-

like.37  

 

Figure 1.3. Example of important fluoroolefin complexes.36 

 

1.3.3 Fluoroalkene insertion into M-H, M-C and M-M bonds  

Because of their electrophilic nature, fluoroolefins are sensitive to nucleophilic attack, thus 

allowing for their insertion into a reactive metal hydride link. Stone first identified this reaction in 

1961 with a complex of tetrafluoroethylene (TFE) and manganese pentacarbonyl hydride (Scheme 

1.6),38 followed by other cases involving rhenium pentacarbonyl hydride39, tungsten tricarbonyl 

hydride and π-cyclopentadienyl molybdenum.40 
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Scheme 1.6. Insertion of TFE into metal hydride to form M-fluoroalkyl.38,39,40 

 

While non-fluorinated olefins can undergo polymerization by inserting into M-C bonds, 

fluoroalkenes such as TFE generally do not insert into M-CF bonds, as Roper has shown for iridium 

complexes (Scheme 1.7).41 Heating IrH(CO)(PPh3)3 under TFE pressure gives 

IrH(C2F4)(CO)(PPh3)2 upon heating. As the latter was processed under even more vigorous 

conditions with more TFE, fluoroolefin was inserted into the metal-hydride bond and a second 

TFE equivalent was coordinated without insertion into the fluoroalkyl Ir-C or carbonyl Ir-C bond. 

In contrast, work by Wilford and Stone demonstrated insertion of TFE into the M-CMe bond of 

M(CH3)(CO)5 (M = Mn, Re), although further insertion of TFE into the M-C bond of M-

CF2CF2CH3 was not observed.42 

 

Scheme 1.7. Insertion of TFE into Ir-H bond and coordination of a second TFE.41 

 

Fluoroalkenes can also insert into M-M bonds. Zerovalent dicobalt octacarbonyl reacts 

with TFE to produce the Co(I) tetrafluoroethanediyl-bridged complex, 

(CO)4CoCF2CF2Co(CO)4.
43 Similar reactivity of TFE was observed with tin–manganese44 and 

germanium–manganese45 bonds. 
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1.3.4 Fluoroalkene coupling to fluorometallacycles 

Oxidative coupling of two olefins at the metal centre (Scheme 1.8) causes the cyclization 

reaction to form a metallacyclopentane, which results in an increase in the formal oxidation state 

of the metal by two units. While alkynes easily undergo this reaction in comparison to alkenes, 

ring-strain or electron-withdrawing substituents can activate the latter. TFE readily undergoes this 

reaction as it decreases the repulsion between the 𝜋-bond of C=C and lone pairs of fluorine due to 

transformation of sp2 C–F bonds to sp3 C-F bonds to a less electronegative carbon.46 Olefin 

complex vs. five-membered ring metallacycle formation is determined by many factors.47 For 

example, both steric and π-acceptor vs σ-donor ancillary ligands can affect the type of complex 

formed.  

 

Scheme 1.8. Oxidative coupling to form a perfluorometallacyclopentane.46 

 

In 1961, Stone showed that photolysis of Fe(CO)5 and TFE in octane gave Fe(CO)4(1,4-

C4F8), the first perfluorometallacyle (Figure 1.4).48a The same complex had been synthesized 

previously by Nobel prize-winner Geoff Wilkinson but it was misassigned as the bis (olefin) 

complex.48b An isoelectronic d6 cobaltacyclopentane (prepared from TFE and 

cyclopentadienylcobalt dicarbonyl)49 was identified shortly afterwards by Stone et al. who then 

expanded this class extensively using nickel.50 They and others showed, for example, that 

zerovalent Ni phosphine complexes react readily with fluoroalkenes to yield d8 

nickelacyclopentanes, whereas Pd and Pt analogs typically yield olefin complexes.51,52 
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Furthermore, the dibridged complex, (cod)Pt(-C2F2)2Pt(cod), was obtained from Pt(cod)2 and 

TFE. 

 

Figure 1.4. First reported perfluorometallacyles.48a-b, 49, 50 

 

A report by Ogoshi et al.53 confirmed that ligand steric effects dictate the observed 

metallacycle size in Ni reactions (Scheme 1.9). 

 

Scheme 1.9. Ligand effects on perfluoronickelacycle formation.53 

 

 Several d6 ruthenium metallacycles have also been synthesized. For instance, TFE and 

Ru(CO)2(PPh3)3 afford Ru(CO)2(PPh3)2(1,4-C4F8)
54 and reduction of RuCl2(PPh3)4 using NaH in 

MeCN in the presence of TFE gave the (tetrakis)phosphine analog (Figure 1.5).55  
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Figure 1.5. Ruthenium metallacyclopentane complexes.54,55 

 

 Recently, Vicic and co-workers reported an alternate route to perfluorometallacycles using 

dinuclear fluoroalkylzinc reagents [(MeCN)2Zn[(CF2)n]2Zn(MeCN)2]
56 such as that derived from 

1,4-diiodooctafluorobutane and diethylzinc (Scheme 1.10). By adding co-ligand, L, the zinc 

complex can rapidly transmetalate nickel to produce the mononuclear d8 perfluoronickelacycle  

 

Scheme 1.10. Synthesis of perfluoronickelacycles via a transmetallation reaction.56 

 

 In a recent review of transition metal complexes of fluorinated dienes,57 Kühnel and Lentz 

summarize examples of fluorometallacyclopentenes (Scheme 1.11). In a Mn example of relevance 

 

 

Scheme 1.11. Formation of fluorometallacyclopentenes from perfluorobutadiene.57 

 

to this Thesis, both 4-diene and 1,1-metallacyclopentene coordination modes are accessed in 

formation of the novel d3 oxo-bridged dimanganese oxidation product (Scheme 1.12).58 
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Scheme 1.12. Oxidation of d6 Mn diene complex to d3 fluorometallacyclopentene.58 

 

1.3.5 Reactivity of fluorometallacycles 

In 1961, Stone showed that the d6 fluorometallacycle Fe(C4F8)(CO)4 is extremely stable, 

requiring heating at 160 °C for 12 d for conversion to perfluorocyclobutene and FeF2. Heating 

with bromine afforded the reductive elimination product, perfluorocyclobutane.48a Much later in 

1994, Baker et al. showed that this same metallacycle undergoes slow Fe–CF bond hydrogenolysis 

complex under harsh conditions to form both H(CF2)4H (338pcc) and related hydrodefluorinated 

products such as H(CF2)3CFH2 (347pcc).59 The proposed mechanism for this reaction involves 

initial CO loss and formation of a dihydrogen complex that can then follow competing paths 

(Scheme 1.13). One of the α-carbons may be protonated by the dihydrogen intermediate, resulting 

in the iron alkyl hydride complex that undergoes reductive elimination to 338pcc. In the other 

pathway, the C-F is protonated, affording the iron metallacyle carbene hydride. Further addition 

of H2 and subsequent hydrogenolysis then affords HFC-347pcc. Indeed, more recently Ghostine 

and Baker demonstrated that photolysis of Fe(CO)(triphos)(1,4-C4F8) induces C-F bond 

activation with formation of FeF(=CFCF2CF2CF2-)(triphos) (triphos = bis(diphenyl-

phosphinoethyl)phenylphosphine).60  
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Scheme 1.13. Proposed reaction pathways for hydrogenolysis of Fe(CO)4(1,4-C4F8).59 

 

Burch and coworkers reported Cα−F bond activation of Ni(PEt3)2(1,4-C4F8) using the Lewis 

acid BF3 (Scheme 1.14).61 Subsequent phosphine migration to Cα produced the phosphonium-

functionalized metallacycle. Moreover, adding a second equiv of BF3 activated the other Cα−F 

bond and the resulting dicationic product was stabilized with a bis(phosphine) ligand. 

 

Scheme 1.14. Cα-F abstraction from a bis(phosphine) nickel perfluorocyclopentane.61 

 

Recently, the Baker group demonstrated selective ligand migration to C in the [P,SiPr]-

ligated nickel perfluorocyclopentane (Scheme 1.15).62 Treatment of the phosphonium zwitterion 

with isonitrile ligands gave Ni-C bond cleavage and, more remarkably, hydrolysis afforded a single 

C4 HFO isomer via hydrodefluorodimerization of TFE (Scheme 1.16). 
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Scheme 1.15. C-F abstraction from a [P,SiPr]-ligated metal perfluorocyclopentane by TMS-OTf.62 

 

 

Scheme 1.16. Reactivity of phosphonium-functionalized nickelacyclopentane.62 

 

On the other hand, Cα–F bond activation in pseudo-three-coordinate NHC-

perfluoronickelacyclopentane using Me3SiOTf resulted in C-C bond formation, forming the 

perfluorocyclobutyl ring, without migration of the NHC ligand63 (Scheme 1.17). Thermolysis of 

this product affords perfluorocyclobutene likely through β-fluoride elimination although the 

expected Ni-F co-product was not characterized. 

 
Scheme 1.17. Cα-F fluoride abstraction from a low-coordinate NHC perfluoronickelacycle.63 

 

In other reactions of this low-coordinate nickelacyclopentane, trifluoroacetic acid produced 

trifluoroacetate-substituted metallacycle and HF. However, use of bulkier and less acidic 
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trimethylbenzoic acid cleaved the Ni–CF bond, forming a very stable Ni fluoroalkyl complex 

(Scheme 1.18).63 Remarkably, no -F elimination was observed even after 12 h at 80 °C.  

 

Scheme 1.18. Reactivity of NHC-perfluorometallacyclopentane with Brønsted acids.63 

Interestingly, replacement of some fluorines with hydrogens can have a significant effect on 

the C-F bond reactivity of nickelacyclopentanes. Giffin, Baker et al. showed that metallacycles 

derived from trifluoroethylene underwent both C-F and C-F bond cleavage on treatment with 

Lewis acids (Scheme 1.19).64 Moreover, the nature of the Lewis acid dictated the final product 

formed, a result attributed to the nucleophilicity of the counteranion.  
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Scheme 1.19. Reactivity of nickelacyclopentane derived from trifluoroethylene.64 

 

 Nickel -Catalyzed Fluoroalkene Reactions 

1.4.1  Ni-catalyzed hydrodimerization of TFE 

While working at Du Pont, Baker et al. developed a catalytic method with 

perfluoronickelacyclopentane and Ni[P(OR)3]4 intermediates for the hydrodimerization of TFE 

(Scheme 1.20).65 First, oxidative coupling of two TFE molecules using Ni[P(OR)3]4 forms the 

nickel perfluorometallacycle with loss of two phosphite ligands. Addition of H2 to nickel generates 

the dihydrogen intermediate, which then protonates the α-carbon with formation of a putative 

nickel hydride. Finally, the HFC is released through reductive elimination to give HFC-338pcc 

and reform the Ni(0) phosphite complex. Although elevated temperatures and pressures are 

required for hydrogenolysis of the robust Ni–RF bond with the ancillary π-acidic phosphite ligands, 

Werner et al. demonstrated that related perfluoronickelacycles, Ni(C4F8)L2, in which L= PPh3, or 

L2= DPPP, DPPE do not undergo hydrogenolysis in the presence of H2 at 20 atm.55 Recently, our 



20 

 

group showed that the low-coordinate NHC nickel metallacycle undergoes Ni–CF bond 

hydrogenolysis under much milder conditions (7 psig H2 and 25 oC vs. 500 psig H2 and 100 oC).63 

 

Scheme 1.20. Synthesis of nickel perfluorometallacycle complex via catalytic hydrodimerization of 

tetrafluoroethylene using valent Ni phosphite complex.65 

 

1.4.2 Ni-catalyzed hydrodefluorodimerization of vinylidene fluoride (VDF) 

A further example of fluorometallacycle C-F bond activation was discovered by Sicard66 using 

bulky NHC ligands such as 1,3-di(1-adamantyl)imidazolidene (IAd). In this case, -fluoride 

elimination from the presumed (but unobserved) metallacyclopentane intermediate affords the 

butenyl-nickel fluoride-bridged dimer. Addition of a silane converts Ni-F to Ni-H and subsequent 

reductive elimination yields the new C4 HFO in a catalytic hydrodefluorodimerization process 

(Scheme 1.21). 
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Scheme 1.21. Reaction steps for Ni-NHC complex-catalyzed VDF hydrodefluorodimerization.66 

 

1.4.1 Other Nickel catalyzed fluoroalkene homologation reactions 

In the presence of catalytic Ni(cod)2 and bulky NHC ligand IPr, the Ogoshi group achieved a cross-

trimerization reaction of aldehydes, ethylene and TFE (Scheme 1.22a).67 The procedure yields a 

range of 4,4,5,5-tetrafluoro-1-pentanone derivatives in fair to excellent yields when done 

selectively. Oxidative cyclization of ethylene and TFE generates a key intermediate, the five-

membered mixed nickelacycle. This partially fluorinated nickelacycle, which can be isolated using 

PCy3 as an auxiliary ligand, reacts with enones in to yield the cross-trimerization product. 

Moreover, it can also be used as an important reaction intermediate in the ethylene and TFE co-

trimerization to give 5,5,6,6-tetrafluoro-1-hexene (Scheme 1.22b).68 In another report, a range of 

1,3-dienes with a 3,3,4,4-tetrafluorobutyl chain were formed by cross-tetramerization of ethylene, 

TFE and alkynes using a catalytic amount of Ni(cod)2 and PCy3. Partially fluorinated five- and 

seven-membered nickelacycles are key intermediates in these catalytic reactions (Scheme 1.23).69 
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Scheme 1.22. Ni-catalyzed selective cross trimerization reactions.67,68 

 

 
Scheme 1.23. Ni-catalyzed selective cross tetramerization reaction.69 

 

1.4.2 Reactions of cobalt hydrides with tetrafluoroethylene 

In her investigation of Co-H reactivity with TFE, Ghostine reported the first examples of 

metal hydride perfluorometallacycle complexes (Scheme 1.24).70 Presumably the 18e- count of 

these complexes prevents the usually facile C-H reductive elimination. The complicated reactions 

of P-ligated Co(I) carbonyl hydride complexes with TFE begin with loss of one CO ligand and 

insertion of TFE into the Co-H bond. The resulting Co-CF2CF2H complex can then lose CO, 

coordinate a second TFE, and rearrange to the Co-H perfluorocobaltacyclopentane. In a competing 

reaction, the Co-CF2CF2H complex can react with the Co-H starting material to give hydrogenated 

 

 

Scheme 1.24. Reaction of P-ligated Co carbonyl hydride with TFE.70 
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TFE and the zerovalent Co-Co bonded dimer. Although irradiation did not result in the expected 

reductive elimination, suitable choice of ligands may promote this reaction, allowing for a second 

route to hydrodefluorodimerization (Scheme 1.25). In contrast to the Ni-catalyzed VDF route 

above, the Co-catalyzed route would undergo C-H reductive elimination first, followed by -F 

elimination to afford the fluoroalkene product. Silane reaction with the resulting Co-F would then 

regenerate the catalyst. 

 

 
Scheme 1.25. Proposed catalytic cycle for HFO generation via cobalt hydride perfluorometallacyle.70 

 

 Summary and Thesis Outline 

The goals of my thesis project were to prepare the first examples of d4 perfluorometallacycle 

complexes using manganese and to assess the catalytic activity of manganese hydride complexes 

as amine-borane dehydrogenation catalysts. In Chapter 2 the synthesis and partial characterization 

of a series of new Mn(III) perfluorometallacyles derived from MnBr(P-P)2 and tetrafluoroethylene 

(TFE) are presenteded but these products are unstable in the absence of TFE. Chapter 3 focuses 

on the photolysis of a series of nitrogen-, phosphine- and NHC-substituted manganese bromide 

carbonyl complexes with fluoroalkenes TFE, CTFE and PMVE from which new Mn(I) fluoroalkyl 
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complexes Mn(CF2CFHX)(DPPE)(CO)3 were obtained with X = F, Cl, and OCF3. Formation of 

Mn-H from H atom abstraction from solvent by Mn(0) radicals was confirmed by reactions of the 

fluoroalkenes with Mn2(CO)10 that gave the known Mn(CF2CFHX)(CO)5 complexes with X = F, 

Cl and OCF3. Finally prolonged photolysis of MnBr(CO)5 + 3 equiv of DPPE with TFE gave 

mixtures that appear to include the d4 fluorometallacycle, MnBr(1,4-C4F8)(DPPE)(CO). In 

Chapter 4 we assess the reactivity of MnH(H2)(dmpe)2 as an amine-borane dehydrogenation 

catalyst that compares with FeH2(dmpe)2 and [FeH(H2)(dmpe)2]
+. Lastly, in Chapter 5 the 

findings of this thesis are placed in context and upcoming directions based on this work are 

discussed. 
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Chapter 2: Synthesis and Reactivity of Phosphorus-Ligated 

Manganese Bromide Complexes with Tetrafluoroethylene (TFE) 

 Introduction  

 

As discussed in Chapter 1, both d6 and d8 perfluorometallacyclopentanes have been 

prepared and their reactivity studied. The goal of this chapter was to prepare a variety of 

monovalent manganese bromide phosphine complexes and investigate their reactivity with TFE to 

afford the first examples of d4 fluorometallacyclopentanes. In addition, reactions of manganese 

phosphine halide complexes with C2 fluoroalkenes have the potential to afford new C4 

fluoroalkenes in a catalytic process if silanes can be used to convert Mn-F back to Mn-H (Scheme 

2.1).  

 

Scheme 2.1. Proposed catalytic cycle for Mn-catalyzed C4 fluoroalkene formation from TFE. 

 

Low-valent metal phosphine complexes are typically prepared by reduction of metal 

phosphine halides.1 For example, reduction of Co dihalide polyphosphine complexes (Figure 2.1) 

with NaBH4 in ethanol affords monovalent Co-H complexes.2,3 However, examples of carbonyl-
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free, monovalent Mn phosphine hydride complexes prepared by this method are limited to the 

bis(diphosphine) complexes, MnH(P-P)2L in which P-P = dmpe and depe and L = H2 or N2 [dmpe 

= 1,2-bis(dimethylphosphino)ethane and depe = 1,2-bis(diethylphosphino)ethane].4,5 Other 

examples include MnH(NO)2(PEt3)2.
6 As these non-bulky, electron-rich diphosphines are likely to 

react with TFE, we investigated less basic DPPE and sterically bulky DiBPE diphosphines [DPPE 

= 1,2-bis(diphenylphosphino)ethane and DiBPE = 1,2-bis(diisobutylphosphino)ethane] as well as 

monodentate, -acidic triethylphosphite. 

 
 

Figure 2.1. Three cobalt dihalide complexes that can be reduced to monovalent 18 e- CoX(P-P)2 or 16 e- 

CoX(P-P-P) products.2,3 

 

 Results and Discussion 

2.2.1 Synthesis of Mn(I) complexes 

Manganese dibromide complexes were successfully prepared following a literature 

procedure7 by addition of 2 equiv of DPPE, DiBPE or 4 equiv of P(OiPr)3 to a suspension of MnBr2 

in THF solvent to give a colorless solution of paramagnetic MnBr2(P-P)2 or MnBr2(P)4. A number 

of reducing agents were then employed to generate monovalent Mn-Br or Mn-H analogs. While 

KC8 led to decomposition (confirmed by black solid formation), other insoluble metals such as Zn, 

Mg and Mn showed no reaction either at room temperature or heating at 60°C. Using soluble 

sodium benzophenone or sodium naphthalenide generated yellow solutions and insoluble NaBr, 

indicative of reduction. Unfortunately, the purity of the paramagnetic products of these reactions 
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was not easily assessed but further reaction with TFE broad resonances also indicating a mixture 

of products. Fearing that further reduction to Mn(0) could be a factor, we employed the milder 

reductant cobaltocene [Co(5-C5H5)2]. In this case, the purple colour of the reductant was soon 

replaced with the orange colour of the cobaltocenium cation. Although the resulting d6 MnBr 

products were still paramagnetic, treatment with CO now gave single diamagnetic products 

MnBr(DPPE)2(CO), 2-2A and MnBr(DPPP)2(CO), 2-2B as shown in (Scheme 2.2) and (Fig. A.1-

A.2). 

 

 

Scheme 2.2. Synthesis of MnBr complexes (2-1A-F ) using mono- and bidentate phosphorus ligands, and 

reactions of 2-1B and 2-1C with CO.  

 

2.2.2 Reaction of TFE with MnBr(DiBPE)2 (2-1A): Double C-F bond activation by a basic 

diphosphine 

Treatment of 2-1A with TFE in THF solution gave a rapid colour change to orange (Scheme 2.3). 

The 19F NMR spectrum (Figure 2.2) included three resonances: a doublet at -1.6 (J = 675.5 Hz), 
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a singlet at -101.0 and a doublet at -147.9 ppm (J = 43.5 Hz). The 31P NMR spectrum displayed 

two doublet resonances at 17.2 (J = 43.5 Hz) and -71.4 ppm (J = 675.5 Hz) (Fig. A.3). Work-up 

of the reaction mixture by solvent removal and hexane washing removed free ligand and afforded 

a yellow powder. Recrystallization from THF/hexanes provided a single crystal that identified 2-

3 as the reaction product of the basic bis(phosphine) with TFE (Scheme 2.3). 

 

 

 

 
 
Scheme 2.3. Double C-F bond activation of TFE by bis(phosphine) DiBPE. 

 

The molecular structure of 2-3 consists of a bromide salt of a -CF=CF-bridged 

phosphorane-fluorophosphonium cation derived from the double C-F bond activation of TFE 

(Figure 2.3). The initially formed fluoride salt presumably undergoes salt metathesis with the 

[CoCp2]Br, forming 2.3 and [CoCp2]F. Unlike TFE, the C=C bond length of 1.30(3) Å is 

Figure 2.2. 19F NMR spectrum of 2-3 from reaction of bis(phosphine) DiPBE with TFE. 
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appreciably shorter than the C-F bonds 1.44(3) Å, 1.40(3) Å (cf. C=C = 1.311 and C-F = 1.319 Å in 

TFE).8 Moreover, the bond distances between P2–C7 and P1–F1 are 1.73(2) Å and 1.70(1) Å, 

respectively. With the structure determined, we can now assign the above NMR resonances. The 

fluorophosphonium center gives rise to the doublet 31P and 19F NMR resonances with JPF = 675.5 

Hz and the other doublet19F resonance is due to the C-F next to the phosphonium center (2JFP = 

43.5 Hz).  

 

 

Figure 2.3. ORTEP representation of the molecular structure of 2-3. Thermal ellipsoids are set at the 40% 

probability level and hydrogen atoms are omitted for clarity. Selected bond lengths [Å] and angles [deg]. 

C9–F5 1.44(3), C7–F6 1.40(3), P2–C7 1.73(2), P1–F1 1.70(1), C7–C9 1.30(3), C7–P2–CE 101(1), C9–

P1–CC 92(1), P1–C9–F5 113(1), P2–C7–F6 113(2), C7–C9–F5 109(2), F6–C7–C9 125(2) (Table A.1). 
 

 

2.2.3 Reaction of TFE with MnBr(DPPE)2 (2-1B): Formation of (CpCo)2(-4,4-C5H5-

CF2CF2-C5H5-) (2-4) and MnBr(1,4-C4F8)(DPPE) (2-5). 

To avoid reaction of TFE with the bis(phosphine) we next turned to less electron-rich alkyl-

diarylphosphine ligand DPPE. Monitoring the reaction of 2-1B with TFE by NMR spectroscopy 

showed appearance of both free (-12 ppm) and coordinated (93.3 ppm) dppe in the 31P NMR and 

one sharp and two broad 19F NMR resonances (Figure 2.4). Following solvent removal under 

vacuum, however, no 31P and only a single 19F NMR resonance remained. The latter species was 

characterized by single crystal X-ray diffraction as (CpCo)2(-4,4-C5H5-CF2CF2-C5H5-) (2-4), 
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the product of reaction of TFE with unreacted cobaltocene (Figure 2.5). The broad 19F NMR 

peaks, however, appear in similar regions as the Cα and Cβ fluorines in metallocyclopentanes.9 In 

this case, however, formation of the proposed metallacycle (2.5) is presumably reversible, 

perhaps driven by the extra equivalent of dppe (Scheme 2.4). Similar results were obtained with 

dppp, 2-6 and Xantphos ligands (2-7) (Figs. A.4 and A.5). 

 

 

 

 

 

 

 
 

 
 

 
 

Figure 2.5. ORTEP representation of the molecular structure of (CpCo)2(-4,4-C5H5-CF2CF2-C5H5-) 

(2-4). Thermal ellipsoids are set at the 40% probability level. Hydrogen atoms are omitted for clarity. 

Selected bond lengths [Å] and angles [deg]. C11–C11 1.533(7), C11–F1 1.360(6), C11–F2 1.374(5), 

C10–C11–F1 111.1(2), C10–C11–F2 108.1(4), F1–C11–C11 107.1(4), F2–C11–C11 107(4) (Table A.2). 

Figure 2.4. 19F NMR spectra of the reaction of 2-1B with TFE after 2 h. Bottom spectrum was 

obtained after removal of solvent and dissolution in C6D6. 
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Scheme 2.4. Synthesis of MnBr(1,4-C4F8)(DPPE), 2-5. 

 

 The molecular structure of 2.4 is consistent with electron transfer from two Cp2Co 

metalloradicals to the TFE molecule, forming a novel C2F2-bridged di(cyclopentadiene). Each 

Co(I) center is coordinated to one Cp anion and to the new di(cyclopentadiene) as a 4-1,3-diene. 

This bonding mode is confirmed by the shorter C-C bond distances and the non-planarity of the 5-

membered rings in the di(cyclopentadiene). 

2.2.4 Formation of MnBr(1,4-C4F8)[P(OiPr)3]3 (2-8). 

Reaction of MnBr[P(OiPr)3]4 (2-1F) with TFE gave a similar reaction with broad 19F NMR 

resonances at -86.5 and -101 ppm (Figs. A.6 and A.7), although the 31P NMR data [integration of 

coordinated (139 ppm) vs. free (140 ppm) phosphite signals is 3:1] are now consistent with an 

octahedral 16 e- structure for 2-8 (Scheme 2.5). Unfortunately, even after removal of the excess 

phosphite under vacuum, metallacycle formation was again reversible, with only the 19F NMR 

signal due to 2.4 being observed on dissolution of the resulting solid.  

 

Scheme 2.5. Synthesis of MnBr[P(OiPr)3]3(1,4-C4F8), 2-8. 
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 Conclusions 

In conclusion, although characterization relies solely on in situ NMR measurements in the 

presence of TFE, it appears that formation of the first examples of d4 perfluorometallacycles is a 

reversible process, presumably due to the instability of the trivalent Mn metallacycles vs. 

monovalent phosphorus-ligated Mn bromide. Although not the focus of our investigation, we also 

identified two interesting new structures derived from TFE reactions with reducing agent Cp2Co, 

and bulky dialkyl bis(phosphine) DiPBE. Due to instability of manganese bromide d4 metallacycle 

complexes, we turned our investigations in Chapter 3 to manganese bromide carbonyl complexes 

that may better stabilize d4 fluorometallacycles based on the d6 examples. 

 

 Experimental  

2.4.1 General considerations 

MBraun glove box and Schlenk techniques were used to carry out the experiments under 

nitrogen. A J. C. Meyer solvent purification system was used to dry the diethyl ether, toluene, 

tetrahydrofuran (THF) and hexanes using activated alumina columns. Stirring over activated 

alumina (ca. 10 wt.%) was used to dry the benzene-d6 (C6D6) overnight, followed by filtration. 

Dichloromethane (DCM) and acetonitrile-d3 (CD3CN) were refluxed over calcium hydride, stirred 

over activated alumina (ca. 5 wt.%) overnight and filtered. Activated 4 Å molecular sieves (heated 

at ca. 250 oC for >10 h under vacuum) were added to all solvents stored in the glovebox. All 

glassware was heated in an oven for >2 h at 150 oC.  

Commercial chemicals used were 1,2-bis(diphenylphosphino)ethane (DPPE, 99%, 

Aldrich), manganese(II) bromide (MnBr2, 98%, Aldrich), triisopropylphosphite P(OiPr)3, 95%, 

Aldrich), 1,3-bis(diphenylphosphino)propane (DPPP, 97% Aldrich,), 1,2-
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bis(diisobutylphosphino)ethane (Cytec-Solvay, DiBPE), 1,2-bis(diethylphosphino)ethane (Strem, 

DEPE) and 4,6-bis(diphenylphosphino)-10H-phenoxazine (Xantphos, 97%, Aldrich). Pyrolysis 

was used to prepare tetrafluoroethylene from polytetrafluoroethylene (powdered, Scientific 

Polymer Products) under vacuum using a modified literature procedure [10-20 mTorr, 25 g scale, 

650 oC, R(+)-limonene (97%, Aldrich) for product stabilization producing 97-98% pure TFE].10 

Cobaltocene11 and MnBr(P-P)2
7 were also prepared using modified literature procedures. A 300 

MHz Bruker Avance instrument was used to record the 1H, 31P{1H} 19F, and 13C{1H} NMR spectra 

at room temperature (21-23 oC). 1H NMR chemical shifts are reported relative to residual proton 

peaks of the deuterated solvents (CD3CN: 1.94 ppm; C6D6: 7.16 ppm), while 19F and 31P NMR 

shifts are reported relative to 1,3- bis(trifluoromethyl)benzene (BTB) at -63.5 ppm and phosphoric 

acid (85 % aqueous solution) at 0 ppm. Electrospray ionization mass spectral data were collected 

using an Applied Biosystem API2000 triple quadrupole mass spectrometer. Mass spectra were 

also collected using a Kratos Analytical – Concept magnetic sector electron impact mass 

spectrometer.  

Samples for X-ray crystallography were affixed on thin glass fibres with the help of 

paraffin oil. Bruker AXS KAPPA single-crystal diffractometer (λ= 0.71073Å) furnished with a 

sealed Mo tube source and APEX II CCD detector was used to collect the data. APEX II software 

package from BRUKER AXS was used to collect and process the raw data.  

2.4.2 Synthesis and characterization 

Synthesis of MnBr(DiBPE)2, 2-1A. Using a literature procedure for a similar complex 

(other ligands),7 solid MnBr2 (100 mg, 0.46 mmol) was suspended in 15 mL of THF and stirred 

for 1 h to dissolve all solid of MnBr2 in vial with a stir bar. After that, 1,2-

bis(diisobutylphosphino)ethane (296 mg, 0.93 mmol) in 5 mL of THF was added dropwise and, 
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after stirring for 12 h, gave a colourless solution. One equivalent of cobaltocene (88 mg, 0.46 

mmol) in 5 mL of THF was then added slowly to give a dark yellow solution after stirring 

overnight. The reaction mixture was filtered through a glass frit to remove orange cobaltocenium 

bromide and the filtrate dried in vacuo to yield a dark yellow powder. Yield: 350 mg, 88 %. No 

signals were observed in the 31P{1H} NMR spectrum of paramagnetic 2-1A. 

Synthesis of MnBr(DPPE)2, 2-1B. This complex was prepared as above using 100 mg of 

MnBr2 (0.46 mmol), 363 mg of 1,2-bis(diphenylphosphino)ethane (0.93 mmol) and 88 mg of 

cobaltocene (0.46 mmol). After 12 h stirring, a gradual colour change to dark yellow was observed 

at room temperature. The reaction mixture was filtered, solvent removed, and the residue dried to 

obtain a final dark yellow product. Yield: 370 mg, 80%. No signals were observed in the 31P{1H} 

NMR spectrum of paramagnetic 2-1B.  

Synthesis of MnBr[P(OiPr)3]4, 2-1F. This complex was prepared7 as above using 100 mg 

of MnBr2 (0.46 mmol), 389 mg of dried triisopropyl phosphite (1.86 mmol) and 88 mg of 

cobaltocene (0.46 mmol). After 12 h, a gradual colour change to dark yellow was observed at room 

temperature. The reaction mixture was filtered, solvent removed, and the residue dried to obtain a 

final dark yellow product. Yield: 340 mg, 70%. No signals were observed in the 31P{1H} NMR 

spectrum of paramagnetic 2-1F. 

Synthesis of MnBr(CO)(DPPE)2, 2-2A. To an NMR tube containing MnBr(DPPE)2 was 

bubbled CO gas, giving a color change from dark yellow to orange. 31P{1H} NMR (121 MHz, 

C6D6) 31.5 (s, 2P), -12 ppm (free dppe).  

Synthesis of MnBr(CO)(DPPP)2, 2-2B. To an NMR tube containing MnBr(DPPP)2 was 

bubbled CO gas, giving a color change from dark yellow to orange. 31P{1H} NMR (121 MHz, 

C6D6) 27.7 (s, 2P), -13 ppm (free dppp).  
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Reactions of phosphorus-ligated manganese bromide with TFE.  

These reactions were carried out by dissolving 25-40 mg of the Mn-Br complex in 0.5 mL of THF 

in an NMR tube fitted with a septum cap and then TFE was added by a 1 mL syringe through the 

septum cap. NMR spectra were recorded after 2 h of reaction after which time the THF solvent 

was removed and the resulting residue dissolved in C6D6 for additional NMR analysis.  

 a) Synthesis of [(i-Bu)2P(-CH2CH2)(-CF=CF)PF(i-Bu)2]Br, 2-3. Solid 

MnBr(DiBPE)2, 2-1A, (25 mg, 0.03 mmol) was dissolved in ca. 0.5 mL of THF in an NMR tube 

fitted with a septum cap. Then, 1 mL of TFE gas was injected via syringe through the septum cap. 

The colour of the reaction mixture changed immediately from dark yellow to orange with 

precipitation of a solid. The solution was filtered through Celite and evaporated under vacuum to 

yield oxidized bis(phosphine) product 2-3 as a yellow powder. Yield: 15 mg. 19F NMR (282 MHz, 

C6D6) -1.6 (d, JFP = 675.5 Hz,1F), - 101(s, 1F), - 147.9 ppm (d, 2JFP = 43.5 Hz, 1F). 31P{1H} (121 

MHz, C6D6) 17.2 (d, 2JPF = 43.5 Hz, 1P), -71.4 ppm (d, JPF = 675.5 Hz, 1P). 

 b) MnBr(DPPE)2 + TFE (Generation of MnBr(1,4-C4F8)(DPPE), 2-5). Solid 

MnBr(DPPE)2, 2-1B (40 mg, 0.04 mmol) was dissolved in ca. 0.5 mL of THF in an NMR tube 

fitted with a septum cap. Then, 1 mL of TFE gas was added via syringe through the septum cap. 

The reaction mixture changed immediately from dark yellow to orange with precipitation. 19F 

NMR (282 MHz, C6D6) - 86.3 (br s, 4F, CαF2), - 100 (br s, 4F, CβF2), - 117.3 ppm [s, 4F, (2-4)]. 

31P{1H} (120 MHz, THF, C6D6) 93.3 ppm (s). The resulting solution was filtered through Celite 

and evaporated under vacuum to yield a yellow powder. Yield: 25 mg. This solid showed no 31P 

NMR resonances and 19F NMR showed just 2-4. Similar reactions generated the DPPP (2.6) and 

Xantphos (2.7) metallacycles (Figs. A.4 and A.5). 
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 c) MnBr[P(OiPr)3]4 + TFE (Generation of MnBr(1,4-C4F8)[P(OiPr)3]3, 2-8). Solid 

MnBr[P(OiPr)3]4, 2-1F (25 mg, 0.03 mmol) was dissolved in ca. 0.5 mL of THF in an NMR tube 

fitted with a septum cap. Then, 1 mL of TFE gas was inserted via syringe through the septum cap. 

The reaction mixture changed immediately from dark yellow to orange with precipitation. 19F 

NMR (282 MHz, THF, C6D6) δ - 87 (br s, 4F, CαF2), - 101.5 (br s, 4F, CβF2), - 121[s, 4F, (2-4)]. 

31P{1H} (121 MHz, THF, C6D6) δ 139 ppm (s). The solution was filtered through Celite and 

evaporated under vacuum to yield a yellow powder. Yield: 13 mg. This solid showed no 31P NMR 

resonances and 19F NMR showed just 2-4. 
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Chapter 3: Reactions of Substituted Manganese Bromide Carbonyl 

Complexes with Fluoroalkenes 

 Introduction 

In chapter 2, we proposed that bis(phosphine) Mn(I) bromide d4 fluorometallacycles 

were generated from TFE but reverted back to the starting complex upon solvent removal in 

vacuum. This chapter focuses on the reactivity of manganese pentacarbonyl bromide, 

MnBr(CO)5, 3-1 and its P-, N-, and C-donor ligand-substituted analogs with TFE and two 

commercially available fluoroalkenes, chlorotrifluoroethylene (CTFE) and perfluoro(methyl 

vinyl ether) (PMVE). Surprisingly, when we used MnBr(DPPE)(CO)3 these photolytic 

reactions afforded products resulting from insertion of the fluoroalkenes into a Mn-H1 that was 

generated in situ [DPPE = 1,2-bis(diphenylphosphino)ethane]. While previous work on 

insertion of CTFE into MnH(CO)5 indicated formation of both regioisomers,1b only the Mn-

CF2CFHCl isomer was obtained in our experiments, presumably due to the increased steric bulk 

of the Mn(DPPE)(CO)3 fragment (vs. Mn(CO)5). By comparison with results from a previous 

Baker group MSc thesis,2 we also determined that Mn-H generation from H atom abstraction 

in THF is accompanied by formation of -fluoroalkylated THF,3-5 O[-(CH2)3CH(CF2CFXH)-

], in which X = F, Cl, OCF3. Switching to methyl t-butyl ether solvent, exhaustive photolysis 

of MnBr(CO)5, + 3 equiv of DPPE with TFE gave a mixture containing a new product proposed 

to be the first stable d4 fluorometallacycle, MnBr[-(CF2)4-](DPPE)(CO). Finally, exhaustive 

photolysis of Mn(CF2CFHCl)(DPPE)(CO)3 with CTFE in C6D6 generated additional products 

also proposed to be d4 fluorometallacycles. Reactions of the fluoroalkenes with zerovalent 

Mn2(CO)10 were also carried out in order to clarify the reaction pathways. 
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 Synthesis of Donor Ligand Analogues of MnBr(CO)5 

Not only several bi- and tridentate phosphine ligands, but also nitrogen donors and an N-

heterocyclic carbene were used to replace CO groups in manganese pentacarbonyl bromide 

MnBr(CO)5, 3-1. Using modified literature procedures, three phosphine-substituted complexes 

were prepared.6-10 By adapting another technique from the literature, we synthesized two bidentate 

nitrogen donor-11,12 and one NHC-ligated analogue.13 

Under toluene reflux, equimolar amounts of 3-1 and bidentate phosphine DPPE gave 

previously reported MnBr(DPPE)(CO)3 (3-2).6 The 31P{1H} NMR spectrum indicated a single 

isomer (Scheme 3.1) with a singlet at 67.8 ppm. Using 2 equiv of DPPE with 3-1 afforded 

MnBr(DPPE)2(CO), 3-3 with CO trans to Br as confirmed by a 31P NMR singlet at 72 ppm.7,8 With 

tridentate ligand 1,1-bis(diphenylphosphinoethyl)phenyl phosphine (triphos) the dicarbonyl 

complex (3-4) displayed two broad 31P NMR singlets at 116.7 and 83.4 ppm in a 1:2 ratio, 

confirming the 3-coordination of the triphos ligand (Fig. A.8).9,10 
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Scheme 3.1. Phosphorus-ligated manganese bromide carbonyl complexes.6-10 

 

Substitution reactions with 2,2′-bipyridine (bipy, 3-5), phenanthroline (phen, 3-6),11,12 

and IPr (3-7),13 was also successful (Scheme 3.2). The IPr complex was isolated in 46% yield as 

an orange solid that is stable in air. According to literature procedures in the IR spectra,13 they 

showed that three CO bands at 2078, 1995, 1938 cm-1 are consistent with the cis-configurations. 

For MnBr(bipy)(CO)3 (3-5) and MnBr(phen)(CO)3 (3-6), the three CO ligands are found from 

two strong νCO stretching bands which be around at 1920 and 2030 cm–1 in their FTIR spectra as 

mention in literature.12 Similar results were obtained for the phen analog.  
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Scheme 3.2. Reaction of MnBr(CO)5 with NHC and nitrogen ligands.11-13 

 

 Reactions of MnBr(CO)5 and its Ligated Analogs with Fluoroalkenes 

Complex 3-1 and the various substituted manganese(I) carbonyl bromide complexes were 

treated with fluoroalkenes TFE, PMVE and CTFE and subsequently photolyzed using a Hg UV 

lamp. Initial experiments using toluene solvent gave only broad resonances between -80 and -120 

ppm so we switched to THF. 

3.3.1 TFE reactions: Formation of Mn[-CF2CF2H-](DPPE)(CO)3 and O[-

(CH2)3CH(CF2CF2H)-] 

Monitoring the reaction of TFE with DPPE analog 3-2 in THF under UV radiation using 19F NMR 

indicated formation of three different products (Figure 3.1). A comparison with the proton-

decoupled 19F NMR spectrum identified one product as the DPPE Mn-tetrafluoroethyl complex 

(3-8), resulting from insertion of TFE into Mn-H [cf. CF2 at -115.1 (d mult, 3JFP = 67 Hz) and 

CF2H at -134.8 ppm (ddtr, 2JFH = 54, 4JFP = 22.5, 3JFF = 6 Hz] (Scheme 3.3). The 31P{1H} NMR  
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Figure 3.1. 19F NMR spectrum from photolysis of MnBr(DPPE)(CO)3, 3-2 with TFE in THF after 7 h. 

 

 

Scheme 3.3. Reaction of MnBr(DPPE)(CO)3, 3-2 with TFE. 

 

spectrum of 3-8 contained a triplet of triplets at -6.7 ppm as expected for the RF group cis to the 2 

Ps (Fig. A.9) and the CF2H triplet of triplets resonance in the 1H NMR spectrum was observed at 

 5.1(2JHF = 53, 3JFH = 5 Hz) (Fig. A.10). In addition to a trace of hydrogenated TFE (3-10, 1,1,2,2,-

tetrafluoroethane), the major product contained two diastereotopic CF2 groups that we initially 

assigned to a Mn-H fluorometallacycle based on data for an analogous CoH(PiBu3)(CO)3 + TFE 

reaction from an earlier Baker group MSc thesis.2  Having seen that our product was exactly the 

same as the one from the Co reaction (Figure 3.2), however, we eventually confirmed its structure 

as -fluoroalkylated THF,3-5 O[-(CH2)3CH(CF2CF2H)-], 3-9. A 19F-19F COSY NMR spectrum 

confirmed the expected correlations (Fig. A.11). Analogous photolytic reactions of TFE with 3-1 

yielded larger amounts of hydrogenated TFE but no evidence of the unsubstituted Mn carbonyl 

tetrafluoroethyl insertion product1 (Fig. A.12). 
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Figure 3.2. High resolution 19F NMR spectrum of O[-(CH2)3CH(CF2CF2H)-], 3-9 (red = proton 

decoupled). 

 

Surprisingly, photolysis of MnBr(triphos)(CO)2 (3-4) with TFE in THF gave mainly 

fluoroalkylated THF complex (3-9) although the reaction was much slower (Fig. A.13). Finally, 

reactions of TFE with the N-ligated and NHC-substituted analogs also gave primarily 3-9 (Figs. 

A.14-16).  
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3.3.2 PMVE reactions: Formation of Mn[CF2CFH(OCF3)](DPPE)(CO)3 and 

diastereomers of O{-(CH2)3CH[CF2CFH(OCF3)]-} 

As shown by the 19F NMR spectra (Figure 3.3), irradiation of 3-2 gave diastereomers of 

fluoroalkylated THF, O{-(CH2)3CH[CF2CFH(OCF3)]-} (3-11 and 3-12) as well as insertion 

product, Mn[CF2CFH(OCF3)](DPPE)(CO)3 (3-13) (Scheme 3.4).  The overlapping diastereotopic 

CF2 resonances for 3-11 and 3-12 are at -128.5 (ddd, 2JFF = 265, 3JFH = 20, 3JFF = 12.5 Hz, 1F) and 

-125.8 ppm (d mult, 2JFF = 265 Hz, 1F) for the major isomer, and -128.7 (dd, 2JFF = 267, 3JFH = 22 

Hz, 1F), and -126.7 ppm (d mult, 2JFF = 267 Hz, 1F) for the minor one. While the OCF3 resonances 

are overlapping at -56.5 and -56.6 ppm, the doublet CF resonances are at -142.4 (d, 2JFH = 52 Hz, 

1F) and -150.3 ppm (d, 2JFH = 54 Hz, 1F) for the minor and major isomers, respectively. All 

expected correlations were confirmed by the 19F-19F COSY NMR spectrum (Fig. A.17). For 

insertion product 3-13, a single doublet 19F NMR resonance is observed for the diastereotopic CF2 

group, presumably due to their chemical shifts being the same. The 31P{1H} NMR spectrum of 3-

13 contained triplet of doublets at 1.3 ppm (Fig. A.18-A.19). Using alternate ligated starting Mn 

complexes with bipy (3-5), (phen) (3-6) or (IPr) (3-7) gave primarily 3-11 and 3-12 but no insertion 

products (Figs. A.20-22). 

 

 

 
Scheme 3.4. Photolysis reaction of MnBr(DPPE)(CO)3 (3-2) with PMVE in THF. 
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Figure 3.3. 19F and 19F{1H} NMR spectrum of diastereomers, O{-(CH2)3CH[CF2CFH(OCF3)]-}, (3-11 

and 3-12) and Mn[CF2CFH(OCF3)](DPPE)(CO)3, (3-13) derived from irradiation of MnBr(dppe)(CO)3 

(3-2) with PMVE in THF after 2 d (red = proton-decoupled). 

 

3.3.3 CTFE reactions: Formation of Mn[CF2CHFCl](DPPE)(CO)3 and diastereomers of 

O[-(CH2)3CH(CF2CFHCl)-] 

Photolysis of MnBr(DPPE)(CO)3 (3-2) with CTFE in THF afforded analogous products to those 

from PMVE; namely diastereomers of fluoroalkylated THF, O[-(CH2)3CH(CF2CFHCl)-], (3-14 

and 3-15) and the insertion product, Mn[CF2CHFCl](DPPE)(CO)3 (3-16; Scheme 3.5). As for the 

PMVE products, overlapping diastereotopic CF2 resonances for 3-14 and 3-15 in the 19F NMR are 

at -128.2 (ddd, 2JFF = 254.5, 4JFH = 20, 3JFF = 16 Hz, 1F) and -125.6 ppm (ddd, 2JFF = 254.5, 4JFH = 

12, 3JFF = 12 Hz, 1F) for the major isomer, and -127.2 (ddd, 2JFF = 265, 4JFH = 18.5, 3JFF = 10 Hz, 

1F) and -126.1 ppm (ddd, 2JFF = 265, 4JFH = 14, 3JFF = 14 Hz, 1F) for the minor one (Figure 3.4). 

The doublet CF resonances are at -160.01 (dtr, 3JFH = 41.5, 3JFF = 14 Hz, 1F) and -152.3 (dtr, 3JFH 

= 41, 3JFF = 12 Hz, 1F) for the minor and major isomers, respectively. All the expected correlations 

were confirmed by the 19F-19F COSY NMR spectrum (Fig. A.23).  
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Scheme 3.5. Photolytic reaction of CTFE with MnBr(DPPE)(CO)3 (3-2). 
 

 
Figure 3.4. 19F and 19F{1H} NMR spectra of photolytic reaction of CTFE with MnBr(DPPE)(CO)3 (3-2) 

(red = proton-decoupled). 

 

 In contrast to the PMVE analog, the 19F NMR spectrum of insertion product 3-16 showed 

diastereotopic CF2 resonances at -107.2 and -110.0 (2JFF = 276 Hz) with significant coupling to 

P (58 and 78 Hz, respectively), intermediate 3JFF
  (18 and 12 Hz) and small coupling to H (4 and 

10 Hz; Figure 3.5). The CF at -148.4 ppm exhibits the typical large 2JFH
  coupling of 50 Hz, the 

31P{1H} NMR ddd resonance shows coupling to the three inequivalent Fs and the -CFClH was 

observed in the 1H NMR spectrum at  5.5 (ddd, 4JFH = 58, 10, 4 Hz) (Fig. A.24).  Again, 

reactions of CTFE with the bipy (3-5), phen (3-6) or IPr (3-7) analogues gave no insertion 

products (Figs. A.25-27).  
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Figure 3.5. High resolution 19F, 19F{1H} and 31P{1H} NMR spectra of Mn[CF2CHFCl](DPPE)(CO)3 (3-

16).  

 

3.3.4 Reaction of dimanganese decacarbonyl, Mn2(CO)10 with fluoroalkenes. 

As discussed in the next section, we suspected that Mn-H formation resulted from H atom 

abstraction from THF by a zerovalent Mn intermediate. As a result, we investigated reactions of 

zerovalent Mn2(CO)10 with our fluoroalkene substrates. Indeed, heating Mn2(CO)10 and TFE at 65 

°C in THF gave monoalkyl-substituted tetrahydrofuran, O[-(CH2)3CH(CF2CF2H)-], (3-9) and 

unsubstituted insertion product, Mn(CF2CF2H)(CO)5, (3-17)1 in one of the cleanest reactions 

according to the 19F NMR spectra (Fig. A.28). Unfortunately, this reaction gave the same results 

under UV irradiation (Fig. A.29). Turning to PMVE, the thermal reaction with Mn2(CO)10 also 

cleanly gave diastereomers of O[-(CH2)3CH(CF2CFH)(OCF3)-], 3-11 and 3-12 (Fig. A.30) 

whereas irradiation of the same reaction yielded only unsubstituted insertion product 

Mn[CF2CF(OCF3)H](CO)5, (3-18) and hydrogenation product, HCF2CF(OCF3)H (Fig. A.31). 

Finally, CTFE gave a sluggish reaction at 65°C with only small amounts of hydrogenation product, 

HCFClCFClH, and O[-(CH2)3CH(CF2CFHCl)-], 3-14 and 3-15 being formed (Fig. A.32). 

Remarkably, irradiation of the same reaction gave a number of broad 19F NMR resonances due to 
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an uncharacterized mixture of products with no evidence of insertion or metallacycle products 

(Fig. A.33). 

3.3.5 Alternate ether solvents 

Interestingly, addition of TFE to the monocarbonyl complex, MnBr(DPPE)2(CO), 3-3 in 

diethyl ether solvent (DEE) also gave insertion product (3-8), hydrogenated TFE (3-10) and 

monoalkylation of DEE, EtO[CH(CF2CF2H)CH3], 3-19 (Figs. A.34 and 35; Scheme 3.6). Turning 

to methyl t-butyl ether (MTBE), photolysis of 3-2 and TFE still afforded Mn-H insertion products  

 
Scheme 3.6. Reaction of MnBr(DPPE)2(CO), 3-3 with TFE in diethyl ether. 

 

but no evidence of solvent fluoroalkylation. Finally, exhaustive photolysis (3 d) of MnBr(CO)5 + 

3 equiv. of DPPE with TFE in MTBE afforded a mixture of new products, one of which (3-20) 

featured four different CF2 resonances coupled to P (Fig. A.36). Although separation of the product 

and further characterization is required, the 19F NMR spectra suggest formation of a Mn 

fluorometallacycle, presumably still containing the Mn-Br bond (Scheme 3.7; Figure 3.6). 

 

 

Scheme 3.7. Reaction of MnBr(CO)5 (3-1) + 3 equiv. of DPPE with TFE in MTBE. 
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Figure 3.6. 19F NMR spectra (282 MHz, C6D6) of Mn[CF2CF2H](DPPE)(CO)3 (3-8) and possibly MnBr[-

CF2)4-](DPPE)(CO) (3-20) (red = proton-decoupled). 

 

3.3.6 Isolation of Mn[CF2CFHCl](DPPE)(CO)3 (3-16) and further photolysis with CTFE 

On scale-up of the reaction of MnBr(DPPE)(CO)3 (3-2) with CTFE in THF, we found that 

solvent removal followed by washing with hexane gave solid insertion product 3-16 in high 

purity. Subsequent dissolution of this product in C6D6 and exhaustive photolysis for 7 d afforded 

a mixture of products that included the unsubstituted insertion product, Mn(CF2CFHCl)(CO)5, 3-

21. The 19F NMR spectrum (Figure 3.7) also shows one product that closely resembles the Co 

hydride metallacycles characterized previously in the Baker group.2  
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Figure 3.7. 19F and 19F{1H} NMR spectrum of reaction mixture from Mn(CF2CFHCl)(DPPE)(CO)3 (3-

16) + CTFE in C6D6 (red = proton-decoupled). 

 

 Proposed Reaction Pathways 

Multiple studies were carried out to obtain a better understanding of the reaction pathways 

involved in reactions of fluoroalkenes with manganese bromide carbonyl complexes. Based on 

the data gathered, we suggest a likely reaction pathway using MnBr(DPPE)(CO)3, 3-2 and TFE 

as an example (Scheme 3-8). First, photolysis of 3-2 results in CO loss, generating five-

coordinate 16 e- intermediate I. Addition of the strong electron-acceptor TFE may then weaken 

the covalent Mn-Br bond which undergoes abstraction by another equivalent of I, affording 

zerovalent Mn(DPPE)(CO)2(CF2=CF2) and divalent MnBr2(DPPE)(CO)2 which likely loses its 

CO ligands as a result of the electrophilic Mn(II) center’s inability to back-bond. Hydrogen atom 

abstraction from the THF solvent by the zerovalent Mn intermediate then forms the Mn-H, as 

confirmed by the thermal Mn2(CO)10 reactions. Insertion of the coordinated TFE into Mn-H 

followed by CO trapping affords Mn(CF2CF2H)(DPPE)(CO)3, 3-8. In contrast to Ghostine’s Co  
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Scheme 3.8. Proposed pathways for TFE reaction with MnBr(DPPE)(CO)3 (3-2). 

 

chemistry2 the Mn insertion product 3-8 does not readily coordinate additional TFE en route to a 

Mn-H metallacyle although monitoring exhaustive photolysis experiments by 19F NMR provides 

evidence for further incorporation of the fluoroalkene.  

While C-H atom abstraction from THF is well known, the radical is typically short-

lived.14 Nonetheless, previous studies have demonstrated the -fluoroalkylation of THF using 

fluoroalkenes initiated by gamma rays using Co-603,4 and radical initiators.5 Although similar 

reactions have been reported for dimethyl ether,5 we showed that while H atom abstraction from 

methyl t-butyl ether still occurs, the ensuing radical does not add efficiently to fluoroalkenes as t-

BuO-CH2CF2CF2H was not observed as a major product by 19F NMR. Although formation of 3-

18 suggests that a stable d4 metallacycle may be attainable, attempts to isolate this product have 

not yet been successful.  

 

 Conclusions 

The reactions of MnBr(CO)5 (3-1) and its ligated analogs with fluoroalkenes would have 

been difficult to sort out had a previous Baker group researcher not already characterized similar 
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fluorometallacycles derived from DPPE- and tripod-Co hydride carbonyl complexes.2 

Nonetheless, it is surprising that under photolysis conditions only the DPPE derivative (3-2) 

affords Mn products derived from the fluoroalkenes. Further insight into the reaction pathways 

was provided by the Mn2(CO)10 / fluoroalkene reactions which demonstrated the ability of 

zerovalent [Mn(CO)n] radicals to abstract H atoms from THF, diethyl ether and methyl t-butyl 

ether. The latter solvent, however, does not readily add to the fluoroalkenes, making it the 

solvent of choice for in situ Mn-H generation.  

The mixture of products observed by photolysis of Mn2(CO)10 with CTFE showed some 

similarities with those from the photolytic MnBr(CO)5 reaction, thus identifying another role 

for the ancillary ligands in directing the reactions towards the desired Mn-H insertion products. 

In contrast to the Co DPPE and 2-tripod examples,2 the Mn fluoroalkyl complexes have proven 

to be reluctant to bind additional TFE and form the Mn hydride fluorometallacycles. In light of 

Lentz’s result with the CpMn system (Scheme 1.12) and his isolation of a d3 fluorometallacycle, 

we believe that formation of stable d4 Mn fluorometallacycles is possible. However, additional 

experimentation will be required to find efficient routes to these targets so that their reactivity 

can be explored and compared to their more electron-rich counterparts.  

 

 Experimental Section 

3.3.1 General Considerations 

MBraun glove box and Schlenk techniques were used to carry out all experiments under 

nitrogen. A J. C. Meyer solvent purification system was used to dry the diethyl ether, toluene, 

tetrahydrofuran (THF) and hexanes using activated alumina columns. Stirring over activated 

alumina (ca. 10 wt.%) was used to dry the benzene-d6 (C6D6) overnight followed by filtration. 
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Dichloromethane (DCM) and acetonitrile-d3 (CD3CN) were refluxed over calcium hydride, stirred 

over activated alumina (ca. 5 wt.%) overnight and filtered. Activated 4 Å molecular sieves (heated 

at ca. 250 oC for >10 h under vacuum) were added to all solvents stored in the govebox. All 

glassware was heated in an oven for >2 h at 150 oC.  

Commercial chemicals used were 1,2-bis(diphenylphosphino)ethane (DPPE, 99%, 

Aldrich), bromopentacarbonylmanganese(I) (MnBr(CO)5, 98%, Aldrich), dimanganese 

decacarbonyl (Mn2(CO)10, 98%, Aldrich), 1,10-phenanthroline (phen, 99%, Aldrich), 2,2′-

bipyridine (bipy, 99%, Aldrich), and bis(2-diphenylphosphinoethyl)phenylphosphine (triphos, 

97%, Aldrich). The N-heterocyclic carbene IPr was prepared by modifying the literature 

procedure.15 Pyrolysis was used to prepare tetrafluoroethylene from polytetrafluoroethylene 

(powdered, Scientific Polymer Products) under vacuum using a modified literature procedure [10-

20 mTorr, 25 g scale, 650 oC, R(+)-limonene (97%, Aldrich) for product stabilization producing 

97-98% pure TFE].16 A 300 MHz Bruker Avance instrument was used to record the spectra of 1H, 

31P{1H} 19F, and 13C{1H} NMR at room temperature (21-23 oC). 1H NMR chemical shifts are 

reported relative to residual proton peaks of the deuterated solvents (CD3CN: 1.94 ppm; C6D6: 

7.16 ppm), while 19F and 31P NMR shifts are reported relative to 1,3- bis(trifluoromethyl)benzene 

(BTB) at -63.5 ppm and phosphoric acid (85 % aqueous solution) at 0 ppm. IR data were collected 

on a Thermo Scientific Nicolet 6700 FT-IR spectrometer. 

3.3.2 Synthesis and Characterization 

Synthesis of MnBr(DPPE)(CO)3, (3-2). This complex was prepared using 234 mg (0.85 

mmol) of MnBr(CO)5 and 339 mg (0.85 mmol) of 1,2-bis(diphenylphosphino)ethane in 20 mL of 

toluene. After 18 h reflux at 120°C the solvent was removed and the residue was washed with 
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hexane and dried to give a yellow solid. Yield: 550 mg, 96%. 31P{1H} (121 MHz, C6D6) 68.0 ppm 

(s, 2P).  

Synthesis of MnBr(DPPE)2(CO), (3-3). In a modification of a literature procedure,7,8 

MnBr(CO)5 (200 mg, 0.72 mmol) and 1,2 bis(diphenylphosphino)ethane (578 mg, 1.5 mmol) were 

dissolved in 20 mL of benzene in a Schlenk tube. The reaction mixture was irradiated with stirring 

for 3 h under N2 giving a gradual colour change from orange to yellow. After 3 h the yellow 

solution was filtered and solvent removed to afford a yellow solid. Further purification was 

accomplished by precipitation from toluene with ethanol.  Yield: 247 mg, 49.4% 31P{1H} (121 

MHz, CD2Cl2) 65.6 ppm (s). 

Synthesis of cis, mer-MnBr(triphos)(CO)2, (3-4). In a modification of a literature 

procedure,9,10 solid MnBr(CO)5 (100 mg, 0.36 mmol) and 1,1,1-tris(diphenylphosphino-

methyl)ethane (194 mg, 0.36 mmol) in 20 mL of toluene were heated at 120oC for 18 h giving an 

orange solution. After cooling the solution, orange needles were filtered off and the reaction 

mixture was then dried in vacuo to yield a dark orange powder that was recrystallized from 

dichloromethane/ hexane. Yield: 280 mg, 95 %.  31P{1H} (121 MHz, C6D6) 83.4 (s, 2P), 116.7 

ppm (s, 1P).  

Synthesis of MnBr(bipy)(CO)3, (3.5). In a modification of a literature procedure,11,12 a 

mixture of MnBr(CO)5 (100 mg, 0.36 mmol) and 2,2′-bipyridine (56 mg, 0.36 mmol) were heated 

in 20 mL of benzene at reflux for 2 h in a Schlenk tube yielding a yellow-orange solution. This 

solution was dried and washed thoroughly with hexanes. The resulting yellow solid was 

recrystallized from CH2Cl2 and hexanes to give orange crystals. Yield 95 mg, 70% . 1H NMR was 

confirmed from the literature. 



59 

 

Synthesis of MnBr(phen)(CO)3, (3-6). In a modification of a literature procedure,11,12 

using 100 mg (0.36 mmol) of MnBr(CO)5 and 66 mg (0.36 mmol) of 1,10-phenanthroline were 

stirred for 20 h at RT in a Schlenk tube. When the solution changed to orange, it was dried in vacuo 

and the resulting yellow solid was dissolved in diethyl ether and cooled at -35 oC. The resulting 

solid was filtered off and dried.  Yield 88 mg, 53%. Selected IR (KBr): νCO = 2021, 1941 cm–1.  

Synthesis of MnBr(IPr)(CO)4, (3-7). In a modification of a literature procedure,13 solid 

MnBr(CO)5 (275 mg, 1 mmol) and 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene (388.74 mg, 

1 mmol) were suspended in 20 mL of benzene and stirred for 2 h in a Schlenk tube with a stir bar 

giving a yellow-orange solution. The solvent was then removed and the yellow-orange solid was 

extracted with hexane and filtered. After cooling at -35oC, a yellow precipitate formed which was 

isolated by filtration to afford the final product. Yield 310 mg, 46% . 1H NMR was confirmed from 

the literature. 

Reactions of Complexes 3-1 - 3-7 with Fluoroalkenes  

These reactions were carried out by dissolving 25-50 mg of the Mn-Br complex in 0.5 mL of THF 

in an NMR tube fitted with a septum cap and then TFE, PMVE or CTFE gas was added using a 1 

mL syringe through the septum cap. The NMR tube was then irradiated using a Hg UV lamp and 

monitored by 19F NMR spectroscopy.  

Scale-up of Selected Reactions 

 a) MnBr(CO)5 (3-1) + TFE: Isolation of O[-(CH2)3CH(CF2CF2H)-] (3-9). Solid 

MnBr(CO)5 (100 mg, 0.36 mmol) was dissolved in ca. 20 mL of THF in a small RB-Schlenk with 

stir bar. Then, the flask was degassed with three freeze-pump-thaw cycles and TFE gas was added 

on a Schlenk line. The flask was sealed and irradiated with UV light for 24 h giving a colorless 

solution and light tan precipitate. 19F NMR (282 MHz, THF) 3-10: -139.5 (d, 2JFH = 54 Hz, 
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H(CF2)2H, 4F). The mixture was filtered through Celite and evaporated under vacuum to afford a 

white powder. Yield: 80 mg. 19F NMR (282 MHz, THF) 3-9: -145.4 ppm (dddd, 2JFF = 300, 4JFH = 

53, 3JFF = 10.5, 7 Hz, 2F, CβF), -138.0 ppm (dddd, 2JFF = 300, 4JFH = 52, 3JFF = 11, 4.5 Hz, 2F, CβF), 

-135.2 (dddd, 2JFF = 268, 3JFH = 22, 3JFF = 10.5, 4.5 Hz, 2F, CαF), -132.0 ppm (dddd, 2JFF = 268, 

3JFH = 15, 3JFF = 11, 7 Hz, 2F, CαF). 

 b)   MnBr(DPPE)(CO)3 (3-2) + TFE in THF: Isolation of Mn[CF2CF2H](DPPE)(CO)3, 

(3-8). Solid MnBr(DPPE)(CO)3(40 mg, 0.06 mmol) was dissolved in ca. 0.5 mL of THF in an 

NMR tube fitted with a septum cap. Then, 1 mL of TFE gas was added via syringe through the 

septum cap. The reaction mixture changed immediately from yellow to orange with precipitation. 

The resulting solution was filtered and evaporated under vacuum to yield an orange powder. 

Washing with hexane, refiltering and drying afforded ca. 30 mg of 3-8. 19F NMR (282 MHz, THF) 

-115.1 (ddtr, 3JFP = 67, 3JFF = 6, 3JFH = 4 Hz, Mn–CF2CF2H), -134.8 ppm (ddtr, 2JFH = 54, 4JFP = 

22.5, 3JFF = 6 Hz, Mn-CF2CF2H, 2F). 31P{1H} NMR (121 MHz, THF) -6.7 ppm (trtr, 3JPF = 67 Hz, 

4JPF = 22.5 Hz, 2P). 1H NMR (300 MHz, C6D6) δ 5.1 (trtr, 2JHF = 54, 3JHF = 4 Hz, Mn-CF2CF2H).  

c) MnBr(Bipy)(CO)3 (3-5) + PMVE in THF: Isolation of O[-

(CH2)3CH(CF2CFH)(OCF3)-], 3-11 and 3-12. Solid MnBr(Bipy)(CO)3 (35 mg, 0.08 mmol) was 

dissolved in ca. 0.5 mL of THF in an NMR tube fitted with a septum cap. Then, 1 mL of PMVE 

gas was inserted via syringe through the septum cap. The colour of the reaction changed 

immediately from orange to yellow with precipitation of a solid. The solution was filtered and 

evaporated under vacuum to yield a yellow powder. Yield: 20 mg. 19F NMR (282 MHz, THF) 

major isomer : -150.3 (d, 3JFH = 54 Hz, 2F, CF), -128.5 (ddd, 2JFF = 265, 4JFH = 20, 3JFF = 12.5 Hz, 

2F, CF), -125.8 (d mult, 2JFF = 265 Hz, 2F, CF), -56.5 ppm (s, OCF3), minor isomer: -142.4 (d, 
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3JFH = 52 Hz, 2F, CF), -128.7  (dd, 2JFF = 267, 3JFH = 22 Hz, 2F, CF), -126.7 (d mult, 2JFF = 267 

Hz, 2F CF), -56.6 ppm (s, OCF3).  

e) MnBr(DPPE)(CO)3 (3-2) + PMVE in THF: Isolation of 

Mn[CF2CFH(OCF3)](DPPE)(CO)3 (3-13). Solid MnBr(DPPE)(CO)3 (25 mg, 0.04 mmol) was 

dissolved in ca. 0.5 mL of THF in an NMR tube fitted with a septum cap. Then, 1 mL of PMVE 

gas was inserted via syringe through the septum cap. Upon UV irradiation, the colour of the 

reaction changed immediately from yellow to light yellow with precipitation of a solid. The 

solution was filtered and evaporated under vacuum to yield a yellow powder. Yield: 15 mg. 19F 

NMR (282 MHz, THF) 3-13: -55 (br s, OCF3, 3F), -107.68 (d mult, 2JFP = 62.5 Hz, Mn-

CF2CFH(OCF3), 2F), -138.09 ppm (d, 2JFH = 51 Hz, Mn-CF2CFH(OCF3), 2F), 31P{1H} NMR (121 

MHz, THF) 1.28 ppm (trd, 3JPF = 62.5, 4JPF = 22.5 Hz, 2P). 1H NMR (300 MHz, C6D6) δ 5.5 (trtr, 

1H, Mn-CF2CF2H). 

f) MnBr(Phen)(CO)3 (3-6) + CTFE in THF: Isolation of O[-(CH2)3CH(CF2CFHCl)-], 

3-14 and 3-15. Solid MnBr(Phen)(CO)3 (35 mg, 0.08 mmol) was dissolved in ca. 0.5 mL of THF 

in an NMR tube fitted with a septum cap. Then, 1 mL of CTFE gas was inserted via syringe through 

the septum cap. Upon UV irradiation the colour of the reaction changed immediately from orange 

to yellow with precipitation of a solid. After 2 d the solution was filtered and evaporated under 

vacuum to yield a yellow powder. Yield: 20 mg. 19F NMR (282 MHz, THF) major isomer: -152.3 

(dtr, 3JFH = 41, 3JFF = 12 Hz, 1F, CF), -128.2 (ddd, 2JFF = 254.5, 4JFH = 20, 3JFF = 16 Hz, 1F, CF2), 

-125.6 ppm (ddd, 2JFF = 254.5, 4JFH = 12, 3JFF = 12 Hz, 1F, CF2), minor isomer: -160.01 (dtr, 3JFH 

= 41.5, 3JFF = 14 Hz, 1F, CF), -127.2 (ddd, 2JFF = 265, 4JFH = 18.5, 3JFF = 10 Hz, 1F, CF2). -126.1 

ppm (ddd, 2JFF = 265 Hz, 4JFH = 14, 3JFF = 14 Hz, 1F, CF2). 
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g) MnBr(DPPE)(CO)3 (3-2) + CTFE in THF: Isolation of Mn[-CF2CHFCl-] 

(DPPE)(CO)3 (3-16). Solid MnBr(DPPE)(CO)3 (40 mg, 0.06 mmol) was dissolved in ca. 0.5 mL 

of THF in an NMR tube fitted with a septum cap. Then, 1 mL of CTFE gas was added via syringe 

through the septum cap. Upon UV irradiation the reaction mixture changed immediately from 

yellow to light yellow with precipitation. After 2 d the resulting solution was filtered and 

evaporated under vacuum to yield yellow powder. Yield: 35 mg. 19F NMR (282 MHz, C6D6)               

-107.2 (dddd, 2JFF = 276, 2JFP = 58, 3JFF = 19.5, 3JFH = 4 Hz, 1F, CF2), -110.0 (dddd, 2JFF = 276, 

2JFP = 79, 3JFF = 17, 3JFH = 11 Hz, 1F, CF2), -148.4 ppm (dddd, 2JFH = 49, 4JFP = 33, 3JFF = 19.5, 

17 Hz, 1F, CF). 31P{1H} NMR (121 MHz, THF) 3.7 ppm (ddd, 3JFP = 78, 58, 4JFP = 33 Hz). 1H 

NMR (300 MHz, C6D6) δ 5.5 (ddd, 1H, 2JFH = 49, 3JFH = 11, 4 Hz, Mn-CF2CFClH). 

 

Reactions of Mn2(CO)10 with Fluoroalkenes. In a typical reaction 10 mg of Mn2(CO)10 was 

dissolved in 0.5 mL of THF, DEE, MTBE or CPME in an NMR tube fitted with a septum cap and 

then TFE, PMVE or CTFE gas was added via a 1 mL syringe through the septum cap. The NMR 

tube was then heat at 65 oC and the 19F NMR spectrum monitored over 1-3 d. 

a) Mn2(CO)10 + TFE: Generation of unsubstituted insertion product, 

Mn(CF2CF2H)(CO)5, (3-17).1 The reaction colour changed from light yellow to  dark yellow after 

heating at 65 °C overnight. NMR data after 3 d: 19F NMR (282 MHz, THF) -65.06 (br s, Mn–

CF2CF2H, 2F), -124.1 ppm (br d, 2JFH = 58 Hz, Mn-CF2CF2H, 2F). This reaction also generated 

monoalkyl-substituted tetrahydrofuran, O[-(CH2)3CH(CF2CF2H)-], (3-9) when performed in THF 

solvent. The reaction gave the same results under a Hg UV lamp.  

           c) Mn2(CO)10 + CTFE in THF: Generation of diastereomeric hydrogenation products, 

HCFClCFClH. The reaction colour changed from light yellow to dark yellow after heating 
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overnight. NMR data after 3 d showed THF adducts and the meso and d,l-hydrogenation products: 

19F NMR (282 MHz, THF): -132.7 (d, 2JFH = 49 Hz, HCFClCFClH, 2F), -158.3 ppm (d, 2JFH = 49 

Hz, HCFClCFClH, 2F). This reaction gave several broad peaks under irradiated condition using a 

UV lamp. 

 

Alternate ether solvents 

        a)  MnBr(DPPE)2(CO), (3-3) + TFE in DEE: generation of Mn[CF2CF2H](DPPE)(CO)3, 

3-8, EtO[CH(CF2CF2H)CH3], 3-19 and hydrogenated TFE, 3-10. Solid MnBr(DPPE)2(CO) (30 

mg, 0.03 mmol) was dissolved in ca. 0.5 mL of DEE in an NMR tube fitted with a septum cap. 

Then, 1 mL of TFE gas was added via syringe through the septum cap. The reaction mixture 

changed immediately from yellow to orange under UV lamp for 24 h. NMR data after 1d for 3-19: 

19F NMR (282 MHz, Et2O) -143.5 (dddd, 2JFF = 300, 4JFH = 53.7, 3JFF = 10.5, 7 Hz, 1F, CβF2), -

138.4 (dddd, 2JFF = 300, 4JFH = 52.8, 3JFF = 11, 4.5 Hz, 1F, CβF2), -133.2 (br dddd, 2JFF = 268, 3JFH 

= 22, 3JFF = 10.5, 4.5 Hz, 2F, CαF2), -128.8 ppm (br dddd, 2JFF = 268, 3JFH = 15, 3JFF = 11, 7 Hz, 

2F, CαF2).  

      b) MnBr(DPPE)(CO)3 (3-2) + TFE in MTBE: generation of Mn[CF2CF2H](DPPE)(CO)3, 

(3-8) without evidence of solvent fluoroalkylation. Solid MnBr(DPPE)(CO)3(30 mg, 0.06 

mmol) was dissolved in ca. 0.5 mL of MTBE in an NMR tube fitted with a septum cap. Then, 1 

mL of TFE gas was added via syringe through the septum cap. The reaction mixture changed from 

yellow to orange under UV lamp after 1 d. 9F NMR data after 1d just showed formation of Mn-H 

insertion product 3-8.  

 

Exhaustive Photolysis reactions 

       a) MnBr(CO)5 + 3 equiv. DPPE + TFE in MTBE: Proposed generation of MnBr[-(CF2)4-

](DPPE)(CO) (3-20). Solid MnBr(CO)5 (20 mg, 0.07 mmol) and bis(diphenylphosphino)ethane 
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(86 mg, 0.2 mmol) were dissolved in ca. 5 mL of MTBE in a small RB-Schlenk with stir bar. Then, 

TFE gas was added via a 5 mL syringe through the septum cap. The flask was sealed and irradiated 

with UV light for 3 d giving a colorless solution and yellow precipitate. After 3 d stirring and 

solvent removal, the product was washed with hexane to afford a light yellow powder. Yield: 55 

mg. NMR data after 3 d:19F NMR (282 MHz, C6D6) -121.5 (ddd, 2F, 2JFF = 270, 3JFF = 15 Hz, 2JFP 

= 36 Hz, CβF2), -117.14 (dddd, 2F, 2JFF = 270, 3JFF = 16 Hz, 2JFP = 36  CβF2), -114.4 (dddd, 2F, 

2JFF = 255, 3JFF = 9, 3 Hz, CαF2), -96.37 ppm (ddd, 2F, 2JFF = 255, 3JFF = 9, 8, 6 Hz, CαF2). 
31P{1H} 

NMR (121 MHz, C6D6) -4.60 ppm (ddd, 3JFP = 89, 4JFP = 56.6 Hz), -5.61 ppm (trtr, 3JPF = 67 Hz, 

4JPF = 22.5 Hz, 2P), 41(s), -15(free dppe).  

         b) Mn(CF2CHFCl)(DPPE)(CO)3 (3-16) + CTFE in C6D6: Generation of 

Mn(CF2CHFCl)(DPPE)(CO)3 (3-16) and unsubstituted insertion product, 

Mn(CF2CFHCl)(CO)5, (3-21). Solid Mn(CF2CHFCl)(DPPE)(CO)3 was dissolved in ca. 0.5 mL 

of C6D6 in an NMR tube fitted with a septum cap and CTFE gas was added via a 1 ml syringe 

through the septum cap. The NMR tube was then irradiated using UV light for 7 d. The reaction 

mixture changed from colorless to light yellow. 19F NMR (282 MHz, C6D6) 3-21: -106.1 (ddd, 1F, 

2JFF = 259, 3JFF = 14, 3JFH = 4.5 Hz, Mn-CF2CFCl), -110.9 (ddd, 1F, 2JFF = 259, 3JFF = 13.5, 2JFH = 

6 Hz, Mn-CF2CFCl), -149.9 ppm (ddd, 1F, 2JFH = 46, 3JFF = 14, 13.5 Hz, Mn-CF2CFCl).  
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Chapter 4: Investigations of MnH3(dmpe)2 as an Amine-borane 

Dehydrogenation Catalyst 
 

 Introduction 

Ammonia-borane (H3N-BH3, AB) is a compound in which toxic Lewis base ammonia and 

reactive Lewis acid borane unite to form a stable solid, held together by strong dihydrogen bonds 

(N-H•••H-B), that is soluble in water.1-6 In the thermolysis of AB, initial cleavage of the B-N bond 

at about 100 °C produces free borane that then serves as a dehydrogenation catalyst.7,8 

Nonetheless, the hydrogen stream from this process is typically contaminated with ammonia, 

diborane and borazine.9 Over the last two decades several catalysts have been discovered that can 

generate > 2 equiv. of H2, as well as amorphous graphene-like BNHx (Scheme 4.1).10-16 Moreover, 

this solid product has been converted back to AB using hydrazine in ammonia solvent.17 

 

 

Scheme 4.1. Selectivity in metal catalyzed AB dehydrogenation.10-16 

 

Several transition metal catalysts, on the other hand, have been identified18-23 to produce 

a single equivalent of H2 from AB along with insoluble polyaminoboranes, H3N-(BH2NH2)n-BH3, 

that are potential non-volatile precursors to BN.24 In the presence of cyclohexene, AB 

dehydrogenation with these latter catalysts does not result in the usual trapping of the reactive 
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aminoborane monomer as BCy2NH2 (Cy = cyclohexyl).25  While several theories have been 

proposed to describe this phenomenon,25-27 further study is needed. 

The development of robust metal complex catalysts capable of >103 turnovers has been 

hindered by the strongly reducing reaction conditions associated with AB dehydrogenation, 

especially for those containing earth-abundant metals.28,29 Recently, a very active Fe pincer 

catalyst (TOF = 30 h-1 at RT) has been reported by Schneider et al.23 However, a trace of free 

borane in the solution can deactivate this catalyst (Fe-H → Fe-BH4). Adding ca. 4 equiv. of 

NMe2Et per iron more than doubled catalytic turnovers from 120 to 330. 

An alternate approach to accessing stable first row metal amine-borane dehydrogenation 

catalysts is to employ 18 e- complexes (Scheme 4.2). An initial report by Shubina et al. showed 

that two 18e- Co hydrides gave different selectivity for AB dehydrogenation at 55°C in THF with 

1 affording cyclic products and >2 equiv H2 and 1 giving insoluble poly(aminoborane) and 1 equiv 

of H2 (Scheme 4.3). Their combined experimental and computational study suggested that 

dissociation of the N-donor in 1 allowed for substrate coordination whereas 2 just underwent 

protonation of the Co-H by the N-H of AB, followed by hydride abstraction, yielding aminoborane 

monomer and regenerating the catalyst (Scheme 4.4). Formation of Co-H-B intermediate I 

generates a nucleophilic amido N that is then regenerated upon each insertion of the aminoborane 

monomer.28 

Recently, in as yet unpublished work, the Baker group showed that 18e- Fe(II) complex, 

FeH2(dmpe)2 (4-1; Scheme 4.5), is a robust catalyst for the dehydrogenation of ammonia-borane 

(AB) to both poly(aminoborane) and cyclic products, giving more than 103 turnovers at 50 °C in 

1,2-dimethoxyethane over several days without evident catalyst decomposition. The catalyst also  
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Scheme 4.2. 18e- Co hydride AB dehydrogenation catalysts.28 

 

 
Scheme 4.3. Proposed catalytic cycle of AB dehydrogenation mediated by Co-H catalyst 1.28  
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Scheme 4.4. Proposed reaction pathway for poly(aminoborane) production using Co-H catalyst 2.28 

 

tolerates triethylamine, which alters the product selectivity, and the trans-FeH(1-BH4)(dmpe)2 (4-

2) resting state of the catalyst does not give rise to catalyst deactivation. Deuterium labeling and 

DFT studies also indicated an initial N-H bond activation step. In contrast, the dihydrogen complex 

[FeH(H2)(dmpe)2]
+  (4-3) obtained by protonation of 4-1, gave mostly cyclic aminoborane and 

iminoborane products and a new catalyst resting state, [Fe(2-BH4)(dmpe)2]
+ (4-4), was identified 

and structurally characterized. Although computational studies indicated a concerted B-H/N-H 

bond activation mechanism for this cationic catalyst, NMR studies indicated a competing hydride 

abstraction reaction that then generates neutral trans-FeH(1-BH4)(dmpe)2 (4-2), the same resting 



70 

 

state observed using 4-1! To alleviate this complication, we chose to prepare the manganese 

analog, MnH(H2)(dmpe)2 (4-5)30 and assess its catalytic activity and selectivity with AB, 

methylamine-borane (MAB) and dimethylamine-borane (DMAB). 

 

Scheme 4.5. Iron AB dehydrogenation catalysts and resting states. 

 

Manganese hydride complex (4-5) was synthesized successfully using a literature 

procedure.30 Reduction of MnBr2(dmpe)2 using LiAlH4 affords the (Al2H8)
2--bridged dimer that is 

then hydrolyzed to 4-5 (Scheme 4.6). The product exhibits a singlet at 82.7 ppm in the 31P{1H} 

NMR and a quintet due to the Mn-H at  -12.6 ppm (JPH = 28 Hz) in the 1H NMR spectrum (Figs. 

A.37, A.38). At low temperatures, slow interconversion of the hydride and dihydrogen ligands is 

seen for the depe analog and separate resonances can be observed at  10.9 (1H) and 11.4 (2H) at 

-100 °C.30c 
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Scheme 4.6. Synthesis of manganese hydride-dihydrogen complex (4-5).30 

 

 Amine-borane Dehydrogenation Catalyzed by 4-5.  

The AB dehydrogenation reactions were performed under the same reaction conditions [1-5 mol% 

catalyst at 50-55 °C in 1,2-dimethoxyethane (DME)] as those used previously for the iron 

analogues.  

4.2.1 Ammonia-borane dehydrogenation catalyzed by MnH(H2)(dmpe)2 (4-5). 

Exposure of a yellow DME solution of MnH(H2)(dmpe)2 4-5 to 20 equiv of AB at 50 °C for 1 d 

produced hydrogen gas, a colorless solid and a purple solution. Monitoring the reaction by 11B 

NMR spectroscopy showed some unreacted AB at -23 ppm, a doublet at 31.2 and a triplet at -12.0 

ppm due to the B-N benzene (borazine) and cyclohexane (cyclotriborazane, CTB) analogues, 

respectively (Figure 4.1). In addition to a trace amount of the cyclic aminoborane tetramer, BCTB, 

the large doublet of quartets at -39 ppm is due to dmpe bis(borane) 

(H3B•PMe2CH2CH2Me2P•BH3), suggesting some catalyst decomposition that was not observed 

for the iron analogue. Finally, the large peak at 27 ppm is in the region of HB(NH2)2 but is due 

primarily, in fact, to the catalyst resting state, Mn(2-BH4)(dmpe)2 (4-6). In fact, at full conversion,  
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Figure 4.1. 11B and 11B{1H} NMR spectra of catalytic dehydrogenation of AB with 5 mol% 4-5 in DME 

at 50 oC after 1 d (top: 11B{1H}; bottom:11B). 

 

integration of this peak vs. the other products could be used to estimate the yield of insoluble 

poly(aminoborane). The 31P{1H} NMR spectrum of this reaction mixture confirms formation of 

dmpe bis(borane) (broad multiplet at 9.8 ppm) and includes two broad singlet resonances at 89 

and 71 ppm in a 1:2 ratio due to 4-6 (Fig. A.39). Removal of the DME solvent from the above 

reaction followed by extraction into C6D6 afforded primarily complex 4-6 with a little dmpe 

bis(borane) (Figure 4.2).  The 11B NMR spectrum confirms the above assignments and 1H NMR 

of 4-6 shows that any exchange between the terminal B-Hs (mult at  5.2) and the Mn-H-B bridges 

(‘d’ at  -16) is slow on the NMR time scale. 
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Figure 4.2. NMR spectra for Mn(BH4)(dmpe)2 (4-6) in C6D6 (top: 1H; bottom: 11B{1H} and 11B). 

 

4.2.1 Methylamine-borane dehydrogenation catalyzed by MnH(H2)(dmpe)2 (4-5). 

Catalyzed dehydrogenation of MAB using 5 mol% 4-5 was much slower than that for AB. In 

addition to N-trimethylborazine, several N-methylaminoborane oligomers (11B NMR triplets at -

2, -4 and -6 ppm) are also formed in preference to poly(N-methylamino-borane) which exhibits a 

very broad resonance centered at -5 ppm.31 Note also the prominent resonance due the catalyst 
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resting state (4-6) at 24 ppm (Figure 4.3). This was confirmed by the 1H and 31P NMR spectra that 

also showed some unreacted 4-5 (Figs. A.40, A.41). Interestingly, less catalyst decomposition 

occurs using MAB vs. AB as seen by the relative amounts of N-trimethylborazine (BZ) and dmpe 

bis(borane) (PB). 

 

Figure 4.3. 11B and 11B{1H} NMR spectrum of catalytic dehydrogenation of MAB with 4-5 in DME at 50 
oC after 1 d (top: 11B{1H}; bottom: 11B). 

 

4.2.1 Dimethylamine-borane dehydrogenation catalyzed by MnH(H2)(dmpe)2 (4-5). 

Catalyzed dehydrogenation of DMAB using 5 mol% 4-5 was also very slow. In fact, the catalyst 

resting state is not even visible in the 11B NMR spectrum that shows a typical mixture32 of 

dimethylaminoborane monomer (Me2N=BH2, doublet at 33.1 ppm), cyclic dimer (triplet at 9.9 

ppm) and intermolecular dehydrogenation product, Me2HNBH2NMe2BH3 (triplet at 6.2 ppm and 

quartet buried under DMAB peak) (Figure 4.4). Note also that catalyst decomposition 

predominates for DMAB as evidenced by the large PB peak and no evidence of 4-6. In the same 

way, the 1H NMR and 31P{1H} spectra confirmed the presence of the Mn(BH4)(dmpe)2 (Figs. 

A.42, A.43). 
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Figure 4.4. 11B and 11B{1H} NMR spectra of DMAB dehydrogenation using 5 mol% 4-5 at 50 0C after 1 

d (top: 11B{1H}; bottom: 11B). 

 

 Conclusions 

One of the unique properties of cis-FeH2(dmpe)2 (4-1) as an amine-borane dehydro-

genation catalyst is its greatly reduced activity with MAB (vs AB).  Using the Ir POCOP catalyst, 

for example, these amine-boranes have been shown to react at nearly the same rate. In the present 

study we see that Mn catalyst 4-5 also shows a large rate drop-off going from AB to MAB in spite 

of its ready access to an open coordination site. The most disappointing property of the Mn catalyst, 

however, is its rapid formation of dmpe bis(borane) that will presumably lead to catalyst death.  

As a result it would be interesting to see if the stable pincer-ligand Mn hydride catalysts such as 

that used by Liu for the Guerbet reaction would better tolerate the reducing conditions associated 

with amine-borane dehydrogenation. 

 

 Experimental Section 

4.4.1 General considerations 

MBraun glove box and Schlenk techniques were used to carry out the experiments under 

nitrogen. A J.C. Meyer solvent purification system was used to dry the diethyl ether, toluene, 
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tetrahydrofuran (THF) and hexanes using activated alumina columns. Stirring over activated 

alumina (ca. 10 wt.%) was used to dry the benzene-d6 (C6D6) overnight followed by filtration. 

Dichloromethane (DCM) and acetonitrile-d3 (CD3CN) were refluxed over calcium hydride, stirred 

over activated alumina (ca. 5 wt.%) overnight and filtered. Activated 4 Å molecular sieves (heated 

at ca. 250 oC for >10 h under vacuum) were used to store all solvents. All glassware was heated in 

an oven for >2 h at 150oC.  

Commercial chemicals used were ammonia borane (AB, NH3-BH3, Scitix, 91%), 1,2-

bis(dimethylphosphino)ethane (DMPE, Strem, 98%), borane dimethylamine complex (DMAB, 

Me2NH-BH3, 97%, Aldrich). Methylamine-borane (MAB, MeNH2-BH3),
33 and trans-

MnH(H2)(DMPE)2
30 were prepared modifying the literature procedures from the literature. 

Ammonia-borane and methylamine-borane were sublimed before use. A 300 MHz Bruker Avance 

instrument was used to record the spectra of 1H, 31P{1H}, 11B, and 11B{1H} NMR at room 

temperature (21-23oC). 1H NMR chemical shifts are reported relative to residual proton peaks of 

the deuterated solvents (CD3CN: 1.94 ppm; C6D6: 7.16 ppm), while 31P{1H}, 31P, 11B, and 11B{1H} 

NMR shifts are reported relative to phosphoric acid and boron trifluoride diethyl etherate (85 % 

aqueous solution) at 0 ppm. 13C{1H} NMR spectra was recorded on a 400 MHz Bruker Avance 

instrument. Applied Biosystem API2000 triple quadrupole mass spectrometer was used to collect 

the mass spectral data of electrospray ionization and electron Impact. IR data was collected on a 

Thermo Scientific Nicolet 6700 FT-IR spectrometer.  

Samples for X-ray crystallography were affixed on thin glass fibres with the help of 

paraffin oil. Bruker AXS KAPPA single-crystal diffractometer (λ= 0.71073Å) furnished with a 

sealed Mo tube source and APEX II CCD detector was used to collect the data. APEX II software 

package from BRUKER AXS was used to collect and process the raw data. 
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4.4.2 Synthesis and characterization 

Synthesis of MnBr2(dmpe)2: In a modification of a literature procedure,30 MnBr2 (100 mg, 

0.46 mmol) was suspended in 20 mL of THF and stirred for 1 h in a Schlenk tube with a stir bar 

in the glove box. Then 1,2-bis(dimethylphosphino)ethane (140 mg, 0.93 mmol) in 5 mL of THF 

was added dropwise and stirred for 5 h to give a colourless solution. The solution was dried in 

vacuo to yield a white solid powder. Yield: 220 mg (92%). No signals were observed in the 

31P{1H} NMR spectrum for the paramagnetic product.  

Synthesis of [Mn(AlH4)(dmpe)2]2. Solid MnBr2(dmpe)2 (240 mg, 0.65 mmol) was added 

to a suspension of 10 equiv LiAlH4 (250 mg, 6.57 mmol) in 15 mL of toluene at -78 oC. After 

warming to room temperature, the reaction solution turned yellow with gas evolution and solid 

formation. After stirring for 12 h the solvent was removed and the residue extracted with hexane 

and filtered. The filtrate was cooled at -20 °C to give [Mn(AlH4)(dmpe)2]2 as a yellow powder. 

Yield after filtration and drying: 225 mg, 46 %. Product formation was confirmed by 31P{1H} 

NMR (singlet at 76 ppm) and 1H NMR [Mn-H-Al at  -15.02 (br s) in C6D6]. 

Synthesis of MnH(H2)(dmpe)2, 4-5. Following the above literature procedure,30 a solution 

of 225 mg of [Mn(AlH4)(dmpe)2]2 in 5 mL of diethyl ether was treated with distilled water 

dropwise until gas evolution ceased. The reaction mixture was then filtered, dried and extracted 

with hexane. The extract was concentrated and cooled at -20 oC to obtain the yellow solid product. 

Yield: 170 mg, 76 %. 1H NMR (C6D6)  -12.67 ppm (quint, Mn-H, 2JPH = 29 Hz), 1.39 (s, PMe2, 

PCH2). 
31P{1H} (120 MHz, C6D6) 82.7 ppm (s). 

Dehydrogenation of NH3BH3 using MnH(H2)(dmpe)2, 4-5 (generation of Mn(2-

BH4)(dmpe)2, 4-6. To a solution of 20 mg (0.06 mmol) of MnH3(dmpe)2 in 3 mL of DME was 

added 35 mg (1.1 mmol) of ammonia-borane and the solution was stirred for 24 h in a vial with 
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stir bar in the glove box at 50 oC. The reaction mixture changed from yellow to dark purple 

overnight. After full transformation was confirmed by 31P{1H} and 1H NMR (in Mn-H region) 

spectroscopy, the solution was dried and extracted with 3 mL of hexane. Removal of the hexane 

and drying in vacuo obtained 50 mg of 4-6 contaminated with dmpe bis(borane). 31P{1H} (121 

MHz, C6D6) 88.4 (s, 2P, Mn–P), 72.2 (s, 2P, Mn-P-H), 7.1 ppm (br mult, P-B). 1H (300 MHz, 

C6D6) δ -16.41 ppm ( br d, 4H, 2JBH = 70 Hz, Mn–H2BH2). 
11B (300 MHz, C6D6) δ 25.6 ppm (br 

2t, 2JBH = 48 Hz, Mn-BH4), -40 ppm (br qq, P-B). 11B{1H}, (300 MHz, C6D6) δ 25.6 ppm (s, Mn-

BH4), -40 ppm (s, P-B). 

Dehydrogenation of MeNH2BH3 using MnH(H2)(dmpe)2, 4-5. To 7 mg (0.02 mmol) of 

MnH(H2)(dmpe)2 in 3 mL of DME was added 18 mg (0.39 mmol) of methylamine-borane and the 

solution stirred for 24 h in a vial with stir bar in the glove box at 50 oC. The reaction changed from 

yellow to light purple overnight. Although incomplete conversion was confirmed by 31P{1H} and 

1H NMR (in Mn-H region) spectroscopy, the solution was dried and extracted with 3 mL of hexane. 

Removal of the hexane and drying in vacuo obtained 4-6. Yield: 13 mg, 52 %. NMR 31P{1H} (121 

MHz, C6D6) 88.4 ppm (s, 2P, Mn–P), 72.2 ppm (s, 2P, Mn-P-H), 6.7 ppm (br, P-B), 77.8 (SM), -

48ppm (free dmpe). 1H (300 MHz, C6D6) δ -16.41 ppm ( br, 4H, 2JBH = 46 Hz, Mn–H2BH2), -13.4 

ppm (br s, Mn-H). 11B (96 MHz, C6D6) δ 25.6 ppm (br 2t, 2JBH = 48 Hz, Mn-BH4), -40 ppm (br 

qq, P-B). 11B{1H}, (96 MHz, C6D6) δ 25.6 ppm (s, Mn-BH4), -40 ppm (s, P-B).  

Dehydrogenation of Me2NHBH3 using MnH(H2)(dmpe)2, 4-5. To 20 mg (0.06 mmol) of 

MnH3(dmpe)2 in 3 mL of DME was added 66 mg (1.11 mmol) of dimethylamine-borane and 

stirred for 24 h in a vial with stir bar in the glove box at 50 oC. The reaction mixture changed from 

yellow to slight purple overnight. 31P{1H} (121 MHz, C6D6) 88.4 ppm (s, 2P, Mn–P), 72.2 ppm 

(s, 2P, Mn-P-H), 6.7 ppm (br, P-B), 77.8 (4-5), -48 ppm (free dmpe). 1H (300 MHz, C6D6) δ -16.41 
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ppm ( br, 4H, 2JBH = 46 Hz, Mn–H2BH2), -13.4 ppm (br s, Mn-H). 11B (96 MHz, C6D6) δ 25.6 ppm 

(br 2t, 2JBH = 48 Hz, Mn-BH4), -40 ppm (br qq, P-B). 11B{1H}, (96 MHz, C6D6) δ 25.6 ppm (s, 

Mn-BH4), -40 ppm (s, P-B). 
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Chapter 5: Conclusions and Future Outlook 
 

  Summary of Results in Context of the State of the Art 

Despite the significant importance of organofluorine compounds in daily life, their 

synthesis still relies on older synthetic methods using toxic reagents such as anhydrous HF. 

Fluoroalkenes (FAs) have been identified as promising underutilized precursors to a wide range 

of organic products with applications in a variety of industries.1 Fluorometallacycles can be 

important primary intermediates in these transformations, allowing for a host of functionalization 

reactions as summarized in Chapter 1.2-6 Over the past 30 years, reactivity studies of metal 

fluorocarbenes have also expanded our knowledge,7-14 but applications in catalysis are just starting 

to be realized.15-17 The Baker, Vicic and Ogoshi groups have spent the last decade improving d8 

fluorometallacycle synthesis and expanding their reactivity profiles.18-20 In contrast, reactivity 

studies of d6 fluorometallacycles have been confined to a single publication on Fe5 and an MSc 

thesis on Co.21 In the latter work, treatment of Co hydride carbonyl complexes with TFE afforded 

novel Co hydride perfluoro-metallacyclopentanes but the reaction was hampered by a competing 

reaction that gave hydrogenated TFE and zerovalent Co-Co bonded dimer. Moreover, photolysis 

of the cobaltacycles did not give rise to expected reductive elimination and -F elimination 

reactions that could form the basis of a catalyzed hydrodefluorodimerization process for 

conversion of C2 to C4 FAs. These observations provided the motivation for our efforts to prepare 

analogous d4 fluorometallacycles that may show enhanced reactivity.  

In Chapter 2 our efforts to prepare Mn bromide fluorometallacycles met with mixed 

success. First, we showed that 1e- reduction of Mn dibromide bis(phosphine) complexes afforded 

paramagnetic products. Nonetheless, the DPPE and P(OiPr)3 derivatives reacted with TFE to afford 

diamagnetic products with 19F NMR spectra that suggested formation of perfluorometalla-
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cyclopentanes. However, further characterization was hampered by the fact that solvent removal 

reversed the reaction, suggesting that the displaced ligands can participate in a reversible reaction 

with the Mn center. In Chapter 3, we employed Mn bromide carbonyl complexes and several 

substituted derivatives with a view to also converting them to the Mn-H complexes. However, only 

in the case of the TFE reaction with MnBr(CO)3 + 3 equiv. of dppe did we actually identify a Mn 

bromide fluorometallacycle, the first example of a d4 metallacycle (3-20). Instead, we found that 

photolysis of the manganese bromide complexes with fluoroalkenes in THF solution generated the 

Mn-H in situ, giving rise to insertion products (3-8, 3-13 through 3-16) that bear close resemblance 

to their d6 Co analogue (for TFE).  Evidence that the hydrogen source was the THF solvent was 

provided by characterization of the fluoroalkylated THF derivatives. Moreover, for all three 

fluoroalkenes tested, reaction conditions were identified that did not yield significant amounts of 

either the insertion product or hydrogenated fluoroalkene.  

In Chapter 4, our efforts built on previous work using iron hydride dmpe complexes as 

ammonia-borane dehydrogenation catalysts. Our results demonstrated first that the trans-

MnH(H2)(dmpe)2 catalyst (4-5) is significantly less active than its Fe analogues cis-FeH2(dmpe)2 

(4-1) or [trans-FeH(H2)(dmpe)2]
+ (4-3). Moreover, in contrast to its cationic Fe analogue (4-3) that 

affords mostly cyclic products, catalyst 4-5 at 5 mol% loading afforded mostly insoluble 

poly(aminoborane). Although we did not get a chance to test the Mn catalyst resting state, Mn(2-

BH4)(dmpe)2 (4-6) in the presence of triethylamine (which can abstract BH3 to reform the Mn-H), 

we were able to show that the dehydrogenation rate falls significantly for the methyl-substituted 

amine-boranes MAB and DMAB. Most importantly, we observed significant formation of dmpe 

bis(borane), confirming that the Mn catalyst is more prone to catalyst decomposition (vs the Fe 

analogues) under the reducing environment associated with amine-borane dehydrogenation. 
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  Future Prospects 

Although we have identified the first example of d4 fluorometallacycle, we have been as 

yet unable to confirm their solid-state structures by X-ray diffraction. This is particularly important 

in light of the large 3JFH and 4JFH coupling constants observed by NMR spectroscopy.  Monitoring 

the thermolysis of these Mn hydride fluorometallacyles by NMR, with a view to observing 

reductive elimination, would also be informative. A great deal of additional work is needed in 

order to obtain a sufficient number of d4 fluorometallacycles for insightful reactivity studies. An 

extensive solvent study may help identify reaction conditions for the exclusive synthesis of ligand-

substituted manganese bromide fluorometallacycles and the easily prepared Mn methyl carbonyl 

complexes should also be tried.  

From our amine-borane-dehydrogenation studies, it is apparent that not even the strong 

electron-donor bis(phosphine) dmpe can stabilize the Mn center under these strongly reducing 

conditions. It would be interesting to see if pincer-ligated Mn hydride complexes such as 1-1-1-3 

typically employed at elevated temperatures,22 would give rise to more active and stable catalysts 

for this application.  
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Appendices 

 

Figure A.1. 31P{1H} NMR (121 MHz, C6D6) spectrum for complex MnBr(DPPE)2(CO), 2-2A.  

 

 
Figure A.2. 31P{1H} NMR (121 MHz, C6D6) spectrum for complex MnBr(DPPP)2(CO), 2-2B. 
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Figure A.3. 31P{1H} NMR (121 MHz, C6D6) spectrum for complex [(i-Bu)2P(-CH2CH2)(-

CF=CF)PF(i-Bu)2]Br, 2-3.  

 

 

 

Figure A.4. 19F{1H} NMR (282 MHz, THF) spectrum for complex MnBr(1,4-C4F8)(dppp), 2-6. 
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Figure A.5. 19F{1H} NMR (282 MHz, THF) spectrum for complex MnBr(1,4-C4F8)(Xantphos), 2-7.   

 

 

Figure A.6. 19F{1H} NMR (282 MHz, THF) spectrum for complex MnBr(1,4-C4F8)[P(OiPr)3]3, 2-8. 

 

 

Figure A.7. 19F{1H} NMR (282 MHz, C6D6) spectrum for complex (CpCo)2(-4,4-C5H5-CF2CF2-C5H5-

), 2-4 after removal of solvent and dissolution in C6D6. 
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Table A.1. X-ray diffraction data collection and structure refinement details for complex 2-3. 
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Table A.2. X-ray diffraction data collection and structure refinement details for complex 2-4. 

 

 

 

Figure A.8. 31P{1H} NMR spectrum (121 MHz, C6D6) of cis, mer-MnBr(triphos)(CO)2, 3-4.  
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Figure A.9. 31P{1H} NMR spectrum (121 MHz, C6D6) of Mn[CF2CF2H](dppe(CO)3, 3-8.  

 

 

Figure A.10. 1H NMR (300 MHz, C6D6) spectrum of Mn[CF2CF2H](dppe)(CO)3, 3-8. 
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Figure A.11. 19F-19F COSY NMR (282 MHz, C6D6) spectrum of O[-(CH2)3CH(CF2CF2H)-], 3-9. 

 

 

Figure A.12. 19F and 19F{1H} NMR (282 MHz, THF) spectra of MnBr(CO)5, 3-1 + TFE reaction after 24 

h (top: 19F{1H}; bottom: 19F). 
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Figure A.13. 19F and 19F{1H} NMR spectra of O[-(CH2)3CH(CF2CF2H)-], 3-9 derived from photolysis of 

MnBr(triphos)(CO)2 (3-4) and TFE after 5 d (blue = proton decoupled). 

 

 

Figure A.14. 19F NMR (282 MHz, THF) spectrum of reaction of MnBr(Bipy)(CO)3, 3-5, with TFE. 

 

 

Figure A.15. 19F NMR (282 MHz, THF) spectrum of reaction of MnBr(Phen)(CO)3, 3-6, with TFE. 
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Figure A.16. 19F NMR (282 MHz, THF) spectra of the reaction MnBr(IPr)(CO)4, 3-7, with TFE (top: 
19F{1H}; bottom: 19F). 

 

 

Figure A.17. 19F-19F COSY NMR (282 MHz, THF) spectrum of diastereomers O{-

(CH2)3CH[CF2CFH(OCF3)]-}, 3-11 and 3-12. 
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Figure A.18. 31P{1H} NMR (121 MHz, THF) spectrum of Mn[CF2CHF(OCF3)](dppe)(CO)3, 3-13. 

 

 
Figure A.19. 1H NMR (300 MHz, C6D6) spectrum of Mn[CF2CFH(OCF3)](dppe)(CO)3, 3-13.  

 

 
Figure A.20. 19F NMR (282 MHz, THF) spectra of MnBr(Bipy)(CO)3, 3-5 + PMVE reaction after 2 d 

(top: 19F; bottom: 19F{1H}). 
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Figure A.21. 19F NMR (282 MHz, THF) spectra of MnBr(Phen)(CO)3, 3-6 + PMVE reaction after 2 d 

(top: 19F{1H}; bottom: 19F). 

 

 

Figure A.22. 19F NMR (282 MHz, THF) spectrum of MnBr(IPr)(CO)4, 3-7 + PMVE reaction after 2 d. 
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Figure A.23. 19F-19F COSY NMR (282 MHz, THF) spectrum of diastereomers O[-

(CH2)3CH(CF2CFHCl)-], 3-14 and 3-15.  

 

 

Figure A.24. 1H NMR (300 MHz, THF) spectrum of Mn[CF2CHFCl](DPPE)(CO)3, 3-16.  
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Figure A.25. 19F NMR (282 MHz, THF) spectra of MnBr(Bipy)(CO)3, 3-5 + CTFE reaction after 2 d 

(top: 19F{1H}; bottom: 19F). 

 

 
Figure A.26. 19F NMR (282 MHz, THF) spectra of MnBr(Phen)(CO)3, 3-6 + CTFE reaction after 2 d 

(top: 19F; bottom: 19F{1H}).  

 

 

Figure A.27. 19F NMR (282 MHz, THF) spectrum of MnBr(IPr)(CO)4, 3-7 + CTFE reaction after 2 d. 
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Figure A.28. 19F NMR (282 MHz, THF) spectra after heating Mn2(CO)10 + TFE at 65 oC in THF for 3 d 

(top: 19F{1H}; bottom: 19F). 

 

 
Figure A.29. 19F NMR (282 MHz, THF) spectra after photolysis of Mn2(CO)10 + TFE in THF for 3 d 

(top: 19F{1H}; bottom: 19F). 
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Figure A.30. 19F NMR (282 MHz, THF) spectra after heating Mn2(CO)10 + PMVE at 65 oC in THF for 3 

d (top: 19F{1H}; bottom: 19F). 

 

 
Figure A.31. 19F NMR (282 MHz, THF) spectra after photolysis of Mn2(CO)10 + PMVE in THF for 3 d 

(top: 19F{1H}; bottom: 19F). 
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Figure A.32. 19F NMR (282 MHz, THF) spectra after heating Mn2(CO)10 + CTFE at 65 oC in THF for 3 d 

(top: 19F{1H}; bottom: 19F). 

 

 
Figure A.33. 19F NMR (282 MHz, THF) spectra after photolysis of Mn2(CO)10 + CTFE in THF for 3 d 

(top: 19F{1H}; bottom: 19F). 

 

 
Figure A.34. 1H NMR (300 MHz, Et2O) spectrum of reaction of MnBr(DPPE)2(CO), 3-3 with TFE in 

diethyl ether. 
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Figure A.35. 19F and 19F{1H} NMR (282 MHz, Et2O) spectrum of reaction of MnBr(DPPE)2(CO), 3-3 

with TFE in diethyl ether after 1 d (top: 19F{1H}; bottom: 19F). 

 

 
Figure A.36. 31P{1H} NMR spectrum (121 MHz, C6D6) of Mn(CF2CF2H)(DPPE)(CO)3 (3-8) and 

possibly MnBr[-CF2)4-](DPPE)(CO) (3-20).  

 

Figure A.37. Portion of 1H NMR (300 MHz, C6D6) spectrum of MnH(H2)(dmpe)2, 4-5. 
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Figure A.38. 31P{1H} NMR (121 MHz, C6D6) spectrum of MnH(H2)(dmpe)2, 4-5. 

 

 

Figure A.39. 31P{1H} NMR (121 MHz, C6D6) spectrum after AB dehydrogenation catalyzed by 

MnH(H2)(dmpe)2, 4-5; generation of Mn(BH4)(dmpe)2, 4-6. 

 

 

Figure A.40. 31P{1H} NMR (121 MHz, C6D6) spectrum after MeAB dehydrogenation catalyzed by 

MnH(H2)(dmpe)2, 4-5. 
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Figure A.41. 1H NMR (300 MHz, C6D6) spectrum after MeAB dehydrogenation catalyzed by 

MnH(H2)(dmpe)2, 4-5. 

 

 

 

Figure A.42. 31P{1H} NMR (121 MHz, C6D6) spectrum after DMAB dehydrogenation catalyzed by 

MnH(H2)(dmpe)2, 4-5. 
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Figure A.43. Portion of 1H NMR (300 MHz, C6D6) spectrum safter DMAB dehydrogenation catalyzed by 

MnH(H2)(dmpe)2, 4-5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



106 

 

Figure Permissions 

 
Figure P.1. Scheme 1.1 catalytic synthesis of imines by dehydrogenative coupling (1-1). 

 

 
Figure P.2. Scheme 1.1 catalytic synthesis of imines by dehydrogenative coupling (1-2). 
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Figure P.3. Scheme 1.2 manganese-catalyzed Guerbet reaction (1-3). 

 

 
Figure P.4. Scheme 1.3 general scheme for AB dehydrogenation using Type I (A) or Type II catalysts 

(B). 
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Figure P.5. Figure 1.1 typical type I (1-4) AB dehydrogenation catalysts. 

 

 
Figure P.6. Figure 1.1 typical type I (1-5) AB dehydrogenation catalysts. 

 



109 

 

 
Figure P.7. Figure 1.1 typical type II (1-6) AB dehydrogenation catalysts. 

 

 
Figure P.8. Figure 1.1 typical type II (1-7) AB dehydrogenation catalysts. 
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Figure P.9. Scheme 1.4 proposed catalytic cycle for AB dehydrogenation using type I catalysts. 

 

 
Figure P.10. Scheme 1.5 proposed cycle for Fe-catalytic dehydrogenation of AB. 
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Figure P.11. Figure 1.2 selection of important CFCs, HCFCs, HFCs, HFOs and HCFOs. 

 

 
Figure P.12. Figure 1.3 example of important fluoroolefin complexes for Rh.  
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Figure P.13. Scheme 1.6 insertion into metals hydrides to form insertion product, MnH(CO)5. 

 

 
Figure P.14. Scheme 1.6 insertion into metals hydrides to form insertion product, ReH(CO)5. 
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Figure P.15. Scheme 1.7 insertion of TFE into Ir-H bond and coordination of a second TFE.  

 

 
Figure P.16. Scheme 1.8 oxidative coupling to form a perfluorometallacyclopentane.  
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Figure P.17. Figure 1.4 first reported perfluorometallacyle for d6 cobaltacyclopentane.  

 

 
Figure P.18. Scheme 1.9 ligand effects on perfluoronickelacycle formation. 
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Figure P.19. Scheme 1.10 synthesis of perfluoronickelacycles via a transmetallation reaction. 

 

 
Figure P.20. Scheme 1.14 Cα-F abstraction from a bis(phosphine) nickel perfluorocyclopentane. 
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Figure P.21. Scheme 1.15 Cα-F activation from a [P,SIpr]-ligated metal perfluorocyclopentane by TMS-

OTf. 

 

 
Figure P.22. Scheme 1.16 reactivity of phosphonium-functionalized nickelacyclopentane. 
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Figure P.23. Scheme 1.19 reactivity of nickelacyclopentane derived from trifluoroethylene. 
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Figure P.24. Scheme 1.22 Ni-catalyzed selective cross trimerization reactions a,b. 

 

 
Figure P.25. Scheme 1.23 Ni-catalyzed selective cross tetramerization reaction. 
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Figure P.26. Scheme 4.218e- Co hydride AB dehydrogenation catalysts. 

 

 
Figure P.27. Scheme 4.3 and 4.4 proposed reaction pathway for poly(aminoborane) production using Co-

H catalyst 1 and 2. 

 


