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Abstract 

 Organofluorines are pervasive in our everyday lives and found in many 

commodities and chemicals, including pharmaceuticals, agrochemicals, and lubricants. 

The utility of organofluorines is due largely to the unique properties imparted from 

fluorination, with the most notable being the enhanced stability and greatly increased 

lifetime. However, the increased stability and widespread production of 

organofluorines has led to widespread environmental contamination, which is 

especially problematic due to the toxicity of perfluorinated organic molecules. Hence, 

it is crucial to develop catalysts that are capable of efficiently cleaving the strong C–F 

bonds in these persistent chemicals. One emerging strategy that has been used to cleave 

strong bonds is the utilization of bimetallic complexes featuring polarized metal–metal 

bonds. This dissertation investigates the use of bimetallic complexes comprised of late 

transition metals (Fe and Rh) supported by Lewis acids, including Ti, Al, Ga, and In, 

for the hydrodefluorination of fluorinated organics. These complexes were 

characterized using a suite of spectroscopic, electrochemical, and computational 

methods to probe the electronic effect that the Lewis acid has on the late transition 

metals. Overall, it was found that the Rh complexes supported by the group 13 

metalloligands were highly active for the cleavage of unactivated aryl C−F bonds using 

mild heat. Moreover, these same complexes were also found to be highly reducing 

photoredox catalysts that were capable of reducing and subsequently cleaving 

unactivated aryl and benzylic C–F bonds using visible light. Overall, this work 

demonstrates the utility of polarized metal–metal bonds in homogenous defluorination 

catalysis, welcoming a new paradigm in the activation of the strongest bonds.   
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1.1 The C–F bond: How its greatest strength is also its biggest drawback 

1.1.1 Organofluorines in our everyday lives 

 Fluorinated organic molecules play many important roles in our modern lives. 

Currently, more than 25% of pharmaceutics contain at least one fluorine substituent, 

substantially more than the roughly 2% in 1970.1 In 2014, 3 out of the 5 top-selling 

pharmaceuticals were comprised of fluorinated organics (Figure 1.1). Moreover, 

examination of pharmaceutical sales in 2018 reveal that organofluorines continue to 

thrive, comprising 6 of the top 50 most profitable medications, earning close to $20 

billion dollars in this year alone.2 In the agricultural industry, 30-40% of agrochemicals, 

which are vital to feeding our growing global population, have also been shown to 

contain at least one C–F substituent.3 Overall, fluorine incorporation has proven to be 

a routine solution for improving the metabolic stability of these bio-active molecules,4 

rendering them unreactive to common oxidizing enzymes such as cytochrome P450.5 

Figure 1.1. Structures of the top-selling pharmaceuticals that contain the C−F 

functionality.  

 Arguably, some of the most pervasive organofluorine compounds in society are 

perfluorinated alkyl substance (PFAS), which consist of molecules where every 

hydrogen atom is substituted for a fluorine.6 Perhaps the best-known class of PFAS are 

the perfluorotelomers, which include common molecules such as perfluorooctane 

sulfonate (PFOS) and perfluorooctanoic acid (PFOA). The perfluorinated functionality 
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in these compounds impart many unique properties, including the ability to repel both 

water and oil, high thermal stability, and surfactant properties that find a large amount 

of industrial and consumer-use applications.7-10 One such application of perfluorinated 

molecules is as a surface-coating on paper packages, textiles, carpets, etc., which keeps 

the surface of these materials clean and dry.11 As surfactants and dispersants, PFAS are 

also widely used in paints, lubricants, fire-fighting foams, and have even been 

previously used in food packaging such as microwave popcorn.7 Moreover, the high 

thermal and chemical stability has led to the use of polyfluorinated polymers for a 

variety of applications, including in cookware, charge transport, and energy storage as 

well.7,12  

 With widespread use of PFAS all over the world, in addition to their extremely 

high lifetime and stability, it was only a matter of time until environmental 

contamination became a world-wide issue. According to a 2004 study, greater than 99% 

of Americans were found to possess measurable quantities of PFAS in their blood.13 

This revelation is highly problematic, especially since exposure to PFAS has been 

linked to a variety of detrimental effects to both plants and animals.11,14-17 In animals, 

PFAS exposure has been linked to liver damage, increased cholesterol, low birth rate, 

kidney and testicular cancers, and weakened immunity.15  

 Due to the mixture of these adverse effects as well as the wide-spread 

contamination in water sources, the U.S. Environmental Protection Agency (EPA) 

issued a lifetime health advisory in 2016, which defined the safe concentration limits 

of PFOA and PFOS in drinking water (<70 parts per trillion). Even today, 

environmental contamination by PFOA and PFOS persist in the United States in spite 

of phasing out of their production by 2007 by many of the largest American chemical 
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companies. While the environmental remediation of PFAS is an important societal goal, 

their resistance to chemical degradation continues to serve as a daunting scientific 

challenge.  

 The conversion of C–F to C–H bonds, known as hydrodefluorination (HDF), 

can serve a pivotal role in converting inert perfluorocarbon molecules into more 

environmentally benign hydrofluorocarbons.18 Moreover, HDF reactions can serve a 

pivotal role in drug discovery methodologies by providing a simple, straight-forward 

method of converting a drug into its defluorinated counterpart, a process which 

typically involves the complete synthesis of a fluorine-free counterpart. Such a reaction 

can greatly accelerate drug discovery by allowing medicinal chemists to quickly assess 

the fluorine’s effect on the drug efficacy without a long, multi-step synthesis.4 

1.1.2  Why fluorine substitution leads to such dramatic physical differences in 

organic molecules 

 

 The use of fluorine substituents in such a range of materials and important bio-

active molecules is largely due to the unique chemical properties imparted by fluorine-

incorporation. As the most electronegative element, the introduction of fluorine to any 

organic molecule can lead to dramatic changes in the electron distribution of the 

molecules, which has ramifications on their molecular properties, such as dipole 

moment and altered pKa of neighboring functional groups. Moreover, fluorine is the 

second smallest atom (1.47 Å) compared to hydrogen (1.20 Å), which leads to minimal 

steric effects upon substitution.19 

 Arguably the most important property, however, is the high strength of the C−F 

bond (Table 1.1),20 which coincidentally is the strongest σ-bond that can be made with 

carbon. In comparing dissociation energies of common C–X bonds, the C–F bond is 
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generally stronger than the equivalent C−H bond. For sp3 C−F bonds, the bond strength 

increases with increasing fluorine substitution on the same carbon. This is a result of 

the strongly electron withdrawing behavior of fluorine, which increases the partial 

positive charge on carbon. This has the effect of reinforcing the ionic character of the 

C–F bond, significantly raising the bond dissociation energy.21 A trend is also observed 

in the bond dissociation energy of the halogens, which show that the C–X bond 

strengthens going up the periodic table, with a substantial gap between the C–F and C–

Cl bond strengths. 

Table 1.1. Experimental gas phase bond dissociation enthalpy (BDE), kcal/mol.20 

Molecule X = H X = F X = Cl X = Br X = I 

X−CH3 105.0 ± 0.4 110.0 ± 2.0 83.7 ± 0.4 70.3 ± 0.5 57.1 ± 0.5 

X−CF3 106.7 ± 1.0 130.7 ± 0.5 87.3 ± 0.9 70.8 ± 0.3 54.3 ± 0.3 

X−C6H5 112.9 ± 0.5 125.6 ± 2.0 95.5 ± 1.5 80.4 ± 1.5 65.0 ± 1.0 

X−C6F5 116.5 115.9 ± 5.3 91.6 ± 2.0 ~78.4 65.4 ± 2.0 

 

 Just as the C–H bond is stronger in benzene than in methane, the C–F bond is 

also stronger in fluorobenzene compared fluoromethane. The influences of C–F bonds 

on the bond energies of adjacent C–H and C–F bonds in benzene derivatives has been 

studied computationally.22 Notably, while C–H bond dissociation energies were shown 

to increase with increasing ortho fluorine substitution, C–F bonds were shown exhibit 

the opposite trend. More specifically, calculations showed that the strength of C–F 

bonds decrease by ~1.8, 0.5, and 0.2 kcal/mol upon the substitution of C–H with C–F 

bonds in the ortho, meta, and para positions, respectively. As a consequence, C–F 

activation of fluoroarenes is much more facile for polyfluorinated arenes, especially 

those with ortho fluorine substituents.22-23 It’s also worth noting that M–C strength 

shows the same trends as C–H bonds and are significantly stronger with ortho C–F 

bonds.22 
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 However, one of the biggest difficulties in activating C–F bonds is the 

possibility for competitive C–H activation. As a striking example, a detailed study by 

Jones found that Cp*Rh(PMe3), which is generated in situ thermally or photolytically 

(Scheme 1.1), reacted exclusively with the C–H bonds of partially fluorinated arenes.24 

Of all the fluoroarenes examined, the only substrate that was found to undergo C–F 

activation was C6F6, which conveniently lacks a C–H bond.  

 
Scheme 1.1. Thermal and photochemical reaction of CpRhPMe3 derivatives in 

partially fluorinated arenes. In all 8 substrates examines, C–H was cleaved over C–F. 

Adapted from reference 24. 

 To elucidate why C–H cleavage is always preferred over C–F activation (in this 

system and others), Caulton and Perutz carried out a computational study on a truncated 

CpRh(PH3) complex with 1,4-difluorobenzene as a model substrate (Figure 1.2).25 

Surprisingly, the calculations reveal that the cleavage of the C–F bond is 

thermodynamically favored over the cleavage of the C–H bond. Instead, these 

calculations reveal that the barrier for C–H activation is ~24 kcal/mol lower in energy 

compared to C–F activation. Hence, this study shows that the inertness of the C–F bond 

is not due to thermodynamic stability but is instead due to kinetics. Moreover, the 

reverse reaction, reductive elimination, is also significantly easier to achieve with C–H 

bonds, with a barrier of 12.3 kcal/mol. In comparison, the reductive elimination of a C–

F bond is substantially higher (38.9 kcal/mol), which also highlights the difficulty in 

preparing fluorinated molecules through reductive elimination.26 
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 Overall, this study shows that to be successful in C–F activation reactions, one 

must either use a complex that is unable to perform C–H activation, or, more 

realistically, utilize conditions that render the C–H activation reversible until the 

irreversible C–F activation reaction can occur.  

 
Figure 1.2. Reaction coordinate (kcal/mol) comparing the oxidative addition of C–H 

and C–F bonds starting from a common intermediate. Adapted from reference 25. 

1.1.3 Strategies towards achieving C–F activation 

 In spite of the high strength of the C–F bond, there are a number of well-defined 

catalysts, both main-group and transition metal based, that are capable of achieving C–

F activation.23,27-28 Broadly, these strategies can be organized into five different reaction 

classes, as shown in Scheme 1.2,23 which include electrophilic fluoride abstraction, 

oxidative addition, hydride addition, nucleophilic addition, and direct reduction.  



8 

 
Scheme 1.2. General classes of C–F bond activation process mediated by catalysts. 

Adapted from reference 23. 

 Of these reactions, electrophilic fluoride abstraction is unique in that the 

reaction occurs through direct coordination of fluoride to the electrophile.29 Such 

reactions are generally only observed in early transition metals (with d-counts less than 

2), lanthanides, and main group electrophiles, with the best–studied examples involving 

[R3Si]+ or [R2Al]+ species.30-31 Moreover, this strategy is unique in that it is selective 

for cleaving sp3 C–F bonds, which is difficult to achieve using most of the other 

strategies (vide infra). This selectivity can be rationalized by considering the stability 

of the carbocations resulting from fluoride dissociation, for which alkyl carbocations 

are significantly more stable than aryl cations. The increased stability of the alkyl cation 

over the aryl cations is largely due to more powerful inductive effects found in the 

latter. While a more detailed discussion of this strategy is outside the scope of this 

thesis, the disadvantages to this strategy deserve to be mentioned. Most of the 

drawbacks to this strategy, especially for the reactions involving main group cations 

(R3Si+/R2Al+), stem from the extremely harsh Lewis acidic conditions that the 

substrates are subjected to. Any substrates with even weakly Lewis basic functional 

groups are completely incompatible due to coordination to Lewis acid catalyst, which 

either blocks the active site or greatly attenuates the Lewis acidity, halting catalysis. 
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Moreover, the strongly Lewis acidic conditions sometimes also lead to a variety of 

products resulting from side-reactions, such as carbocation rearrangement (from 

hydride/alkyl shifts) and Friedel-Crafts alkylation reactions.30-31 

 In contrast, the rest of the defluorination strategies (except direct reduction) are 

typically only observed in substrates containing sp2 C–F bonds.23,27-28 This is because 

aryl and vinyl fluorides provide a directing group in the form of C–C π-bond(s), which 

helps position the transition metal to cleave the C–F bond.32 In the following sections, 

historical C–F activation reactions, particularly those that have increased our 

knowledge of what makes a competent hydrodefluorination catalyst, will be discussed. 

1.2 Historical examples of HDF reactions 

1.2.1 Catalytic hydrodefluorination of highly fluorinated arenes 

 The first hydrodefluorination catalyst featuring a homogenous transition metal 

was reported by Aizenberg and Milstein in 1994.33 The mechanism is shown in Figure 

1.3, which revealed that the Rh–Si bond in R3Si-Rh(PMe3)3 was capable of cleaving 

the C–F bond of C6F6 to produce C6F5–Rh(PMe3)3 and R3Si–F. The next step was 

shown to proceed through oxidative addition of R3Si–H, followed by reductive 

elimination the hydrodefluorinated product, C6F5H, which closes the cycle. This 

catalytic cycle was especially noteworthy because it showed that the cleavage of the 

strong C–F bond in C6F6 can be leveraged by forming even stronger Si–F bonds.  
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Figure 1.3. (Left) Catalytic cycle for the first homogeneous hydrodefluorination 

system. (Right) Boryl-assisted transition state relevant for C–F activation via 

cooperative pathways. Adapted from references 33 and 34. 

 Since this seminal work, many similar hydrodefluorination catalysts (with 

Rh,28,34-40 Ni,41-44 Fe,45-46 Ru,47-49 etc.) have been reported that use other reagents such 

as aluminum hydrides, boranes, and Mg0 for catalytic turnover. Interestingly, when 

boranes were used to promote catalytic turnover in the hydrodefluorination of 

pentafluoropyridine, a unique mechanism was elucidated where the ortho C–F bond 

was selectively cleaved via Rh–B cooperativity, depicted in Figure 1.3.34 This 

cooperativity has been observed in other systems50 and will be discussed at length in 

Section 1.4. 

 Most of these systems, however, suffer from poor substrate scope in that they 

are limited to only reacting with highly fluorinated, electron-poor benzene or pyridine 

derivatives, which contain highly activated C–F bonds. However, there are a few 

catalysts that have shown to be reactive towards even relatively electron-rich 

fluoroarenes. 
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1.2.2 Catalytic hydrodefluorination of unactivated fluoroarenes 

 Arnold and coworkers demonstrated that the low-valent Nb=NtBu complex was 

capable of catalytically hydrodefluorinating a range of partially fluorinated arenes using 

PhSiH3 under fairly mild conditions (Scheme 1.3).51 Unfortunately, the Nb complex 

was only active in neat fluoroarene solvents, suggesting that the substrate must be 

present in vast excess with respect to catalyst. Moreover, a maximum of only 19 

turnovers was achieved using this system. Interestingly, when exposed to PhCF3, the 

Nb=NtBu complex was able to cleave all three sp3 C–F bonds,52 a highly unusual feat 

for transition metal complexes.53 This reaction, however, was only limited to benzylic 

C–F bonds, likely indicating that the arene-binding to the Nb-center is necessary. While 

the activation of sp3 C–F bonds was unable to be performed catalytically, both reports 

reveal that electron-rich transition metal complexes can be active for the cleavage of 

stronger C–F bonds and is certainly a step in the right direction.  

 
Scheme 1.3. Low-valent Nb=NtBu complex that is active for the catalytic HDF of 

unactivated fluoroarenes and stoichiometric activation of benzylic C–F bonds.  

 The following examples feature bimetallic complexes that are highly active for 

the HDF of PhF and other electron-rich fluoroarenes. Nakao recently reported catalytic 

magnesiation of fluoroarenes using Mg powder with a bimetallic RhAl complex,50 

which features an X-type aluminyl ligand (Scheme 1.4).54-55 Under catalytic conditions, 

the complex was shown to extrude organomagnesium compounds, which were easily 

intercepted with protons or other electrophiles, making this reaction extremely 



12 

versatile. Notably, the oxidative addition of Ph–F occurs across the Rh–Al bond, which 

demonstrates the power of using multi-nuclear complexes for cleaving strong bonds. A 

detailed discussion of the mechanism and generality of this strategy will be discussed 

in subsequent sections. 

 
Scheme 1.4. Catalytic magnesiation of fluoroarenes using a bimetallic RhAl complex. 

 Finally, the bimetallic Ru/Pd complex shown in Scheme 1.5 is among the most 

active homogenous HDF catalysts to date,56 quantitatively converting PhF to PhH using 

NaOtBu and iPrOH. In this complex, the Pd was proposed to activate the C–F bond, 

while the Ru center mediates the transfer hydrogenation reaction. Moreover, the 

catalyst was also capable of converting PhCF3 to PhCH3 in moderate yields (50%). 

Unfortunately, mechanistic details for this catalytic transformation are somewhat 

lacking. They do note, however, that they do not observe any partially defluorinated 

trifluoromethyl groups. Moreover, the catalytic activity of the Ru/Pd complex was 

significantly higher than mixtures of structurally similar Ru and Pd complexes. 

 
Scheme 1.5. Catalytic hydrodefluorination of unactivated C–F bonds in PhF and 

PhCF3 using NaOtBu and iPrOH using a bimetallic RuPd complex. 

 While all three of these catalyst systems exhibit impressive reactivity, most of 

them suffer from poor atom economy, especially the reactions that require silanes or 
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boranes. While the use of transfer hydrogenation is certainly an improvement over the 

use of hydridic main group reagents, the atom economy can still be improved further 

by using H2, which is arguably the most atom economical source of H-atoms. 

Moreover, H2 also has the advantage being more industrially relevant, and is much 

easier to be produced from renewable energy sources.57 The following sections will 

detail known examples of transition metal complexes that are able to perform HDF 

directly using H2.  

1.2.3 Direct hydrogenolysis of fluorinated arenes 

 Invariably, when H2 is used for C–F reduction the resulting byproduct is HF, 

which necessitates the use of stoichiometric base to avoid acid accumulation within the 

catalytic system. Indeed, examples of catalytic hydrogenation of aryl C–F bonds using 

H2 and heterogeneous Ni and Pt alloys has been known since 1920.58 In contrast, 

homogenous complexes that mediate the hydrogenation of aryl C–F bonds are limited 

to only 4 Rh systems38,59-61 (Figure 1.4). The first example of catalytic C–F 

hydrogenolysis was reported by Aizenberg and Milstein using (Me3P)4Rh-H, which 

was capable of hydrogenating C6F6 to mixtures of C6F5H and p-C6F4H2 using 5.75 atm 

H2 and Et3N.61 The proposed mechanism is almost identical to that shown in Scheme 

1.4 except that H2 is substituted for R3SiH.  

 
Figure 1.4. Homogenous precatalysts that active for the direct hydrogenation of aryl 

C–F bonds. 
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 In the presence of NaOH and 5 atm H2, Grushin and coworkers showed that 

[Rh(H)Cl2(PCy3)2] was active in the C–F hydrogenolysis of fluoronaphthalene (45% 

yield).60 Interestingly, exposure of this system to oxygen led to an extremely active 

heterogeneous catalyst that proved capable of hydrogenating a variety of unactivated 

electron-rich fluorinated arenes, including PhF, 4-fluorotoluene, 3-fluoroanisole, and 

4-fluoroaniline. As an aside, it was recently demonstrated that a heterogeneous 

Rh/Al2O3 catalyst was capable of fully hydrogenating fluorinated arenes (ranging from 

C6F6 to PhF) to cyclohexane, which remains one of the most active heterogeneous 

defluorination catalysts to date.62 

 Finally, it was shown that Cp*Rh(bipy) (where bipy = bipyridine), was capable 

of hydrogenating highly fluorinated arenes, including C6F6, C6F5, C6F5CF3, and 

C6F5CH3, in high yields using amine bases.59 Moreover, by simply substituting H2 for 

D2, which is easily sourced from D2O,63 C6F5D was able to be produced in fairly high 

isotopic purity (~90%). What makes this system particularly noteworthy, however, is 

that the steric bulk around the Rh center renders it unable to bind the cleaved fluoride, 

instead generating a charge separated [Rh-ArF]F– species, which was characterized 

crystallographically (as a BPh4 salt). The poor fluoride affinity is the likely reason that 

this system can operate at 1 atm H2, substantially lower than the other systems.  

 This last system demonstrates the catalytic advantages to using transition metal 

system with a low affinity to fluoride. While this system uses steric bulk to enforce this 

property, and alternative strategy involves the use of an anionic complex as the 

catalytically active species, which is primed to extrude F–, potentially allowing catalysis 

to proceed under milder conditions. 
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1.2.4 C–F cleavage via anionic transition metal complexes  

 Currently, there are only a handful of examples of transition metal anions 

reacting with aryl fluorides in the literature. For anionic complexes, the C–F activation 

reaction is unique in that it yields a neutral organometallic species and free fluoride 

(Scheme 1.6). While this class of C–F activation reactions are sometimes referred to as 

metal catalyzed nucleophilic aromatic substitution (SNAr), these complexes typically 

exhibit the opposite trends in the reactivity of aryl halides compared to traditional 

SNAr.64 This suggests that transition metal anions react with the haloarenes through a 

different mechanism compared to traditional (carbon, nitrogen, or oxygen-based) 

nucleophiles. Instead, the reaction rates largely follow the trends observed in traditional 

oxidative addition reactions, which increase in the order F ≪ Cl < Br < I, suggesting 

that this is the more likely mechanism.65 

 Jones was the first to invoke an anionic transition metal complex in a reaction 

with fluoroarenes.40 In this study, [Cp*Rh(PMe3)H2] was found to be marginally active 

(1.4 turnovers) for the hydrodefluorination of highly fluorinated arenes, such as C6F6, 

under H2 and excess pyridine. Evidence for an anionic pathway came from the 

accelerated HDF rate with the addition of exogenous base. Moreover, detailed 

examination of the kinetic profile revealed an autocatalytic, or product-catalyzed, 

reaction. When fluoride was added to the reaction mixture, in the form of n-Bu4NF, the 

reaction rate also accelerated dramatically. To rationalize these characteristics, it was 

proposed that fluoride was functioning as a base in the rapid equilibrium between 

Cp*Rh(PMe3)H2 and its deprotonated analogue, [Cp*Rh(PMe3)H]–, which was 

proposed as the active species. Indeed, stoichiometric experiments using the 
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Li[Cp*Rh(PMe3)H] and perfluoronaphthalene and perfluorobiphenyl resulted in 

immediate and quantitative formation of a C–F activated organometallic species. 

 
Scheme 1.6. Three reported examples of anionic complexes cleaving the C–F bonds 

of aryl fluorides. 

 Bergman and coworkers discovered that the Ir analogue, Li[Cp*Ir(PMe3)H],66 

which was generated through treatment of the neutral Ir-dihydride complex with tBuLi, 

exhibited identical reactivity toward C6F6, generating Cp*IrH(PMe3)C6F5 in moderate 

yields (78%). Moreover, the anionic Ir-species also cleaved the C–F bond of PhF, albeit 

with a much lower yield of 20%. Unfortunately, the reactivity of this species was only 

able to be examined stoichiometrically owing to the extremely high pKa of the 

protonated analogue, Cp*Ir(PMe3)(H)2, which was estimated to lie in the range of 38–

41, comparable to that of toluene. Furthermore, the strong bases, such as tBuLi, required 

to form this anionic Ir species renders catalytic reactions unfeasible due to the 

incompatibility of such strong bases with fluoroarenes.67 An [Ir(ttp)]– (ttp = 

tetratolylporphyrin) complex was also capable of the defluorination of simple aryl 

fluorides ranging from C6F6 all the way to PhF (Scheme 1.6) under forcing conditions 

(150-200°C).68 Specifically, it was hypothesized that the anionic Ir species was 

generated in situ from the reaction of Ir(ttp)SiEt3 and KOH. A limitation of this system, 

however, is that it was unreactive towards further C–F activation, and instead performs 

C–H activation of other equivalents of fluorinated substrate, leading to a catalytic dead–

end.  
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 Overall, the latter two results show that anionic transition metal complexes can 

be sufficiently reactive to cleave even unactivated aryl C–F bonds. However, the 

exceptional reactivity of these anionic transition metal species is offset by the difficulty 

in regenerating them, making them not amenable to catalytic cycles. Therefore, a 

delicate balance must be achieved between the overall reactivity and the ease in 

generating the catalytically active species. However, if one were able to stabilize 

transition metal anions such that a milder base can be used, then this may prove to be a 

powerful strategy for activating even strong and kinetically inert C–F bonds. 

1.3 The untapped potential of C–F activation via direct reduction using 

photocatalysis 

 

 Many of the previously discussed C–F activation strategies center around the 

generation of electron-rich transition metal complexes which cleave aromatic C–F 

bonds through electron donation into the C–F σ* orbital.25,32 Being generally electron-

poor, however, fluorinated organic molecules possess much lower energy π* orbitals 

(LUMOs),69 especially compared to their hydrocarbon analogues, rendering them 

especially susceptible to reduction. After reduction, fluorinated arenes produce a radical 

anion70 which, after ejection of F–,71 generates a highly reactive species that can be 

intercepted using H-atoms,72 olefins, or other electrophiles,73 making this one of the 

most flexible defluorination strategies available to the synthetic chemist. Admittedly, 

this is easier said than done, as the reduction potential of fluorinated molecules can still 

be highly negative (E1/2 > –2.4 V vs. Fc/Fc+, see Figure 1.6). However, photoredox 

catalysts, which can harvest the energy from photons to afford highly reducing states, 

have the potential to be a promising strategy in achieving defluorination under 
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relatively mild conditions. The following section will discuss the basics of photoredox 

catalysis and its application towards hydrodefluorination catalysis.  

1.3.1 Basics of photoredox catalysis 

  Photoredox catalysts typically operate via the pathways shown in Figure 1.5.74 

After absorption of a photon, a PC excited state (PC*) is generated. From here, there 

are three possible pathways available to the PC*, which include 1) returning to the 

ground state via radiative or non-radiative pathways, 2) reductive quenching via an 

electron-donor, D, generating a reduced photocatalyst, PC–, or 3) oxidative quenching 

via an electron-acceptor, A, to generate an oxidized photocatalyst, PC+. After reaction 

with either A or D, the photocatalyst is typically returned to its original oxidation state 

after reaction with a sacrificial redox agent. It should be noted that photoreductants can 

operate through either pathway, depending on whether electron transfer to the substrate 

occurs from the ground or excited state. 

 
Figure 1.5. Electron-transfer pathways for a photoredox catalysts. PC = photocatalyst; 

D = electron-donor; A = electron-acceptor. Figure taken and adapted from reference 

74. 
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 A majority of photoredox catalysts operate in the UV/visible region of the 

electromagnetic spectrum,74 as this is the region where electronic transitions typically 

occur. For photoredox catalysis, the excited-state potentials can be estimated using the 

following equations: 

   *𝐸1/2
𝑟𝑒𝑑  ≈  𝐸1/2

𝑟𝑒𝑑 + 𝐸0,0     (1) 

   *𝐸1/2
𝑜𝑥  ≈  𝐸1/2

𝑜𝑥 − 𝐸0,0     (2) 

where E*1/2 corresponds to the excited-state potential, and E0,0 corresponds to the 

difference in energy between the zeroth vibrational states of the ground and excited 

states. Notably, the energies required to determine E0,0 can easily be extracted from 

UV-Vis absorption and emission spectra. Excitation using visible light has many 

advantages over the UV region, including lower health hazards, fewer side reactions, 

and higher light permeability.75 For photoreductants that operate through a reductive 

quenching cycle, the additional reducing energy is limited by the energy of the absorbed 

photon.76 For example, blue light (440 nm), the most common photoredox excitation 

wavelength, can only provide a theoretical maximum driving force of 2.8 eV. This 

energy, however, is usually diminished in the photocatalyst through nonradiative 

pathways and intersystem crossing processes, making the true energetic driving force 

much lower than 2.8 eV, which can potentially limit the reducing strength of the 

photoredox catalyst. 

 Recently, two strategies have emerged to overcome the energetic limitations 

afforded by blue photons. The main premise behind these strategies rely on priming the 

photosensitizer through reduction prior to generating the reactive PC* species. These 

strategies diverge, however, on the methodology used to carry out this initial reduction. 



20 

The first of these strategies relies on the light-mediated generation of a radical anion 

(via reductive quenching), followed by subsequent excitation to generate a more 

powerful photoreductant.76-77 Essentially, this strategy harnesses the energy from two 

photons to help drive difficult electron transfers. In the second strategy, the 

photosensitizer is instead reduced electrochemically via bulk electrolysis.78-79 Of these 

strategies, the latter is more flexible due to the less stringent irradiation requirements. 

Nonetheless, both strategies generate extremely reducing photocatalysts, especially 

compared to more traditional complexes (Figure 1.6). However, these strategies have 

not been used towards catalytic HDF. 

 
Figure 1.6. Tablulated E1/2 and *E1/2 redox potentials (versus Fc/Fc+)80 relevant for 

photoreduction.74,77-79 The reduction potential of various organic molecules (in the 

given solvent) are also listed for comparison.81-85 
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1.3.2 Application of photocatalysis towards defluorination 

 There are, however, a few examples of C–F activation using photocatalysts. The 

most notable example of photocatalytic defluorination was reported by Weaver and 

coworkers (Scheme 1.7),86 which utilized the well-known photocatalyst, fac-Ir(ppy)3, 

to catalytically cleave the aryl C–F bonds of polyfluorinated arenes using Hünig’s base 

(EtNiPr2) as the H-atom source.  

 
Scheme 1.7. Photocatalytic HDF of highly fluorinated arenes with iPrNEt mediated 

by Ir(ppy)3. 

 Impressively, the system was able to defluorinatate pentafluoropyridine with 

over 22,000 turnovers under flow conditions, significantly higher than most other 

catalyst systems. While the functional group tolerance of this system is high, and was 

even been shown to convert p-NCPhCF3 to p-NCPhCF2H,87 the substrate-scope is 

resticted to only electron-poor polyfluorinated substrates (or lower fluorinated arenes 

with strongly electron withdrawing groups), which limits its synthetic utility. Indeed, 

there is only a single report of a photoreductant (Scheme 1.8) achieving potentials 

negative enough to defluorinate weakly activated fluoroarenes, which can convert di- 

and trifluorobenzene to PhF.88 While certainly an improvement, it should be noted that 

this process was not catalytic and was also unable to convert PhF to PhH. 
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Scheme 1.8. Photoreduction of unactivated aryl fluorides using and organic amine 

reductant. 

 Overall, this shows that HDF reactions via a photoredox catalyst is a 

methodology that should be explored to a much larger extent. Moreover, the strategy 

of priming the photoredox catalyst through reduction prior to excitation will 

undoubtedly prove to be beneficial to the defluorination of electron-rich arenes.  

1.4 Exploiting the unusual traits of M–M bonds for the cleavage of strong 

bonds 

 As demonstrated in a few of the previously discussed HDF catalysts, there are 

certainly advantages to using multinuclear species, such as transition metals paired with 

electropositive main group elements, for the activation of strong bonds. The following 

section will detail examples of complexes featuring polarized M−M bonds, particularly 

those between a Lewis acidic early transition metal or main group element and an 

electron-rich late transition metal, and how their properties can prove beneficial 

towards catalytic hydrodefluorination. 

1.4.1 Application of M−M bonding in catalytic reactions 

 The presence of a M–M can prove potentially beneficial for catalytic C–F 

activation in at least three different ways, including: 1) aiding in directly cleaving the 

C–F bond across the M–M bond in cooperative fashion, 2) stabilizing reduced metal 

sites, including transition metal anions, through storage of multiple electron equivalents 

within the M–M bond, which can be beneficial for oxidative C–F cleavage, and 3) 

imparting electrophilicity at the active metal site, thereby increasing substrate binding 

affinity trans to the M–M bond and effectively priming it for the oxidative addition of 

C–F bonds. Specific examples demonstrating these properties will hence be discussed. 
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1.4.2 Cleaving strong bonds across an M–M unit 

 Indeed, we have already discussed a few examples of leveraging Rh–E bonds 

(where E = B, Al) for the cleavage of C–F bonds.34,50 To delve a little deeper, we will 

focus on the highly reactive Al–Rh complex discussed earlier to elucidate why this 

bonding interaction is crucial for catalysis.  

 
Figure 1.7. Calculated reaction coordinate for C–F bond cleavage across an Al–Rh 

bond using DFT. The energy values are given in kcal/mol. Adapted from reference 

50. 

 The energetics of the intermediates and transition states in the C–F bond 

cleavage reaction were probed using DFT, with the results shown in Figure 1.7. 

Shockingly, the oxidative addition of the C–F was almost barrierless, with an activation 

energy of 0.3 kcal/mol! Consistent with this data, the reaction was able to proceed even 

at temperatures as low as –30 ºC, likely making these the mildest conditions for C–F 

activation to date. In contrast, a Rh-only oxidative addition pathway leads to a 

calculated barrier that lies ~21 kcal/mol higher in energy than the pathway, 
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demonstrating the significant transition state stabilization afforded by the appended Al 

ion. 

 Early/late transition metal bimetallic complexes have also been shown to be 

capable of activating strong bonds. For example, Thomas and coworkers have 

demonstrated that a highly reduced ZrCo complex featuring a highly polarized Co→Zr 

triple bond is capable of cleaving the C=O bonds found in CO2 
89 and benzophenone90 

derivatives, forming Zr(μ-O)Co–CO/CR2 species (Scheme 1.9). Unfortunately, efforts 

to make this reaction catalytic were hindered by the inability to break the Zr–O bond, 

which stayed intact even after treatment with reductants such as Na or silanes. 

 
Scheme 1.9. Cooperative activation of C=O bonds in CO2 and benzophenone 

derivatives by a ZrCo bimetallic complex. 

1.4.3 Storage of electron equivalents within the M–M bond 

 M–M bonding also have the benefit of allowing for the storage of multiple 

electron equivalents at very mild potentials, effectively masking low-valent transition 

metals. For example, characterization of the previously discussed ZrCo complex using 

K-edge X-ray absorption spectroscopy revealed the absence of any 1s→3d transitions 

at Co, consistent with a sub-valent d10 electron configuration at Co.91 This shows that 

the electronic structure of this ZrCo complex is most consistent with a ZrIV/Co-I 

oxidation state assignment. This is especially noteworthy due to the extremely mild 

reduction potential measured in the bimetallic precursor, Cl–ZrCo–I, which is able to 

undergo 2-electron reduction at –1.87 V (vs. Fc/Fc+).92 
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 The ability of the M–M bond to store electron equivalents at mild potentials is 

not limited to bonds between two transition metals,93-96 but can also be observed in 

dative bonds between transition metals and main group ions as well.96-99 A family of 

subvalent [(N2)CoML]– complexes (where M = Al, Ga, and In)98 characterized by our 

group, which features a dative bonds between the Co and M (Figure 1.8), similarly 

exhibit mild Co–I/Co0 redox potentials. More importantly, however, is the fact that the 

Co oxidation potential and degree of π-back-bonding to the N2-unit (measured via IR 

spectroscopy) can be tuned so dramatically simply by changing the identity of the group 

13 ion. 

 
Figure 1.8. Triad of [N2CoML]– complexes, along with their respective Co–I/Co0 

redox potentials and N2 stretching frequency. 

 A particularly elegant example of multiple electron storage within a dative 

TM−main group bond can be observed in the Fe-borane N2-fixation catalyst reported 

by Peters and coworkers (Scheme 1.10).100 This complex is fairly active towards the 

conversion of N2 to NH3, an overall 6-electron transformation, using strong acid 

(HB(ArF)4 where ArF = 3,5-trifluoromethylphenyl) and KC8 as reductant. Amazingly, 

treatment of the reduced [N2Fe-B]2– complex, which features a formal Fe–II
 center, with 

3 equivalents of [H(OEt2)2]B(ArF)4 (where ArF = 3,5-trifluoromethylphenyl) leads to 

extrusion of NH3 and formation of an FeIV-nitride. In this transformation, the Fe center 

spans six formal oxidation states! While the π-acidic phosphines and N2-unit 
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undoubtedly play a role in buffering the redox changes in this reaction, the presence of 

strong Fe-B bonding surely plays a dramatic role in assisting in this process. 

 
Scheme 1.10. Protonation of the N2-unit bound by a reduced FeB species, culminating 

in the dissociation of NH3 and formation of an Fe-nitride. 

1.4.4 Imparting electrophilicity via M–M bonding 

 A third, but no less powerful, benefit of appending strong σ-acceptors to 

transition metal centers is the ability of the σ-acceptor to impart additional 

electrophilicity to the transition metal center.101-105 Utilization of this strategy has in 

many cases led to enhanced and novel reactivity profiles that are difficult to achieve 

using a single transition metal. A seminal example of this strategy was first reported in 

2012 by Peters who utilized a σ-accepting borane to turn on the hydrogenation 

reactivity at a homogeneous Ni0 center (Figure 1.9).106-107 The ability to promote 

hydrogenation reactivity at a homogeneous Ni0 center was noteworthy and productive 

hydrogenation reactivity at Ni0 was unprecedented. 

                  
Figure 1.9. (Left) H2 activation by the (MesDPBPh)Ni0 complex reported by Peters and 

coworkers, which catalyzes the hydrogenation of olefins. (Right) Calculated transition 

state for the oxidative addition of H2 across the Ni-B bond.108 Figures taken from 

references 105 and 108. 
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 The difficulty in activating H2 using Ni0 can be rationalized in two ways. First, 

H2 activation by a transition metal typically occurs through the binding of H2 to the M-

center to form a M(η2-H2) adduct.109-110 Hence, an empty orbital in an open-

coordination site is a crucial requirement for metal-mediated H2 activation. However, 

Ni0, with a d10 electron configuration, has no empty d-orbitals that could serve to accept 

electron density. Therefore, the remaining acceptor orbitals are limited to empty 4s and 

4p orbitals, which are generally too high in energy to accept electron density from poor 

σ-donors such as H2. Secondly, the cleavage of the H–H bond at the transition metal is 

facilitated through π-back donation into the H2 σ* orbital.106 The high electronegativity 

of Ni, however, leads to poor energetic overlap of the Ni dπ orbital with the H2 σ* 

orbital, resulting in a large energetic barrier H–H bond cleavage.108 Appending a Lewis 

acidic σ-acceptor, such as boron, to the Ni0 center addresses both of these shortcomings.  

 
Figure 1.10. (Left) Simple molecular orbital diagram depicting the Ni and M orbitals 

with σ-symmetry. Adapted from reference 111 (Right) Calculated Ni-Ga σ-bond 

orbitals (DFT, M06L).112  

 Examination of a simple molecular orbital diagram between Ni and an 

undefined σ-acceptor (Figure 1.10, left) reveals how a Lewis acid (such as boron) can 

form bonds with not only the filled Ni 3dz2, but also the empty Ni 4pz orbital.113-114 

Interestingly, this latter bond results in an empty, more energetically accessible 

molecular orbital with substantial density trans to the σ-acceptor (Figure 1.10, right), 
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resulting in a substantially more electrophilic Ni-center that is now capable of binding 

weak σ-donors, such as H2. Moreover, the presence of the boron in the Ni-B complex 

also allows for substantial charge delocalization to B, effectively lowering the barrier 

to oxidative addition (Figure 1.9).108 Notably, the ability of Lewis acids to turn on 

hydrogenation reactivity at Ni0 centers is not limited to boron. Specifically, our group 

has shown that this phenomenon can be observed in the heavier group 13 congeners 

(Al, Ga, In),99 in addition to the group 3 (Sc, Y, Lu) and lanthanide ions.96,115 Moreover, 

the recent surge in the use of this strategy has highlighted that these concepts can be 

applied to a variety of TM/M combinations,116 and has led to enhanced reactivity for a 

variety of catalytic processes, such as CO2 hydrogenation98,113 and hydrosilylation,117 

Kumada coupling,118-119 alkyne semi-hydrogenation,96,120 and ketone 

hydrosilylation.121 

1.5 Thesis Scope 

 The work of this thesis aims to synthesize and characterize complexes featuring 

M–M bonds with the goal of developing more efficient C–F functionalization catalysts. 

The concepts discussed above show that heterobimetallic complexes can offer many 

distinct advantages towards this difficult transformation, which motivates further 

exploration into the reactivity of these complexes. 

 Chapter 2 of this thesis will detail the synthesis and characterization of a FeTi 

redox series supported by a double-decker phosphinoamide ligand framework, with the 

primary goal of elucidating the overall electronic structure of this family of complexes. 

Featuring significantly short Fe-Ti bond lengths, the series of [FeTiL]+/0/– complexes 

were subjected to an array of spectroscopic and physical characterization techniques, 

including X-ray crystallography, cyclic voltammetry, EPR, Mössbauer, and K-edge X-
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ray absorption spectroscopies. For the latter two techniques, DFT calculations proved 

to be instrumental in guiding the interpretation of their results, which demonstrated that 

each redox change in the [FeTiL]+/0/– series were primarily Fe-based, and that the 

Fe→Ti bonding interactions plays a significant role in stabilizing this highly reduced 

Fe-center. 

 Chapter 3 details the synthesis and characterization of a family of isostructural 

monovalent X–RhML complexes (where M = Al, Ga; X = Cl, CH3, and H) which 

feature direct Rh→M dative bonds. The effect that the Rh→M dative bonds have on 

the electronics at Rh were probed using cyclic voltammetry, demonstrating that the Ga 

metalloligand withdraws more electron density from Rh than the corresponding Al 

species. Moreover, each complex, which featured a distorted trigonal pyramidal 

geometry at Rh, exhibited significant fluxionality involving phosphine exchanging 

processes, which were probed using variable temperature NMR spectroscopy. 

 Chapter 4 extends the series of RhML complexes to In, which was demonstrated 

to be active towards the catalytic hydrogenolysis of unactivated aryl C–F bonds using 

1 atm H2, NaOtBu, and moderate heating. While the RhGaL and RhAlL variants were 

shown to have moderate catalytic activity, the most electron deficient RhInL species 

was shown to be the most active catalyst of the three by a significant margin. 

Stoichiometric and mechanistic studies showed that the catalytic cycle operates through 

an unusual Rh–I/RhI redox cycle. We conclude that the strong Rh→In interaction helps 

stabilize the reactive [RhInL]– species, effectively priming it for the cleavage of the aryl 

C–F bond. 

 The final chapter of this thesis describes how the [RhML]– species (where M = 

Al, Ga, and In) can behave as extremely reducing photoredox catalysts, which are 
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capable of reducing, and consequentially hydrodefluorinating a wide range of 

fluorinated organics, including substrates featuring aromatic and benzylic C–F bonds. 

Moreover, the reduced photocatalysts are regenerated using H2 and base (tert-

butoxide), which constitutes an unprecedented method for closing a catalytic 

photoredox cycle. DFT and CASSCF calculations suggest that the excited 

photoreductant is generated through promotion of an electron from the (Rh-3dz2)-M σ-

orbital into the LUMO comprising a (Rh-5pz)–M σ-bond, demonstrating that this 

photoredox behavior can likely be extended to other similar TM–M species.  
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Enhanced Fe-centered Redox Flexibility in Fe-Ti 

Heterobimetallic Complexes 
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2.1 Overview 

As discussed in section 1.4, early transition metals have served as excellent metal 

supports for late transition metals. In spite of this, the electronic structure of complexes 

bearing metal-metal bonds between two different first row transition metals have been 

rarely investigated in such a detailed extent. Previously, we reported the synthesis of 

Ti[N(o-(NCH2P(iPr)2)C6H4)3] and the Fe-Ti complex, FeTi[N(o-(NCH2P(iPr)2)C6H4)3], 

abbreviated as TiL (1), and FeTiL (2), respectively. Herein, we describe the synthesis 

and characterization of the complete redox families of the monometallic Ti and Fe-Ti 

compounds. Cyclic voltammetry studies on FeTiL reveal both reduction and oxidation 

processes at −2.16 and −1.34 V (versus Fc/Fc+), respectively. Two isostructural redox 

members, [FeTiL]+ and [FeTiL]− (2ox and 2red, respectively) were synthesized and 

characterized, along with the structurally related BrFeTiL (2-Br) and the monometallic 

[TiL]+ complex (1ox). The solid-state structures of the [FeTiL]+/0/− series feature short 

metal-metal bonds, ranging from 1.94−2.38 Å, which are all shorter than the sum of the 

Ti and Fe single-bond metallic radii (cf. 2.49 Å). To shed light into the bonding and 

electronic structures, the complexes were characterized with a variety of spectroscopic 

methods, including NMR, EPR, 57Fe Mossbauer, as well as Ti and Fe K-edge X-ray 

absorption spectroscopy (XAS) (Figure 2.1). These studies, along with hybrid density 

functional theory (DFT) and time-dependent DFT calculations, suggest that the redox 

processes in the isostructural [FeTiL]+,0,− series are primarily Fe-based, and that the 

polarized Fe-Ti π-bonds play a role in delocalizing some of the additional electron 

density from Fe to Ti (net 13%). 
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Figure 2.1. Overview of the various physical and spectroscopic characterization 

methods used to elucidate the electronic structure of the FeTiL redox series. 

2.2 Introduction  

 Iron is ubiquitous in a variety of catalytic transformations in biology,122-126 and 

is increasingly featured in synthetic processes as a viable alternative to toxic and/or 

precious metal catalysts.127-131 For the oxygen-activating Fe enzymes that functionalize 

aliphatic C-H bonds, FeIV-oxo species are well established as key intermediates. The 

high-valent nature of the Fe oxo species and their synthetic models is supported by 57Fe 

Mössbauer spectroscopy and synchrotron-based methods.132-133 At the other extreme, 

sub-valent Fe species also show utility in organic transformations. For example, 

[Li(TMEDA)]2[Fe(C2H4)4] is a precatalyst in cross-coupling reactions;127,134-135 and 

Collman’s reagent, Na2[Fe(CO)4], is useful for a variety of organic transformations, 

including carbonylation, reductive coupling of two alkyl halides (to form ketones), and 

the selective reduction of conjugated olefins.128 In general, the isolation of these 

formally Fe−II complexes requires strongly π-acidic ligands, with representative 

examples comprising 18-electron, homoleptic complexes supported by carbonyls,136 

isocyanides,137-139 olefins,140 and trifluorophosphines.141 The spectroscopic, or 

physical, oxidation state of formally sub-valent Fe compounds, however, remains 
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largely unstudied. In one case, a detailed investigation of the [Fe(C5Me5)(η
4-

anthracene)]+/0/− complexes revealed that the redox processes are primarily ligand-

based and that the physical oxidation state remains FeII, thereby debunking the formal 

oxidation states of FeI and Fe0 in this series.142 Likewise, for Collman’s reagent, an 

alternative interpretation of an FeII center with reduced CO ligands has been 

proposed.143 

Another intriguing example of a formally sub-valent Fe complex is 

[(TPB)Fe(N2)]
2−, where TPB is tris(o-diisopropylphosphinophenyl)borane.100 The 

physical oxidation state assignment is complicated by the delocalization of electron 

density via the Z-type Fe→B σ-bonding interaction, in addition to π-back-donation 

from Fe to the phosphines and N2. The electronic configuration was represented by 

{FeB}10, where the Feltham-Enemark notation144 allows for the possibility of electron 

delocalization across the FeB unit and reflects the ambiguity in the oxidation states at 

Fe and B.105,145-147 

We reasoned that formally sub-valent Fe centers could also be stabilized via 

direct bonding to an electropositive transition metal. This strategy would leverage 

metal-metal covalency to enhance redox flexibility at the Fe center.94-95,146,148-151 

Specifically, the bonding between an early and late transition metal can be polarized to 

such an extent that the formal charges on the metals are zwitterionic. A notable example 

is (THF)Zr(μ-MesNPiPr2)3Co(N2), whose electronic structure is consistent with a 

Co−IZrIV core based on K-edge XAS data.91 Currently, we extend this concept to FeTi 

complexes,93-94,146 where the large electronegativity difference between Fe (1.80) and 

Ti (1.38) should also engender highly polarized Fe-Ti bonds where the electron density 

is mostly localized at Fe.152-155 
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Previously, TiL (1)156 and FeTiL (2)94 were reported, albeit with limited 

characterization data. Here, we report the full synthesis and characterization of 1, 2, and 

their isostructural redox counterparts. Notably, the [FeTiL]+/0/− series exhibits a large 

variation in the Fe-Ti bond length between each redox member. Hence, this series 

makes for an interesting study because of the complex interplay between electronic 

structure and chemical bonding. The ambiguity of the metal oxidation states can be 

constrained by considering two limiting scenarios. By attributing the charge of the 

anionic donors solely to the bound metal, one would assign TiIII, and hence FeI, Fe0, 

and Fe−I in [FeTiL]+/0/−, respectively. On the other hand, the coordination chemistry of 

Ti is dominated by TiIV; thus, an alternative assignment is Fe0, Fe−I, and Fe−II, 

respectively. To obtain insights into the underlying electronic structures, a host of 

physical and spectroscopic studies were conducted, including CV, EPR, 57Fe 

Mössbauer, and multi K-edge XAS studies, as well as complementary DFT 

calculations. 

2.3 Results and Discussion 

2.3.1 Electrochemical Characterization of FeTiL (2) 

The electrochemistry of complex 2 was probed using cyclic voltammetry (CV), 

as shown in Figure 2.2 (Fig. A.2.1−A.2.3). Complex 2 features a reversible reduction 

process at −2.16 V versus Fc/Fc+ (at 50 mV/s: ipa/ipc = 0.96, ΔEp = 84 mV) and an 

oxidation event at −1.34 V (at 50 mV/s: ipc/ipa = 1.02, ΔEp =114 mV). As a comparison, 

the CV for the Ti monometallic complex, TiL (1), shows a Ti(III/IV) redox couple at 

−1.57 V (ipc/ipa = 0.93, ∆Ep = 174 mV at 100 mV/s, Figure A.2.4). 

To understand the nature of the redox processes in 2, the redox potentials were 

compared to that of TiL (1), as well as to those of related Ti and/or bimetallic Fe−M 
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complexes in the literature. Reports of Ti(III/IV) redox potentials are scarce, especially 

for complexes containing amido ligands. One notable example is the Ti(IV) complex, 

Ti(κ2−Me3SiNCH2CH2NSiMe3)2,
157 for which the Ti(III/IV) potential is estimated to 

be −2.3 V versus Fc/Fc+ based on the reported value of −1.91 vs Ag/AgCl in THF.80,158 

By comparison, the Ti(III/IV) potential for 1 is 760 mV more positive. However, this 

large potential difference may be ascribed to the overall anionic charge and the greater 

number of amide donors for [TiIII(Me3SiNCH2CH2NSiMe3)2]
− compared to 1.  

 

Figure 2.2. Cyclic voltammogram of 2 in 0.4 M [nBu4N]PF6 in THF at a scan rate of 

50 mV/s. For additional CV studies of 2, see Supporting Information Figures A.2.1-

A.2.3. 

 

The oxidation process of 2 at −1.34 V is 230 mV more positive than that of 1. 

Upon incorporation of the low-valent Fe metal into 1, one might expect any localized 

Ti(III/IV) potential in the resulting bimetallic 2 to shift to more negative potentials 

compared to 1, because of the additional electron density being donated from Fe to Ti. 

In support, the Ti(III/IV) oxidation for the isostructural NiTiL complex occurs at −1.90 

V versus Fc/Fc+ (Figure A.2.5),159 which is 330 mV more negative than that of 1. 

Hence, we rule out the oxidation of 2 as being a Ti-centered redox process. We further 

propose that 2ox contain an Ti(IV) center because an Fe(0)Ti(IV) assignment seems 

-2.5-2.25-2-1.75-1.5-1.25-1

V vs Fc/Fc+
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more reasonable than Fe(I)Ti(III). The case of 2 remains unclear because the 2ox/2 

redox process can be either Fe-centered, e.g. Fe(0/−I), or delocalized across both 

transition metals, e.g. Fe(0)Ti(IV)/Fe(0.5)Ti(3.5).  

The reduction process of 2 at −2.16 V versus Fc/Fc+ may also be considered 

along two limiting scenarios, where the reduction is centered on either metal, i.e. 

Ti(IV/III) or Fe(−I/−II). While the former may appear more plausible, the latter cannot 

be fully ruled out. One close analogue to 2 that has also been investigated by CV is 

(TPB)Fe(N2), which undergoes two reductions at −2.2 and −3.2 V versus Fc/Fc+.100 The 

second reduction process, which corresponds to {FeB}10, is exceedingly more negative 

than that observed for {FeTi}10 2red. However, one caveat is that {FeB}10 is dianionic, 

whereas 2red is monoanionic. Moreover, direct comparisons to (TPB)Fe(N2) may have 

limited utility since the Fe→B bonding is quite distinct from the multiply bonded Fe≡Ti 

complexes (vide infra). Another relevant analogue is the N2-labile Co alumatrane 

complex, (N2)CoAlL, for which the “naked” [CoAlL]0/− reduction potential was 

measured at −2.10 V versus Fc/Fc+ under Ar.114 This redox potential, which has a 

similar value to that of 2/2red, was assigned as a localized d9 Co(0) / d10 Co(–I) redox 

couple based on quantum chemical calculations.  

Two other Fe-Ti systems have been reported in the literature: Ti(μ-

XylNPiPr2)3FeBr146 and Ti(μ-NP)3Fe / K2[(κ
1−NP)Ti(μ-NP)2Fe]93, where Xyl is xylyl 

and NP is diphenylphosphinopyrrolide. Unfortunately, no CV data for these complexes 

were reported. However, we can draw comparisons to the isostructural FeVL and 

FeCrL complexes, which show [FeML]0/− reduction potentials at −2.85 V and −2.33 V, 

respectively. Intriguingly, the reduction potentials of the [FeML]0/− series, where M = 

Ti, V, and Cr, defy any periodic trend with respect to M because the potentials increase 
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according to the order: M = V ≪ Cr < Ti. Our best explanation, so far, is that the redox 

potentials are strongly tied to the total d-d electron valence count, where counts of 10, 

i.e. {FeM}10, are strongly favored in these multiply bonded [FeML]n complexes. The 

energetic preference for d-d counts of 10 is sensible because it would correspond to an 

electronic configuration of (σ)2(2π)4(dx
2
−y

2, dxy)
4,92,148-150,160 which maximizes the 

population of bonding and nonbonding molecular orbitals. Hence, the 2/2red reduction 

potential is the most mild because it favorably generates {FeTi}10, whereas the 

corresponding [FeVL]0/− reduction redox potential is the most harsh because generating 

{FeV}11 from {FeV}10 is comparatively less favorable.  

2.3.2  Synthesis of FeTiL Redox Series 

 The synthesis of the all redox members of the FeTiL family is shown in Scheme 

2.1. As previously reported, complex 2 was prepared by mixing TiL (1), FeBr2, and 2.1 

equiv of the reductant, KC8, in THF. Adding an additional equiv of KC8 to 2 led to the 

further reduced member, [FeTiL]−, which was isolated as K(THF)3[2red]. This synthetic 

route is preferred over the more direct reaction between FeBr2, 1, and 3 equiv KC8 

because it avoids having to separate 2red from the KBr byproduct. In contrast, the 

synthesis of [FeTiL]+ (2ox) was less straightforward. Direct oxidation of 2 using 

[Fc]BArF
4 gave the desired product and a diamagnetic side product, which was 

independently identified as the monometallic complex, [TiL]BArF
4, or [1ox]BArF

4, 

where ArF = 3,5-(CF3)2-C6H3. An improved synthesis of 2ox was devised that involved 

the intermediacy of BrFeTiL (2-Br). The latter can be isolated from a 

comproportionation of 2 and “Br2FeTiL”, which is generated in situ from mixing 1 and 

FeBr2 in THF.106,161 Next, attempts to abstract the bromide in 2-Br using NaBArF
4 in 

CH2Cl2 failed to provide 2ox, leading instead to pure 1ox. By changing the solvent to 
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fluorobenzene, [2ox]BArF
4 was generated cleanly; however, we were unable to grow 

diffraction-quality single crystals. Installation of the highly crystalline 

dodecachlorododecaborate dianion162-163 (B12Cl12
2−) through oxidation of complex 2 

using Ag2B12Cl12 allowed for the isolation of crystalline [2ox]2B12Cl12. 

 

Scheme 2.1. Synthetic routes to the Ti monometallic compounds (1, 1ox) and the 

bimetallic Fe-Ti complexes (2, 2red, 2-Br, and 2ox). 

2.3.3 X-ray Crystallography 

 All redox members of the TiL and FeTiL series were characterized through 

single-crystal X-ray diffraction studies. The corresponding solid-state structures are 

shown in Figure 2.3, and relevant structural metrics are provided in Table 2.1 (for more 

bond lengths and angles, see Table A.2.1). Additionally, the metrics for 2 are included 

for comparison. Comparing the structures of 1 and 1ox, the Ti−Neq bond lengths contract 

by ~0.05 Å upon oxidation of the Ti(III) center to Ti(IV), respectively. In addition, the 

Ti center moves farther above the N3-plane towards the phosphine donors with 

concomitant elongation of the Ti−Namine bond by 0.1 Å. The greater interaction of the 

Ti(IV) center with all three phosphine donors is observed in 1ox where the average Ti−P 
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distance is 2.76 Å. On the other hand, only a single phosphine donor binds to the Ti(III) 

center in 1 (Ti−P = 2.7252(5) Å), while the other two Ti−P distances are greater than 

3.0 Å.  

 

Figure 2.3. Solid-state structures of [TiL]0/+ (1, 1ox), [FeTiL]−/0/+ (2red, 2, 2ox), and 

BrFeTiL (2-Br). Thermal ellipsoids are shown at 50% probability. Hydrogen atoms, 

non-coordinating solvents, and counterions are omitted for clarity. Titanium, green; 

iron, brick-red; phosphorus, orange; nitrogen, blue; and bromine, brown. The Ti−Fe 

bond distances (Å) are shown in red, while Ti−N (avg.), Ti−Namine, Fe−P (avg.), and 

Fe−Br bond distances are shown in blue. 

 In all the FeTi complexes, the Ti−Fe bond lengths are smaller than the sum of 

their single-bond metallic radii (2.489 Å),164 suggesting a strong interaction between Ti 

and Fe in these complexes. The formal shortness ratio (FSR),165 defined as the ratio of 

the measured metal-metal bond distance to the sum of the single-bond radii, is useful 

to gauge the strength of the interaction between different bimetallic complexes, for 

which FSR values ≪ 1 usually denote metal-metal multiple bonding.  
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Table 2.1. Selected bond lengths (Å), bond angles (°), and other relevant metrics for [TiL]0/+ (1, 1ox) [FeTiL]−/0/+ (2red, 2, 2ox), and BrFeTiL (2-

Br). 

 
1 1ox 2red 2a 2ox 2-Br 

Ti−Fe N/A N/A 1.9494(6) 2.0635(6) 2.0458(8) 2.1613(10) 2.3853(4) 

FSR N/A N/A 0.78 0.83 0.82 0.87 0.96 

d-count 1 0 10 9 8 8 

Fe−Pb N/A N/A 2.2134(9) 2.2872(14) 2.2856(16) 2.3609(10) 2.3888(10) 

Fe to P3 Plane N/A N/A −0.1431(6) −0.0373(5) 0.0208(7) 0.1429(9) 0.3578(4) 

Ti−Neq
b 2.0149(25) 1.9663(7) 2.051(3) 2.016(3) 2.019(5) 1.998(3) 1.9956(27) 

Ti to N3 Plane 0.4743(8) 0.5580(26) 0.5231(15) 0.4677(13) 0.4568(15) 0.4504(24) 0.4888(9) 

Ti−Namine 2.2697(13) 2.366(2) 2.423(3) 2.340(2) 2.328(2) 2.297(4) 2.3537(15) 

Ti−P 2.7252(5) 2.7609(12)b N/A N/A N/A N/A N/A 

P−Fe−P N/A N/A 118.67(3) 115.52(3) 117.22(4) 119.637(5) 117.65(2) 

 N/A N/A 120.03(3) 127.84(4) 128.98(4) 119.637(5) 119.55(2) 

 N/A N/A 120.06(3) 116.57(4) 113.77(4) 119.637(5) 116.19(2) 

Fe−Ti−Namine N/A N/A 179.33(7) 178.40(7) 179.45(7) 180 178.69(4) 

Neq−Ti−Neq 115.73(6) 112.49(10) 107.95(10) 114.12(11) 112.73(12) 115.07(5) 114.35(7) 

 113.54(6) 111.31(10) 116.92(10) 114.38(11) 117.99(12) 115.07(5) 113.45(7) 

 114.64(6) 113.04(10) 116.23(10) 115.86(11) 114.40(12) 115.07(5) 114.82(6) 

aTwo molecules in the asymmetric unit. bAverage of the three values. 
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The FSR values are all below unity (0.96 to 0.78) and decrease in the following order: 

2-Br > 2ox > 2 > 2red. With each successive reduction, or increase in the total d-d count 

from 8 to 10, the Ti−Fe bond contracts. Another geometric ramification of the 

strengthening of the Ti−Fe bond is gleaned by comparing the distance of the Fe center 

to the P3-plane, in which Fe is slightly above the plane in 2ox, within the plane in 2, and 

below the P3-plane in 2red. Of note, 2red is among only a handful of first-row 

heterometallic complexes with metal-metal bond lengths shorter than 2.0 Å.166-174 

Additionally, the Ti−Fe bond length of 1.9494(6) Å in 2red is similar to that of 

K2[(κ
1−NP)Ti(μ-NP)2Fe], which currently has the shortest Ti−Fe bond in a 

coordination complex of 1.9474(7) Å (Table A.2.2).93 Additionally, the FSR value of 

0.78 for 2red is identical to that of the isostructural MnCrL complex, which formally 

contains a quintuply bonded Mn-Cr unit.148,150 

 In these complexes, the first coordination sphere of each metal was scrutinized 

to assess whether redox occurs at Ti, Fe, or both metal sites. In the Fe-Ti bimetallic 

complexes, the Ti−Neq bond length elongates in the order: 2-Br ≈ 2ox < 2 < 2red. 

Additionally, the average Fe−P bond length contracts in the same order, with 2red 

possessing the shortest Fe−P bond distance in the series. In considering the isostructural 

complexes, the contraction of the Fe−P bond distances from 2ox to 2 to 2red is consistent 

with increasing Fe→P π-back-bonding upon reduction of the FeTi core. Interestingly, 

plotting both the average Ti−Neq and Fe−P bond distances versus total valence electron 

count for each complex show excellent correlations (R2 > 0.99; Figure A.2.13-A.2.14). 

However, the overall change in Fe−P bond distances is greater (Δ = 0.15 Å) than that 

of the Ti−Neq bond distances (Δ = 0.05 Å), suggesting that Fe is perturbed to a larger 

extent than Ti upon reduction. We note that the [FeCrL]+/0/− redox series exhibits the 
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opposite trend in that the Cr−Neq bond distance varies more significantly (Δ = 0.14 Å) 

than the Fe-P bonds (Δ = 0.02 Å) upon successive reductions.148,175 Finally, close 

examination of the P−Fe−P bond angles in the solid-state structure of 2 shows a 

significant distortion from C3-symmetry, with one P−Fe−P angle being much larger 

than the rest (~128°). This suggests the complex has undergone a Jahn-Teller distortion 

arising from an unpaired electron that is localized at Fe in what would have otherwise 

been a degenerate pair of orbitals (vide infra). 

2.3.4 NMR and EPR Spectroscopy 

Complexes 1ox and 2red are diamagnetic, and the remaining complexes are 

paramagnetic. The 1H NMR spectrum of 1ox and 2red each show a total of 11 unique 

peaks for the ligand protons, including 4 aryl, 2 diastereotopic methylene, 1 methine, 

and 4 unique methyl protons. This is most consistent with the complex possessing C3 

symmetry in solution, as a fully “locked” C3-symmetric complex would display a total 

of 12 resonances.148 The 1H NMR spectrum of 2, with 12 unique resonances, is fully 

consistent with C3 symmetry. In contrast, complexes 2-Br and [2ox]BArF
4 only show 7 

and 5 paramagnetically-shifted resonances (excluding BArF
4 protons), respectively. 

The fewer number of resonances may indicate an average C3v symmetry, which results 

from the fast exchange between the two propeller orientations, or that some signals are 

no longer observable due to paramagnetic broadening. Using Evans’s method, the 

solution magnetic moments of 2-Br and [2ox]BArF
4 were determined to be 2.97(7) and 

2.99(8) μB, respectively, which are consistent with S = 1 ground states (cf. spin-only μ 

= 2.83 μB).  

The S = ½ spin state of 2 was confirmed by X-band EPR spectroscopy. As 

shown in Figure 2.4, the EPR spectrum of 2 features a pseudo axial signal with g = 
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(2.27, 2.05, 2.03), where the gavg of 2.12 is greater than that of a free electron (ge ≈ 

2.002). Similar g-values were observed for the related {FeM}9 complexes: 

[(N2)FeAlL]−, (2.20, 2.04, 2.04); [FeVL]+, (2.23, 2.08, 2.04); BrFeV(μ-iPr2NPPh2)3, 

(2.13, 2.10, 2.06).149,176-177 Additionally, a four-line hyperfine coupling pattern was 

discerned near g⊥, which can be attributed to hyperfine coupling with three chemically 

equivalent 31P (I = ½) nuclei, where Aavg(
31P) is 62 MHz (for more simulation details, 

see Fig. A.2.15-A.2.16). Unfortunately, the 31P hyperfine coupling interactions for the 

prior Fe-M bimetallic compounds were not resolved by X-band EPR spectroscopy. The 

next best comparisons are [NiAlL]− and [NiGaL]−, for which Aavg(
31P) is 35 and 38 

MHz, respectively.178 Of note, the unpaired spin is delocalized across both the Ni and 

Al/Ga centers. Hence, the larger Aavg(
31P) value for 2 is consistent with a localized Fe-

based spin. As a control, the X-band EPR spectrum of 1 (Figure A.2.17) shows an 

isotropic signal with giso= 1.95, which is consistent with other Ti(III) complexes in the 

literature.179-181 Overall, the Aavg(
31P) value, the fact that gavg ≫ ge, and that g‖ ≫ g⊥ 

indicate that the unpaired electron is localized in an Fe-based d-orbital in the xy-plane. 

 

Figure 2.4. X-band EPR spectrum (9.65 GHz, 10 G, 6.33 μW) of 2 at 20 K in frozen 

toluene (1 mM). Experimental spectrum is shown in black, while the simulated 

spectrum is shown in red. Simulation parameters for 2: g = (2.273, 2.051, 2.028), 

A(3×31P) = (24.0, 17.4, 21.0) × 10−4 cm−1, or (71.9, 52.2, 63.0) MHz. For alternative 

EPR simulations of this spectrum, see Figure A.2.15. 

2900 3100 3300 3500 3700
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2.3.5 DFT calculations 

Single-point hybrid density functional theory (DFT) calculations were carried 

out to elucidate the electronic structures of 2ox, 2, and 2red (see Experimental Section 

for details). The frontier molecular orbital (MO) diagrams are presented in Figure 2.5, 

and the corresponding orbital coefficients are given in Table 2.2. It should be noted that 

the selected MOs for 2red in Figure 2.5 are also representative of those for 2ox and 2. 

Complete MO lists are available in Table A.2.4 and Figure A.2.19. All 3 complexes 

display polarized Fe-Ti bonding MOs, albeit with differing Ti contributions: two π-

bonds (1e) comprising the Fe and Ti dxz/dyz orbitals, and a σ-bond (1a1) between the Fe 

and Ti dz2 orbitals. The Fe dxy and dx2-y2 (2e) orbitals, on the other hand, are localized, 

precluding any Fe-Ti δ-bonds. Previously, polarized triple bonds were predicted for 

related heterobimetallic complexes, where bond polarization increases as the two 

metals’ groups are further separated on the periodic table.19,22,25 Also of interest, the 

LUMO (2a1) is similar across the series and has contributions from the Fe 4p, P 3s/3p, 

and Ti 3dz2 orbitals. The Fe 4p and Ti 3dz2 contributions in the LUMO increase in the 

order of 2red, 2, and 2ox, and hence, are largest for the most oxidized Fe-Ti species, 2ox. 

The presence of an energetically low-lying metal-based p-orbital has also been invoked 

in Ni0 and Co−I bimetallic complexes bearing a group 13 metalloligand.113,182 In this 

work, the 2a1 LUMO is important because it is the acceptor orbital for electronic 

transitions observed by Fe K-edge XAS in the pre-edge region (vide infra). Complex 

2ox, with an electronic configuration of (1e)4(1a1)
2(2e)2, is best described as an Fe0 

center (SFe = 1) bound to a TiIV ion, due to the limited Ti participation in the 1e and 1a1 

MOs (13 and 15%, respectively). Upon reduction, the additional electron(s) are 

predicted to occupy the Fe dxy and dx2−y2 (2e) orbitals. Hence, the reduction to 2 and 

2red may be viewed as Fe-centered reductions, resulting in electronic structures that 
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approach Fe–I and Fe–II, respectively. The reduced Fe centers are likely stabilized by π-

back-bonding to the phosphine moieties as well as increasingly covalent π-bonding 

with the Ti support. These effects can be observed in the increasing contributions of P 

in the 2e MOs (from 7% in 2ox to 19% in 2red), as well as Ti in the 1e MOs (from 13% 

in 2ox to 26% in 2red). 

  

 

Figure 2.5. (Top) DFT-predicted electronic structures of 2ox (left), 2 (middle) and 2red 

(right). See Table 2.2 footnotes for computational details. (Bottom) Representative 

molecular orbitals from 2red represented by quasi-restricted orbitals. 

 The latter can be reasoned to manifest from a) electrostatic attraction of Fe 

bearing negative charge to the electropositive Ti center as well as b) improved energetic 

matching between atomic Ti and Fe 3d orbitals. These points are evidenced by the 
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contraction of the Fe–Ti bond, which shortens by ~0.1 Å per electron, and of the Fe-P 

bonds (~0.07 Å per electron). As an aside, the presence of unequal number of electrons 

in the dxy and dx2-y2 orbitals of 2 leads to a Jahn-Teller distortion manifesting in unequal 

P−Fe−P angles and reflected in the non-degeneracy of the dxz/dyz and dx2-y2/dxy pairs. 

Incidentally, the electronic configuration of 2 with a perfect C3 geometry would lead to 

a large EPR g-anisotropy due to the degeneracy of the dx2-y2/dxy pair. Hence, the 

marginal g-anisotropy experimentally observed is also consistent with a Jahn-Teller 

distortion lifting the degeneracy of these orbitals. 

 

 



48 

Table 2.2. Molecular orbital composition analysesa for 2ox, 2 and 2red.b 

 2ox (S = 1) 2c (S = 1/2) 2red (S = 0) 

orbital 
% Fe 

3d 

% Fe 

4p 

% Ti 

3d 

%   

Pd 

% Fe 

3d 

% Fe 

4p 

% Ti   

3d 

%   

Pd 

% Fe 

3d 

% Fe 

4p 

% Ti 

3d 

% 

Pd 

1e π (dxz,yz) 76 0 13 3 65/66 1/1 22/20 6/7 58 1 26 8 

1a1 σ (dz2) 72 3 15 1 69 3 17 1 66 5 19 1 

2e Fe (dx2-y2,dxy) 83 4 0 7 76/75 4/6 2/0 14/10 64 5 3 19 

2a1 LUMO 4 28 13 16 1 24 9 21 0 19 9 25 

aLöwdin population analysis. bSingle-point calculations were performed on structures (obtained from crystallographic 

coordinates where only the H atom positions were optimized, see Experimental Section for details) at the B3LYP level of 

theory with the CP(PPP) basis set for Fe and def2-TZVP for all other atoms. The contribution of Ti 3d orbitals into bonding 

MOs are marked in bold. cDue to the Jahn-Teller distortion in 2, the “1e” and “2e” MOs are not degenerate. Hence, two values 

are given. d%P are the sum of s, p, and d contributions from phosphorus. 
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2.3.6 Mössbauer Spectroscopy 

2.3.6.1 Experimental Spectra 

 The FeTiL complexes were characterized by zero-field 57Fe Mössbauer 

spectroscopy at 80 K (Figure 2.6). Notably, each reduction of the isostructural Fe-Ti 

complex is accompanied by a decrease in isomer shift (δ), where there is a reasonable 

linear correlation between the isomer shift and the total d-d count (R2 = 0.95, Figure 

A.2.22). The observed trend in the FeTiL series is also consistent with decreasing δ as the 

metal-metal interaction strengthens (i.e. decreasing FSR, R2 = 0.96, Figure A.2.23), which 

was previously noted by Thomas and co-workers for the Fe-M bimetallic families, where 

M is Nb, Ti, or V.146,160,183 Surprisingly, the δ trend in the [FeTiL]+/0/− series is different 

from that observed for the isostructural FeVL and FeCrL series. For example, FeVL and 

[FeVL]+ have identical isomer shifts, despite EPR evidence supporting an Fe-based redox 

change (Table A.2.7; Figure A.2.24).149 For the FeCrL redox series, δ increases upon 

reduction (Figure A.2.25).148,175 Also of relevance, 2-Br has a much higher isomer shift 

compared to the isoelectronic [2ox]BArF
4, which demonstrates the dramatic effect on δ that 

a differing coordination geometry can have. The δ of 2-Br is reasonably close to that of 

Ti(μ-XylNPiPr2)3FeBr (c.f. 0.51 mm/s), which shares an identical primary coordination 

sphere around Fe.146 Lastly, the isomer shift for 2 is identical to that observed in the 

[(N2)FeAlL]− complex (δ = 0.38 mm/s), which was shown to possess an Fe−I center.177 It 

should be noted, however, that the presence of a π-acid (N2) in [(N2)FeAlL]− would also 

influence δ. 
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Figure 2.6. Zero-field 57Fe Mössbauer spectra of the Fe-Ti bimetallic complexes at 80 K. 

Experimental data are shown using black dots, while the simulated spectra are shown in 

red. The asymmetry of the doublet from complex 2 was fit using a slightly different line-

widths for each peak: 0.41 (left) and 0.56 (right) mm/s. 

The magnitude of the quadrupole splitting parameter (|ΔEQ|) in the [FeTiL]+/0/− 

series increases with each successive reduction. Of note, this heterobimetallic series 

currently holds the largest variation in |ΔEQ| across isostructural redox members, from a 

modest value of 0.79 mm/s for 2ox to a considerably large splitting of 4.32 mm/s for 2red. 

To complicate matters, the isostructural Fe-Cr and Fe-V redox series consistently exhibit 

large quadrupole splitting (4.04 to 5.97 mm/s), whereas similar Fe-M bimetallic complexes 

supported by tris(phosphinoamido) ligands consistently display smaller |ΔEQ| values (0.17 

to 2.13 mm/s).146,151,176 Thus, we turned to theory to gain a better understanding of how the 

electronic configurations of these bimetallic complexes influence the Mössbauer 

parameters. 
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2.3.6.2 57Fe isomer shift 

As tabulated in Table 2.3, the computed Mössbauer parameters (B3LYP; see 

experimental section for details) show reasonable agreement with the experimental data. 

More excitingly, the computations reproduce the experimental trend that the isomer shifts 

of 2ox, 2 and 2red decrease upon reduction, while |ΔEQ| increases. 

Table 2.3. Calculated isomer shifts (), quadrupole splittings (ΔEQ), and asymmetry 

parameters (η) for 2ox, 2 and 2red. 

complex  (exp.)  (calc.) |ΔEQ| (exp.) ΔEQ (calc.) η (calc.) 

2red 0.31 0.37 4.32 +3.61 0 

2 0.38 0.41 2.53 +2.09 0.28 

2ox 0.41 0.44 0.79 +0.40 0 

 

The 57Fe isomer shift, which is proportional to the s-electron density at the Fe 

nucleus (albeit with a negative slope), has been shown to primarily be affected by changes 

in the valence 4s electron population.184 The impact of an oxidation state change on the 

isomer shift can be understood by considering two primary effects, which have been 

classified as “electronic” and “geometric”.184 The electronic effect pertains to changes in 

the d-count, where adding 3d-electron(s) increasingly shields the 4s electrons, resulting in 

larger δ.185-186 Geometric effects refer to structural perturbations, such as changes in metal-

ligand bond lengths. For low-valent Fe complexes, contraction of metal-ligand bonds via 

π-back-bonding upon reduction lowers δ.100,142,146,177,187-188 Hence, the electronic and 

geometric changes may exert opposing influences in low-valent Fe compounds, and their 

relative importance determines the directional change in δ.189  
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To better dissect the contribution of both factors, we devised two hypothetical 

molecules, 2* and 2ox*. These in silico complexes were generated by removing an electron 

from 2red and 2, respectively, and optimizing the wavefunction while constraining the 

molecular geometry. Hence, 2* and 2ox* have the d-count of 2 and 2ox, respectively, but 

have the geometry of 2red and 2, respectively. Following this method, the isomer shifts of 

2* and 2ox* should reflect only the electronic impact of removing an electron. As shown in 

Figure 2.7, the electronic and geometric effects give rise to opposing trends in δ. More 

importantly, the geometric effect is dominant in the [FeTiL]+/0/− series, which rationalizes 

the observed trend of decreasing isomer shift upon reduction. 

 

Figure 2.7. Calculated Mössbauer isomer shift after separate electron removal (green 

arrow) and subsequent geometric reorganization (purple arrow) steps. 2* (δ = 0.32 mm/s) 

and 2ox* (0.33 mm/s) are hypothetical complexes that are generated by removing an 

electron from 2red and 2, respectively, whose structures are their crystallographic 

coordinates with geometry optimization of the H atoms only. See experimental section for 

details. 

2.3.6.3 Quadrupole splitting 

 The quadrupole splitting, ΔEQ, reflects the interaction of the non-spherically 

distributed nuclear charge of the 57Fe nuclear excited state (I=3/2) with the surrounding 
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electric field gradient (EFG). The quadrupole splitting is calculated according to the 

equation, 𝛥𝐸𝑄 =
1

2
𝑒𝑄𝑉𝑍𝑍  (1 +

𝜂2

3
)

1

2
, where eQ is the quadrupole moment of the iron 

nucleus, η is the asymmetry parameter such that 𝜂 =
𝑉𝑋𝑋−𝑉𝑌𝑌

𝑉𝑍𝑍
, and 𝑉𝑖𝑖 are the eigenvalues 

of the EFG tensor at the nucleus. If the principal z-axis of the EFG tensor is colinear with 

a C3 axis, then the equation simplifies to: 𝛥𝐸𝑄 =
1

2
𝑒𝑄𝑉𝑍𝑍, since 𝑉𝑋𝑋 =  𝑉𝑌𝑌 and 𝜂 = 0. 

The trigonal symmetry of both 2ox and 2red motivates our focus on 𝑉𝑍𝑍 in elucidating the 

origin of both the anomalously large quadrupole splitting measured in 2red, as well as the 

wide variation of |ΔEQ| in the [FeTiL]+/0/− series (Table 2.3). Even in the case of 2, which 

displays Jahn-Teller distortion, a calculated 𝜂 value of 0.28 is still reasonably close to zero 

to allow for meaningful comparisons.  

 𝑉𝑍𝑍 can be broken down into individual multi-center interactions that contribute 

significantly to the EFG at the Fe nucleus:186,190  

𝑉𝑍𝑍
 total = (𝑉𝑍𝑍

1c,core + 𝑉𝑍𝑍
1c, valence) + (𝑉𝑍𝑍

2c,bond + 𝑉𝑍𝑍
2c,lattice) + 𝑉𝑍𝑍

 3c  

The first two terms represent one-center contributions to the EFG from Fe-based electrons, 

where one can separately consider the contributions of the core (1s to 3p) and valence (3d) 

electrons. Smaller valence contributions to the EFG can also arise from the mixing of Fe 

orbitals into ligand-based MOs. The next pair of terms arise from two-center interactions 

with the ligand-based electrons. Again, one can segregate contributions from electrons that 

are directly bonded to Fe and those that act as point-charges, which are denoted as “lattice”. 

The last term represents three-center contributions, which typically have a negligible 

impact on 𝑉𝑍𝑍. 
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Table 2.4 summarizes the individual contributions of the 𝑉𝑍𝑍 for the [FeTiL]+/0/− 

series (for the orbitals used for these calculations, see Figure A.2.27-A.2.29). The DFT-

calculated values show three dominant terms: 𝑉𝑍𝑍
1c,core

, 𝑉𝑍𝑍
1c,valence, and 𝑉𝑍𝑍

2c,bond
. Interestingly, 

the 𝑉𝑍𝑍
1c,core

 term for 2ox, 2 and 2red are found to be atypically large, with values ranging 

from 0.62−0.84 a.u. in this redox series. It should be noted that the polarization of core 

electrons is difficult to achieve, and typically requires strong metal-ligand bonding, for 

instance, FeIV-oxo species.190-191 Presumably, the presence of the Fe-Ti bonding is 

sufficient to induce distortion of the inner-shell electron density, which by proximity to the 

Fe nucleus, can result in a sizeable EFG. To the best of our knowledge, the polarization of 

core electrons has never been elucidated in complexes featuring metal-metal multiple 

bonds. The 𝑉𝑍𝑍
2c,bond

 term, on the other hand, is expected to be significant for low-valent Fe 

complexes because metal-ligand bonds are typically short and covalent. For 2ox, 2 and 2red, 

this contribution is traced to the lone-pair electrons on the phosphine donors, which is 

reflected by the presence of Fe px, py, dxy and dx2-y2 character in the P-based σ-bonding 

orbitals. Lastly, the 𝑉𝑍𝑍
1c,valence

 term is intriguing because it is largely responsible for the 

large variations in 𝑉𝑍𝑍, and hence, 𝛥𝐸𝑄. For the valence contributions, any charge that is 

localized perpendicular to 𝑉𝑍𝑍 (e.g. Fe dxy, dx2-y2) yields a positive contribution to 𝑉𝑍𝑍, 

whereas any charge parallel to 𝑉𝑍𝑍 (e.g. Fe dxz, dyz, dz2) yields a negative contribution.186 

Throughout the redox series from 2ox to 2 to 2red, the Fe dxy and dx2-y2 orbitals become 

increasingly occupied. Hence, the most positive 𝑉𝑍𝑍
1c,valence

 contribution is predicted for 2red, 

which is consistent with 2red having the largest |ΔEQ| in the series. Moreover, the 𝑉𝑍𝑍
1c,valence

 

term could rationalize the consistenly larger |ΔEQ| values for the isostructural FeCr and 
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FeV redox members, for which the Fe dxy and dx2-y2 orbitals are fully occupied in all but 

one case, [FeVL]+.  

Table 2.4. Computed Vzz values (in a.u.) for 2ox, 2 and 2red and the contributions from the 

core and 3d electrons. 

Complex 𝑉𝑍𝑍
1c,core

 𝑉𝑍𝑍
1c,valence

 𝑉𝑍𝑍
2c,bond

 𝑉𝑍𝑍
2c,lattice

 𝑉𝑍𝑍
3c  𝑉𝑍𝑍

total 

2ox 0.84 −1.18 0.54 0.02 0.02 0.24 

2 0.70 −0.04 0.57 0.01 0.03 1.27 

2red 0.62   0.60 0.94 0.02 0.03 2.21 

 

2.3.7 XAS Studies 

The Fe and Ti K-edge XAS for 2red, 2, 2ox, and 2-Br (Figure 2.8a-b) were obtained 

to further unravel any ambiguities distinguishing their physical from their formal oxidation 

states. Because rising edge energies are often insufficient metrics of physical oxidation 

state,192-194 the discussion mainly focuses on the pre-edge regions. Overall, the 

experimental K-edge pre-edge features are well-reproduced using time dependent DFT 

(TD-DFT) calculations (Figures 7c, 7d and A.2.34-A.2.43), which serves as the bases for 

the interpretations provided below. The strong correlation (R2 = 0.95 and 0.82 for Fe and 

Ti, respectively, Fig. A.2.30) between calculated and experimental pre-edge features 

affords confidence in using the underlying single point calculations to assign transitions 

from Fe or Ti 1s to particular acceptor MOs (to compare the results from these 

computational methods to those presented above, see Figure A.2.20 and Table A.2.5). 

These assignments are presented in Table 2.5 (Table A.2.9 and Figure A.2.44-A.2.51).  

The Fe K-edge XAS of 2red, 2, and 2ox all exhibit a well-resolved pre-edge 

absorption feature near 7112 eV (Figure 2.8a). Typically, pre-edge features in first-row 
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transition metal K-edge XAS arise from quadrupole-allowed 1s → 3d excitations, which 

can gain intensity from 4p admixture, or from excitations to low-lying ligand-based 

MOs.194-196 In the present case, the substantial Fe 4pz character in the acceptor MO (LUMO 

2a1, Figure 2.8) is responsible for the high intensity of the pre-edge peaks in 2red, 2, and 

2ox. Notably, 2-Br, which does not share this LUMO (Figure A.2.21), lacks an intense pre-

edge feature. (For more detailed assignments, see Table A.2.9). 

Importantly, for 2 and 2ox, an additional transition was observed (and predicted) as 

a lower energy shoulder to the intense pre-edge peak, which is absent for 2red (red trace, 

Figures 7a and 7c). This feature is assigned to the Fe 1s → 2e (Fe 3dx2-y2, 3dxy) transition. 

Moreover, its absence in 2red confirms the filling of Fe-localized valence vacancies present 

in 2 and 2ox, which substantiates the hypothesis that the redox changes are Fe-based. In 

further support, the electronic absorption spectrum of 2red lacks any transitions at 

wavelengths longer than 900 nm, which suggests the absence of any d-d transitions, 

consistent with a fully filled valence shell. In contrast, both 2 and 2ox display band(s) in the 

near infrared region that can plausibly be assigned as d-d transitions (Figure A.2.18, Table 

A.2.3).  
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Figure 2.8. Overlaid K-edge spectra of Fe (a; experimental and c; TD-DFT calculated) and 

Ti (b; experimental and d; TD-DFT calculated) for complexes 2 (black), 2red (red), 2ox 

(grey) and 2-Br (blue). All data were obtained on solid samples diluted in BN and 

maintained at 10 K.  

The Ti K-edge XAS data of 2red, 2, 2ox and 2-Br (Figure 2.8b) all exhibit two main 

pre-edge features with similar intensities in the range 4967.3–4969.3 eV (Table 2.5). On 

the basis of TD-DFT, the lower energy feature in the Ti XAS of the isostructural FeTiL 

complexes is assigned as the Ti 1s → 3e/4e (Fe-Ti π*/Ti 3dx2-y2, 3dxy) transition, while the 

higher energy feature is assigned as the Ti 1s → 2a1 (LUMO) transition. The latter feature 

allows a useful comparison to the Fe 1s → 2a1 transition because they both share a common 

primary acceptor orbital. Notably, the energy shift of the Fe 1s → 2a1 transition across the 

redox states (∆ = 1.0 eV) is greater than that of the corresponding Ti 1s → 2a1 transition 

(∆ = 0.6 eV). Of note, Thomas and co-workers have observed a similar 0.5 eV variation in 
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the Zr K-edge energies of several heterobimetallic ZrCo complexes, for which the ZrIV 

oxidation state is invariant and Co is the redox-active center.91 Hence, the comparison of 

the energy shifts for the 1s → 2a1 excitations points to Fe as the redox active site. 

Table 2.5. Experimental Fe and Ti pre-edge peak energies† and peak assignments for FeTi 

redox series. (For more detailed transition assignments, see Table A.2.9.) 

 Fe Pre-edge Peak Energy (eV) Ti Pre-edge Peak Energy (eV) 

Transitions* Fe 1s → 2a1 Fe 1s → 2e Ti 1s → 3e/4e Ti 1s → 2a1 

2red 7111.8 N/A 4967.3 4969.1 

2 7112.2 7110.1 4968.3  4969.3 

2ox 7112.8 7110.6 4968.5 4969.7a 

2-Br 7111.0b; 7113.1c; 7114.3d 4968.3e 

†Pre-edge peak energies are obtained from the corresponding 2nd derivative plots of the K-

edge XAS spectrum. *Primary orbital contribution. In some cases, the transitions also 

include additional contributions from the following MOs: a 3a1; b 2e and 3e; c 3e and 

aromatic π*; d 3a1, 4e, and aromatic π*; e 3a1, 3e, 4e, and aromatic π*.  

One counterargument is that the first pre-edge feature in the Ti XANES of the 

isostructural redox series also has a sizeable shift (∆ = 1.2 eV). However, these transitions 

are more complex in nature, involving multiple Ti 3d-based orbitals. Also of note, the plot 

of the pre-edge peak energies versus the total d-electron count (Table A.2.10, Figure 

A.2.52) exhibits a strong linear correlation for both the Fe 1s → 2a1 and Ti 1s → 2a1 

transition, with R2 = 0.99 and 0.96, respectively. By contrast, a worse correlation (R2 = 

0.87) is found for the analogous plot of the Ti 1s → 3e/4e peak energies. At this time, we 

do not understand why the energies are more perturbed for the Ti 1s → 3e/4e peaks across 

the isostructural redox series. Lastly, the features in the Ti XANES of 2-Br are even more 
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complex in nature, involving multiple acceptor orbitals, including ligand-based π*-MOs 

(see Table 2.5, A.2.9).  

2.4 Summary and Conclusions 

A series of Fe-Ti bimetallic complexes was investigated to better understand the 

nature of polarized metal-metal bonding interactions between early and late first-row 

transition metals. These Fe-Ti compounds add to a growing number of heterobimetallic 

complexes featuring short metal-metal bonds and a handful of complexes featuring direct 

Fe-Ti bonds. Collectively, the isostructural Fe-Ti complexes exhibit several notable 

features, including one of the largest variations in both Fe-M bond lengths (where M = B, 

Ti, V, Cr) and 57Fe Mössbauer quadrupole splitting (|ΔEQ|) with each redox change. 

Additionally, the Fe K-edge XAS for the [FeTiL]+/0/− series reveal an unusually intense 

pre-edge feature, which was attributed to the substantial Fe 4pz character present in the 

LUMO (the acceptor orbital). Hence, the combined theoretical and spectroscopic evidence 

shows that the d-orbitals of the early transition metal (Ti) can mix with p-orbitals at the 

late transition metal (Fe), allowing transitions to this peculiar type of LUMO to be 

observed. Additionally, the polarization of the core electrons on Fe can be achieved through 

bonding with Ti, which, to our knowledge, has not been elucidated before in any metal-

metal multiply bonded system. 

 The collective spectroscopic and theoretical data consistently show that each redox 

process in the [FeTiL]+/0/− series is best viewed as Fe-based, albeit the Ti contribution 

increases in the Fe-Ti π-bonding molecular orbitals (14% to 23% from 2ox to 2red). DFT 

calculations reveal that the additional electron(s) populate the Fe dxy/dx2-y2 orbitals, which 
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is also supported by the X-band EPR spectrum of 2. In particular, the anisotropy of the g-

values and 31P superhyperfine coupling are consistent the unpaired spin in an Fe d-orbital 

oriented in the xy-plane. The filling of the Fe dxy,dx2-y2 orbitals is also strongly supported 

by the Mössbauer study. More specifically, the large variation in |ΔEQ| upon each 

successive reduction stems primarily from the changes in the valence-shell contribution to 

the electric field gradient at Fe (𝑉𝑍𝑍
1c,valence

), for which the increasingly positive values of 

𝑉𝑍𝑍
1c,valence

 with each successive reduction directly implicate the population of orbitals 

perpendicular to 𝑉𝑍𝑍  (the C3-axis), or the dxy,dx2-y2 orbitals. Finally, the absence of a low-

intensity pre-edge feature in the Fe K-edge XAS data of 2red indicates that 1s → 3d 

transitions are not feasible, which is consistent with a filling of all Fe-based valence 

vacancies present in 2 and 2ox.  

 Because of the limited Ti contributions in the Fe-Ti bonding MOs, we propose that 

the electronic structures of 2ox and 2 are well represented by Fe0 and Fe−I and, hence TiIV. 

The lack of 1s → 3d transitions shows that, at least spectroscopically, the polarized Fe≡Ti 

bond in 2red gives the appearance of a d10 Fe−II center. However, the Ti support does play 

an important role in the enhanced redox flexibility of the Fe center. As negative charge 

accumulates on Fe, the Fe-Ti bond distance contracts. As elucidated by DFT, each Fe 

reduction results in better energy match between the Fe and Ti 3d orbitals, leading to 

increasing Ti character in the σ- and π-symmetric MOs (up to 26% in 2red). The increased 

covalency in the Fe-Ti unit is also manifested in the Ti K-edge XAS, leading to lower 

energy pre-edge transitions with each reduction. This shows that even small covalent 

contributions in heterobimetallic complexes can have dramatic influences on the electronic 
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and spectroscopic properties at each metal. In closing, the spectroscopic and structural 

changes across this redox series lend strong support to the unique redox flexibility of the 

Fe-Ti series, wherein subtle changes in the Fe-Ti covalency occur dynamically to 

accommodate the storage of electrons. 

2.5 Experimental Section 

General Considerations. 

Unless otherwise stated, all manipulations were performed under an inert atmosphere in a 

glovebox or using standard Schlenk techniques. Standard solvents were deoxygenated by 

sparging with inert gas and dried by passing through activated alumina columns of a SG 

Water solvent purification system. Deuterated solvents were purchased from Cambridge 

Isotope Laboratories, Inc. or Sigma-Aldrich. Fluorobenzene was purchased from Oakwood 

Chemicals. These solvents were dried over calcium hydride, degassed via 

freeze−pump−thaw cycles and stored over activated 4 Å molecular sieves. Elemental 

analyses were performed by Robertson Microlit Laboratories, Inc. (Ledgewood, NJ). All 

1H and 31P NMR spectra were recorded on a Bruker 400 MHz spectrometer at ambient 

temperature unless otherwise stated. Cyclic voltammetry was performed using a CH 

instruments 600 electrochemical analyzer. The one-cell set-up used a glass carbon working 

electrode, Pt wire counter electrode, and Ag/AgNO3 reference electrode in CH3CN. 

Analyte solutions consisted of 0.4 M [nBu4N]PF6 and the voltammograms were referenced 

internally to the FeCp2
0/+ (abbreviated as Fc+/Fc) redox couple. Evans’s method 

measurements were done in triplicate according to previously outlined procedures.197 UV-

Vis-NIR spectra were collected at room temperature on a Cary-14 spectrometer. 
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Perpendicular-mode X-band EPR spectra were recorded at 20 K with a Bruker ESP 300 

spectrometer equipped with an Oxford ESR 910 liquid-helium cryostat and an Oxford 

temperature controller. X-band EPR spectra were simulated using the program esimX 

written by Eckhard Bill. Mössbauer data were recorded on an alternating-current constant-

acceleration spectrometer. The sample temperature was maintained constant at 80 K in an 

Oxford Instruments Variox cryostat. The 57Co/Rh source (1.8 GBq) was positioned at rt 

inside the gap of the magnet system at a zero-field position. Isomer shifts are quoted 

relative to Fe metal at 300 K. All metal halides were purchased either from Strem or Sigma 

Aldrich and used without further purification. The protio-ligand, N(o-(NHCH2P
iPr2)C6H4)3 

(abbreviated as LH3),
198 FeTiL (abbreviated as 2),94 Ag2B12Cl12,

163 and Na[B(3,5-(CF3)2-

C6H3)4]
199 (NaBArF

4) were synthesized according to literature procedures. TiL 

(abbreviated as 1),156 was also synthesized from literature procedures with an additional 

step: after isolation of crude TiL, the solid was washed with cold (−30°C) Et2O, then 

extracted using C6H6, yielding TiL as a bright yellow/orange powder. 

Synthesis of [Ti(N(o-(NCH2PiPr2)C6H4)3)]BArF
4, 1ox.  

A solution of Fc[BArF
4] (28.9 mg, 0.0276 mmol) in Et2O (2 mL) was added dropwise to a 

stirred solution of 1 (20 mg, 0.0276 mmol) in Et2O (3 mL) and stirred for 10 min. The 

solvent was removed in vacuo, and the solid was washed with pentane (3 x 5 mL), then 

placed in vacuo to yield 1ox as a green powder (40.2 mg, 92% yield). Alternatively, a 

solution of 2-Br (30 mg, 0.0332 mmol) in CH2Cl2 (3 mL) was added to a solution of 

NaBArF
4 (29.4 mg, 0.0332 mmol) in Et2O (4 mL), which changes to a slightly brighter 

shade of green. The solution is stirred for 1 h, and is then filtered through a pad of Celite. 
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The solution is then concentrated in vacuo to yield 1ox as a green powder (52.9 mg, 97% 

yield). Crystals suitable for X-ray diffraction were obtained from a concentrated PhF 

solution of 1ox layered with hexanes. 1H{31P} NMR (400 MHz, THF-d8): δ 7.83 (s, 8H, 

BArF
4 aryl), 7.61 (s, 8H, BArF

4 aryl), 7.23 (d, J = 7.7 Hz, 3H, aryl), 7.15 (app t, J = 7.4 Hz, 

3H, aryl), 6.74 (app t, J = 7.7 Hz, 3H, aryl), 6.33 (d, J = 7.4 Hz, 3H, aryl), 4.23 (d, J = 13.1 

Hz, 3H, CH2), 3.79 (d, J = 13.1 Hz, 3H, CH2), 2.49 (sept, J = 7.3 Hz, 6H, P(CH(CH3)2), 

1.49 (d, J = 7.3 Hz, 9H, P(CH(CH3)2), 1.40 (d, J = 7.0 Hz, 9H, P(CH(CH3)2), 1.23 (d, J = 

7.0 Hz, 9H, P(CH(CH3)2), 0.76 (d, J = 7.0 Hz, 9H, P(CH(CH3)2). 
31P[1H} NMR (162 MHz, 

THF-d8): δ −23.8. Attempts to obtain satisfactory elemental analysis for 1ox reproducibly 

yielded values consistent with the addition of 1 O atom, either through reaction with water 

or oxygen. Anal. Calcd for C71H72BN4F24P3Ti·O (%): C, 53.13; H, 4.52; N, 3.49. Found: 

C, 52.96; H, 4.28; N, 3.44. 

Synthesis of BrFeTi(N(o-(NCH2PiPr2)C6H4)3), 2-Br. 

A solution of 1 (57.9 mg, 0.0798 mmol) in THF (4 mL) was added to FeBr2 (17.2 mg, 

0.0798 mmol) and stirred for 1 h, upon which the solution changes from orange/brown to 

dark brown. Next, a solution of 2 (62.4 mg, 0.0798 mmol) was added to the reaction 

solution, which immediately turns forest green. The solution is stirred overnight, after 

which the solution is concentrated in vacuo. The solid is then dissolved in benzene (8 mL) 

and filtered through a pad of Celite to yield 2-Br as a green powder (128.0 mg, 93% yield). 

Single crystals suitable for X-ray diffraction were grown through diffusion of hexanes into 

a concentrated benzene solution of 2-Br. 1H NMR (400 MHz, C6D6): δ 47.7, 9.2, 7.8, 4.8, 

4.0, −0.6, −9.6. Evans’s method (THF-d8): 2.97 μB. UV-Vis-NIR [THF, λmax, nm (ε, M−1 
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cm−1)]: 1268 (650), 610 (890), 320(sh) (15900), 292(sh) (18600). Anal. Calcd for 

C39H60N4P3TiFeBr·0.5(C6H6) (%): C, 56.02; H, 7.05; N, 6.22. Found: C, 56.13; H, 7.01; 

N, 5.95. 

Synthesis of [FeTi(N(o-(NCH2PiPr2)C6H4)3)]BArF
4, [2ox]BArF

4. 

A solution of 2-Br (82.2 mg, 0.0909 mmol) in fluorobenzene (4 mL) was added to a 

solution of NaBArF
4 (84.2 mg, 0.0999 mmol) in fluorobenzene (2 mL), which immediately 

changes from forest green to dark red/brown. The solution is stirred for 2 h, and is then 

filtered through a pad of Celite. After removing the solvent in vacuo, the brown solid was 

extracted using toluene cooled to −78 °C (5 mL), and filtered through another pad of Celite. 

The filtrate was then concentrated in vacuo to yield 2ox as a brown powder (128.2 mg, 90% 

yield). 1H NMR (400 MHz, C6D6): δ 47.7, 9.2, 7.8, 4.8, 4.0, −0.6, −9.6. Evans’s method 

(THF-d8): 2.99 μB. UV-Vis-NIR [THF, λmax, nm (ε, M−1 cm−1)]: 1279 (370), 1100 (310), 

416 (3750), 304 (22900). Attempts to obtain satisfactory elemental analysis for [2ox]BArF
4 

reproducibly yielded values consistent with the addition of 3 O atoms, either through 

reaction of 2ox with water or oxygen. Anal. Calcd for C71H72BN4F24P3TiFe·3O (%): C, 

50.38; H, 4.29; N, 3.31. Found: C, 50.42; H, 4.51; N, 3.30. 

Synthesis of K(THF)3[FeTi(N(o-(NCH2PiPr2)C6H4)3)], 2red. 

A solution of FeTiL (100.3 mg, 0.1283 mmol) in THF (8 mL) was added to a slurry of KC8 

(36.4 mg, 0.2695 mmol) and allowed to stir for 1 h. The yellow/brown solution quickly 

became dark red. The solvent was removed in vacuo. The solid is then washed with 

benzene (3 x 4 mL), or until the washings were clear. Then, the solid was dissolved in a 
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3:1 mixture of hexanes:THF (3 x 5 mL), then filtered through a pad of Celite until the 

filtrate was clear. The solution was concentrated in vacuo until microcrystalline solids 

began to appear on the walls, upon which the solution was cooled to −25°C overnight, 

yielding dark brown crystals (128.1 mg, 45% yield). Single crystals suitable for X-ray 

diffraction were isolated using this method. 1H{31P} NMR (400 MHz, THF-d8): δ 6.61 (app 

t, J = 7.3 Hz, 3H, aryl), 6.38 (d, J = 7.2 Hz, 3H, aryl), 6.07 (d, J = 7.3 Hz, 3H, aryl), 5.68 

(app t, J = 7.2 Hz, 3H, aryl), 5.31 (br, 2H, CH2), 4.88 (br, 2H, CH2), 3.61 (AA’BB’, THF 

CH2), 2.87 (br, 4H, P(CH(CH3)2), 1.77 (AA’BB’, THF CH2) 1.69 (br, 9H, P(CH(CH3)2), 

1.48 (br, 9H, P(CH(CH3)2), 1.08 (br, 9H, P(CH(CH3)2), 0.35 (br, 9H, P(CH(CH3)). 
31P[1H} 

NMR (162 MHz, THF-d8, −83°C): δ 41.3 (s). UV-Vis-NIR [THF, λmax, nm (ε, M−1 cm−1)]: 

690(sh) (650), 447(sh) (6430), 375(sh) (9400), 318 (37600). Elemental analysis of 2red 

consistently yielded values that were too low in C and H. The closest result to theory is 

shown. Anal. Calcd for [C39H60N4P3TiFeK] (%): C, 57.08; H, 7.37; N, 6.83. Found: C, 

54.49; H, 7.29; N, 6.11. 

X-ray crystallography and structure refinement details 

Single crystals of 1 suitable for X-ray diffraction were grown by cooling a concentrated 

solution of 1 in diethyl ether to −25°C. Single crystals of [2ox]2[B12Cl12] were grown by 

layering 2 over a solution of 0.5 equiv of Ag2B12Cl12 in THF. A plate of 1 (0.27 × 0.20 × 0.10 

mm), a plate of [1ox]BArF
4 (0.13 × 0.12 × 0.05 mm), a block of [K(THF)3]2red (0.08 × 0.06 × 

0.03 mm), a block of 2-Br (0.17 × 0.15 × 0.15 mm), and a block of [2ox]2[B12Cl12] (0.05 × 0.04 

× 0.04 mm) were mounted on a 100 μm MiTeGen microloop and placed on a Bruker 

PHOTON-II CMOS diffractometer for data collection at 123(2) K. The data collection was 
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carried out using Cu Kα (for 1) or Mo Kα radiation (for all others) with normal parabolic 

mirrors. The data intensities were corrected for absorption and decay with SADABS.200 Final 

cell constants were obtained from least-squares fits from all reflections. Crystal structure 

solution was done through intrinsic phasing (SHELXT-2014/5),201 which provided most non-

hydrogen atoms. Full matrix least-squares/difference Fourier cycles were performed (using 

SHELXL-2016/6 and GUI ShelXle)202-203 to locate the remaining non-hydrogen atoms. All 

non-hydrogen atoms were refined with anisotropic displacement parameters. Hydrogen atoms 

were placed in ideal positions and refined as riding atoms with relative isotropic displacement 

parameters. The crystal structures of [1ox]BArF
4 contained two hexane molecules that were 

disordered over both a crystallographic inversion center and a general position. All attempts to 

model this solvent were unsuccessful. Additionally, [2ox]2[B12Cl12] crystallized in the space 

group P3̅c1 and contained an unidentified solvent molecule near the 3̅ rotoinversion axes. 

Thus, the SQUEEZE function of the PLATON program was used to remove these solvent 

molecules from the void space.204 The SQUEEZE function removed 144 electrons from a void-

space volume of 645 Å3 in [1ox]BArF
4 and 80 electrons from a void-space volume of 411 Å3 

in [2ox]2[B12Cl12]. These values are consistent with the presence of approximately 3 hexane and 

2 THF molecules in the unit cells of [1ox]BArF
4 and [2ox]2[B12Cl12], respectively. 

Crystallographic data are summarized in Table 6. 
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Table 6. Crystallographic details for 1, 1ox, [K(THF)3]2red, 2-Br, and [2ox]2[B12Cl12]. 

 1 [1ox]BArF
4
 [K(THF)3]2red [2ox]2[B12Cl12] 2-Br 

chemical formula C39H60N4P3Ti C39H60N4P3Ti·C32H12F24B·

1.5(C6H14) 

C51H84N4P3TiFeO3K 

·C4H8O 

C39H60N4P3TiFe·0.5 

(B12Cl12)·0.5(C4H8O) 

C39H60N4P3TiFeBr·

C6H14 

Fw 725.72 1718.20 2218.16 1119.18 947.65 

cryst syst monoclinic triclinic monoclinic trigonal monoclinic 

space group P21/n P1̅  Pn P3̅c1 P21/c 

a (Å) 11.4570(2) 14.3310(4) 12.4492(7) 14.9687(4) 11.8596(8) 

b (Å) 19.5908(4) 14.5231(4) 14.8815(8) 14.9687(4) 16.2862(12) 

c (Å) 17.4139(3) 21.7918(6) 16.5942(8) 26.3435(7) 24.3211(17) 

α (deg) 90 73.4696(9) 90 90 90 

β (deg) 93.3095(8) 73.2797(9) 11.751(2) 90 100.234(2) 

γ (deg) 90 77.4976(9) 90 120 90 

V (Å3) 3902.06(12) 4119.2(2) 2874.9(3) 5111.8(3) 4622.8(6) 

Z  4 2 2 4 4 

Dcalcd (g cm−3) 1.235 1.385 1.281 1.454 1.362 

λ (Å), μ (mm−1) 1.54178, 3.257 0.71073, 0.262 0.71073, 0.593 0.71073, 0.888 0.71073, 1.490 

T (K) 123(2) 123(2) 123(2) 123(2) 123(2) 

θ range (deg) 3.399−74.55 2.198−27.485 2.243−30.543 2.204−29.572 2.192−30.530 

reflns collected 45070 74880 78701 121213 97962 

unique reflns 6977 12615 15303 3482 10845 

data/restraints/ 

param 
7983/0/436 18899/3/990 17550/2/648 4790/0/185 14112/3/533 

R1, wR2 (I > 2σ(I)) 0.0337, 0.0836 0.0648, 0.1652 0.0385, 0.0882 0.0457, 0.1015 0.0347, 0.0772 

R1, wR2 (all data) 0.0406, 0.0874 0.1014, 0.1847 0.0500, 0.0934 0.0743, 0.1122 0.0581, 0.0907 
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X-Ray Absorption Spectroscopy (XAS) 

Sample preparation, measurements and data analysis 

Solid samples for X-ray spectroscopic analysis were prepared in an inert-atmosphere glove 

box. For Fe and Ti K-edge XAS measurements, the solid samples were finely ground using 

an agate mortar and pestle with boron nitride (BN) into a homogeneous mixture comprising 

5 % w/w photoabsorbing metal. These mixtures were pressed into 1 mm Al spacers and 

sealed with 38 µm Kapton tape. Fe and Ti K-edge XAS spectra were obtained at the 

Stanford Synchrotron Radiation Lightsource (SSRL) at beamline 9-3 under ring conditions 

of 3 GeV and 500 mA. A Si(220) double-crystal monochromator was used for energy 

selection. For Fe, a Rh-coated mirror (set to an energy cutoff of 9 keV) was used for 

harmonic rejection. Incident energy calibrations were performed by assigning the first 

inflection points of Fe and Ti foil spectra to 7111.2 eV and 4966 eV, respectively. Data 

were collected in fluorescence mode using a Canberra 100-element Ge array detector. 

Samples were maintained at 10 K in an Oxford liquid He flow cryostat. For spectra 

measured by fluorescence detection, elastic scatter into the detector was attenuated using a 

Soller slit with upstream Co or Sc filters. Data were collected from 6784 to 7510 eV for Fe 

and 4734 to 5360 eV for Ti. Multiple scans were measured and averaged with SIXPACK205 

software package. No spectral changes due to photo-damage were observed after multiple 

scans for these complexes. Data were normalized to post-edge jumps of 1.0 (Ti: 4985 eV, 

Fe: 7130 eV) in SIXPACK by applying a Gaussian normalization for the pre-edge and a 

quadratic normalization for the post-edge to produce the final spectra. The final processed 

spectra were plotted using Igor Pro 6.37. 
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Computational details 

Mössbauer spectroscopy and molecular orbital analysis 

Density functional theory (DFT) calculations on Mössbauer parameters were performed at 

the crystal structures of the complexes by using the ORCA 4.0 package.206 Using the crystal 

structures of 2ox, 2 and 2red, all hydrogens were optimized while the positions of all the 

other atoms were constrained, using the functional BP86 and the basis set def2-SVP for all 

atoms. For estimation of the Mössbauer parameters, single-point calculations were then 

carried out on the resulting geometries at the B3LYP level of theory, where the basis set 

CP(PPP)207 having an uncontracted core-region was used for iron, and the basis set def2-

TZVP208 was used for all other atoms. Of note, the use of the B3LYP functional and 

CP(PPP) basis set have previously been shown to satisfactorily reproduce Mössbauer 

parameters.209-211 All calculations were carried out in gas phase. The RIJCOSX algorithm 

was used to speed up the Hartree-Fock exchange. The quasi-restricted-orbitals (QROs)212 

generated by the above single-point calculations were localized using Pipek-Mezey 

algorithm213 for the Löwdin population analysis and quadrupole splitting contribution 

breakdown. 

The isomer shift () was computed from the electron density at the iron nucleus (0) by 

using the following equation, 

𝛿 = 𝛼(𝜌0 − 𝐶) + 𝛽 
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Parameters ,  and C were determined by a linear progression for a series of iron 

complexes with different oxidation states and spin multiplicities. Specifically, one first 

computes the electron density at the iron nucleus for each complex and then set up a linear 

correlation between the isomer shift measured experimentally and the calculated density.184 

Consequently, the linear equation obtained can only be used to predict the isomer shifts of 

iron complexes that feature similar bonding to the preselected complexes. In the present 

case, the calculated isomer shifts using the parameters reported209 were systematically 

underestimated. Note that no bimetallic iron complexes that involve metal-metal bonding 

are included in this training set. The same situation was found for isomer shift calculations 

on seven related bimetallic complexes. Based on these observations, we decided to design 

a new calibration curve from the calculated density and experimental isomer shifts of these 

seven complexes, which was used for isomer shift calculations in the present study. The 

new set of the parameters were  = –0.316,  = 2.661 and C = 11810. The details are shown 

in supporting information (Table A.2.8 and Figure A.2.26).  

XAS spectroscopy 

DFT calculations were performed to directly correlate X-ray spectroscopy to electronic 

structure. All electronic structure and spectroscopic calculations were performed using the 

ORCA 3.03 package.214-215 Starting from crystal structure coordinates, the structures were 

fully geometry-optimized using the BP86216-217 functional, the zeroth-order regular 

approximation for relativistic effects (ZORA) as implemented by van Wüllen,218-220 and 

scalar relativistically recontracted Ahlrich's def2-TZVP(-f)(def2-TZVP(-f)-ZORA)208,221-

222 basis set, followed by frequency calculations to ensure that no imaginary vibrational 
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modes were present. Solvation was modelled with the conductor like screening model 

(COSMO) using an infinite dielectric.223 Fe and Ti K-edge XAS spectra were calculated 

using TD-DFT calculations with both geometry optimized and crystallographic 

coordinates utilizing B3LYP functional,224 the CP(PPP)184,207 basis set on the transition 

metals (Ti and Fe) using an integration grid accuracy of 7, and the def2-TZVP(-f)-ZORA 

basis set on all other atoms. Calculations with hybrid functionals used the RIJCOSX 

algorithm to speed the calculation of Hartree-Fock exchange.225 Error in core potential 

energetics were evaluated by plotting the calculated XAS peak energies against 

experimental peak energies (Figure A.2.30). Of note, the use of B3LYP and the CP(PPP) 

basis set have previously been shown to satisfactorily reproduce Fe K-edge XAS data.226-

227 In addition, the DFT-calculated MO diagrams (Fig. A.2.20) directly generated from the 

crystal structure coordinates using similar functional and basis sets utilizing ORCA v3.03 

give similar results to those obtained using DFT-calculations described above and shown 

in Figure 4. For more details, see Figure A.2.20 and Table A.2.5. 
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3.1 Overview 

While Chapters 2 detailed the synthesis and characterization of heterobimetallic complexes 

supported by Ti, the subsequent chapters will detail our exploration of Group 13 supported 

Rh complexes. Monovalent Rh was installed into the group 13 metallatranes, M[N(o-

(NCH2P(iPr)2)C6H4)3] (where M = Al and Ga, abbreviated as ML) to generate Rh→M 

bonds in the parent complexes, Cl−RhAlL (1-Cl) and Cl−RhGaL (2-Cl). The electron-

withdrawing nature of the group 13 metalloids was probed by cyclic voltammetry, and 

Rh−Ga was found to be more electron-deficient than Rh−Al (Epc = −2.07 and −1.95 V vs. 

Fc+/Fc for 1-Cl and 2-Cl, respectively). Both 1-Cl and 2-Cl were further functionalized 

through metathesis reactions using MeLi to generate 1-CH3 and 2-CH3, respectively, or 

using LiHBEt3 to form 1-H and 2-H, respectively. The solid-state structures of all Rh−M 

bimetallics feature Rh−M bond lengths that are less than the sum of the covalent radii of 

Rh and M (Rh−M: 2.50−2.54 Å for 1-X and 2.49−2.46 Å for 2-X, where X = Cl, CH3, and 

H). In the Rh−M structures, the Rh center is distorted from square pyramidal geometry due 

to steric interactions between X and the isopropyl substituents of L (Figure 4.1). Finally, 

all the Rh−M bimetallic complexes exhibit fluxionality that involves phosphine exchange. 

Of note, the two phosphines cis to the X ligand become inequivalent at low temperature. 

The activation barrier to exchange these two phosphine donors are: 14.9, 14.2, 10.5, and 

11.5 kcal/mol for 1-Cl, 2-Cl, 1-H, and 2-H, respectively. The activation barriers for 1-CH3 

and 2-CH3 are both >15.2 kcal/mol. At high temperature, 2-Cl was also found to exchange 

all three phosphine donors. Mechanisms for the different types of phosphine exchange are 

proposed. 
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Figure 3.1. Rh complexes supported by Z-type Al and Ga metalloligands, which is 

extremely fluxional on the NMR timescale. 

3.2 Introduction 

Chemical bonds between a transition metal (TM) and a -acceptor (Z-type) ligand 

reverse the traditional roles of the metal as a Lewis acid and of the ligand as a Lewis 

base.105,145 Ambiphilic ligands that tether strong donors to the -acceptor functionality can 

lend coordinative stability to TM→Z complexes. While the majority of ambiphilic ligands 

feature B as the -acceptor,104,228-230 the heavy main group congeners (e.g. Al,198,231-236 

Ga,99,237 In,99,238 Tl,239-240 Sb,241-244 Bi,245-247 and Te248-249) are less explored. Beyond 

bonding, TM→Z complexes are emerging as bifunctional catalysts that operate via metal-

ligand cooperativity.250-251 For example, Z-type ligands benefit catalysis by directly 

assisting in heterolytic E-H activation,99,106-107,121,252 supporting redox transformations 

during N2 fixation,253 and tuning the electrophilicity of the transition metal to bind and 

activate alkyne substrates.243,254-255  

The double-decker triphosphino(triamido)amine ligand, [N(o-

(NCH2P(iPr)2)C6H4)3]
3− (abbreviated as L), was shown to support TM→Z bonds between 

a late first-row metal (Fe, Co, and Ni) and AlIII.99,198 The coordination chemistry was 

subsequently extended to Ni−Ga and Ni−In.99 Of interest, the catalytic activity of these Ni 
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bimetallic complexes in olefin hydrogenation depended significantly on the identity of the 

group 13 ion: Ni−Ga was competent, Ni−In was sluggish, and Ni−Al was inactive. Because 

of the widespread use of Rh in homogeneous catalysis,256-257 we began to investigate the 

coordination chemistry of Rh paired with group 13 ions.  

 

Figure 3.2. Structurally characterized Rh complexes featuring AlIII or GaIII ligands, 

including X−RhML complexes in this work. The TM→Z bonding interaction is 

highlighted in red.  

Unlike Rh→BIII complexes, which are plentiful, few Rh→AlIII and Rh→GaIII 

examples are structurally validated. A search of the Cambridge structure database258 

resulted in three complexes containing a discrete Rh→AlIII or Rh→GaIII bonding 

interaction (Figure 4.2).259-260 As an aside, other bonding interactions between Rh and the 

heavy group 13 metalloids, e.g. Rh←MI (where M = Al or Ga), which are uncommon, have 

been reported.261-264 

 We report a six-membered family of X−Rh−MIII complexes, where X is Cl, CH3, 

or H, and M is trivalent Al or Ga. A significant Rh→M interaction is present across all 

complexes. The geometry of the five-coordinate Rh center is distorted from ideal square 

pyramidal geometry, and the extent of the distortion depends on the steric bulk of the X 

ligand. Finally, these complexes undergo fluxional processes to exchange inequivalent 
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phosphine donors. Based on variable temperature 1H and 31P NMR data, the 

thermodynamic parameters and potential mechanisms for the fluxional behavior are 

discussed. 

3.3 Results and Discussion 

3.3.1 Synthesis of Rh−M Complexes  

Addition of 0.5 equiv {Rh(-Cl)(C2H4)2}2 to the metalloligands, AlL and GaL, 

generated Cl−RhAlL (1-Cl) and Cl−RhGaL (2-Cl), respectively (Scheme 1).  Both 1-Cl 

and 2-Cl can be further functionalized through metathesis reactions. Methylation of 1-Cl 

and 2-Cl was effected using a slight excess of methyllithium, yielding CH3−RhAlL (1-

CH3) and CH3−RhGaL (2-CH3). Alternatively, 1-Cl and 2-Cl can be treated with 1.1 equiv 

LiHBEt3, providing the hydride complexes, H−RhAlL (1-H) and H−RhGaL (2-H). 

Solutions of 1-Cl and 2-Cl are orange and red, respectively. The colors of the Rh−M methyl 

and hydride complexes are yellow and yellow-orange for M = Al and Ga, respectively. 

3.3.2 Electrochemistry 

Cyclic voltammograms (CVs) of the chloride complexes, 1-Cl and 2-Cl, were 

collected at various scan rates (Figure 4.2). In addition to irreversible oxidation processes 

(Figures A.4.1, A.4.2), the CVs of 1-Cl and 2-Cl show an irreversible one-electron 

reduction that is coupled to subsequent electrochemical reactions (vide infra). The peak 

cathodic potential (Epc) of the reduction process is ~120 mV more mild for 2-Cl (−1.95 V 

vs. Fc+/Fc, 25 mV/s) than for 1-Cl (−2.07 V, same conditions). The milder Epc of 2-Cl 

suggests that GaIII is a better -acceptor for Rh(I) than AlIII. 
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Scheme 3.1. Synthesis of X−RhAlL (1-X) and X−RhGaL (2-X) complexes, where X = Cl, 

CH3, and H. 

For both complexes, the initial irreversible reduction is followed by an oxidation 

event at a peak anodic potential (Epa) of −1.59 and −1.64 V for 1-Cl and 2-Cl, respectively 

(vs. Fc+/Fc, 25 mV/s). The large peak-to-peak separation (|Epc − Epa| ≥ 310 mV) indicates 

an intermediary chemical reaction that is kinetically fast. A reasonable proposal is the 

dissociation of the Cl− ligand upon reduction, where the EC steps are labeled as E1 and C1 

in Figure 4.2. The resulting product, RhML, is electrochemically active and undergoes one-

electron oxidation (E2) to [RhML]+. Comparing the two single-electron transfers, E2 is 

more positive than E1, in part, because of the differences in overall charge between the 

redox pairs: [RhML]+/RhML and Cl−RhML/[Cl−RhML]−. Of note, the [RhML]+ cation 

appears to be more stable for AlIII than GaIII since the E2 step exhibits quasi-reversibility at 
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fast scan rates (≥ 250 mV, E½= −1.62 V) for 1-Cl. The lack of reversibility for [RhGaL]+ 

indicates that the Rh center is much more electrophilic than that of [RhAlL]+, resulting in 

faster chloride association for Rh−Ga than Rh−Al. 

 

Figure 3.3. (Left) Cyclic voltammogram (CV) of 1-Cl and 2-Cl in 0.1 M TBAPF6 in THF 

referenced to the Fc/Fc+ redox couple. (Right) Proposed mechanistic scheme for the EC 

steps. 

3.3.3 X-ray Crystallography 

Molecular structures of the Rh−M complexes were elucidated using single-crystal 

X-ray diffraction (Figure 4.4). Nearly all the complexes crystallize in the triclinic space 

group P1̅, with the exception of 2-Cl and 2-H, which crystallize in the monoclinic space 

groups P21/n and P21, respectively. The bimetallic complexes all feature five-coordinate 

Rh centers that are significantly distorted between square pyramidal and trigonal 

bipyramidal (vide infra). The exact geometry about Rh depends largely on the identity of 

X (Cl, CH3, or H), rather than the group 13 ion, MIII (Al or Ga). Hence, the Rh−M bimetallic 
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complexes are best categorized as isostructural pairs, 1-X and 2-X, for identical X ligands. 

Selected geometric parameters for the Rh−M complexes are shown in Table 3.1. 

 

Figure 3.4. Molecular structures of 1-X and 2-X with thermal ellipsoids set at 50% 

probability. For N- and P-atom labels, see 1-Cl. With respect to the X ligand, P2 is located 

trans, while P1 and P3 are cis. Non-coordinating solvent molecules and H atoms were 

omitted for clarity (except for the hydride atoms).  Atom color guide: Rh, red; P, orange; 

Al, cyan; Ga, pink; Cl, green; C, gray; H (hydride), gold. 

The Rh−M bond length are nearly invariant across the subfamilies 1-X and 2-X. 

The Rh−Al and Rh−Ga bond lengths vary slightly from 2.50−2.54 Å for 1-X and 2.45−2.50 

Å for 2-X, respectively. The Rh−Ga bond lengths in 2-X are comparable to those in the 

couple RhI→GaIII structures discussed previously (2.42 and 2.45 Å). To gauge the strength 

of the Rh−M interaction, the Rh−M bond distances were normalized to the sum of the 

metals’ covalent radii to obtain the covalent ratio (r) for these metal-metal interactions.265 

The r value ranges from 0.93 to 0.97 across all six bimetallics, indicating a significant 
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Rh→MIII dative interaction. Of note, the Rh−M bond distances between the M = Al and M 

= Ga complexes are similar (within 0.05 Å), though Rh−Ga bonds are slightly contracted 

compared to their Rh−Al counterparts. Similar Rh−M bond distances are consistent with 

the similar covalent radii of Al and Ga (1.21 and 1.22 Å, respectively).265 Though the 

shorter Rh−Ga bonds may arise from the GaIII ion residing higher above the N3−plane than 

AlIII by 0.06 to 0.10 Å in this family.99  

The methyl complexes 1-CH3 and 2-CH3 have Rh−C bond lengths of 2.19 and 2.12 

Å, respectively.  A search of the Cambridge Structural Database produced only 7 

structurally characterized RhI methyl complexes: the average Rh−C bond length is 2.141 

Å with a standard deviation of 0.038 Å.266-270 Thus, the Rh−C bond lengths in 1-CH3 and 

2-CH3 compare well to this limited set. In 1-H and 2-H, the crystals were of sufficient 

quality such that the hydride atom was located in the Fourier difference map. However, the 

Rh−H bond lengths are unreliable because of the uncertainty associated with placing a 

weak-scattering hydrogen atom in the Fourier difference map, especially in the vicinity of 

a heavy metal.271  

 The Rh−P2 bond elongates in the order of Cl− < CH3
− < H−, which is in 

accordance with the expected order based on the trans-influence of these ligands. For the 

bulkier Cl and CH3 ligands, a notable distortion is the elongation of one Rh−Pcis bond (cis 

refers to the phosphine position relative to X), such that the two Rh−Pcis bonds are notably 

inequivalent in 1-Cl, 2-Cl, 1-CH3, and 2-CH3. The differences between the Rh−P1 and 

Rh−P3 bond lengths range from 0.066 to 0.079 Å in these bimetallic complexes. Such a 

large deviation is not observed in 1-H, 2-H, or other four-272-280 and five-coordinate281-284 
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Rh complexes which contain two identical phosphine donors trans to one another with one 

exception (vide infra). For instance, the Rh−Pcis bonds in Rh(PPh3)3X complexes differ by 

0.008 to 0.046 Å, with the greatest deviation observed for Rh(PPh3)3CN.  

The similar sizes of the bulkier Cl and CH3 ligands also result in large angular 

distortions about the Rh center in 1-Cl, 2-Cl, 1-CH3, and 2-CH3. The P1−Rh−P3 and 

P2−Rh−X angles, where X is Cl or CH3, both approach 150°, deviating significantly from 

the expected 180° of an ideal square pyramid. The corresponding τ5 parameters (0.03 to 

0.13) would denote nearly perfect square pyramidal geometry (τ5 = 0),285 which is certainly 

misleading in these cases. Instead, the s-angle, or the interplanar angle between the 

P1−Rh−P2 and P3−Rh−X (see Table 3.1), is a better way to describe the distortion of the 

Rh center from square planar/pyramidal geometry.272 In the Cl and CH3 complexes, the s-

angles are all close to 40. The distortion reduces the steric clash between the isopropyl 

groups of the cis-phosphines (relative to X) and the X ligand by raising the bulky X group 

out of the triphosphine plane.  

In contrast, the hydride ligands in 1-H and 2-H reside within the Rh-triphosphine 

plane. The τ5 parameters for 1-H and 2-H are also misleading at 0.51 and 0.62, respectively. 

Instead the small distortion from square pyramidal geometry is reflected by the smaller s-

angles, which range between 10 and 20 for 1-H and 2-H. The P2−Rh−H angle approaches 

180°, but the Pcis−Rh−H bond angles deviate significantly from the ideal 90° (range from 

67 to 76°).  Such acute bond angles have been previously observed in RhH(PR3)3 

structures, and are a result of greater repulsion between phosphine donors than phosphine-

hydride ligands.277,286-287   
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Table 3.1. Geometrical parameters, including selected bond lengths (Å) and angles (deg) 

for 1-Cl, 2-Cl, 1-CH3, 2-CH3, 1-H, and 2-H. M is Al for 1-X and Ga for 2-X, where X 

represents Cl, H, or CH3. 

 1-Cl 2-Cl 1-CH3 2-CH3 1-H 2-Hc 

Rh−M 2.5400(5) 2.5003(7) 2.5460(9) 2.4925(4) 2.4974(14) 2.4793(8) 2.4459(8) 

ra 0.97 0.95 0.97 0.94 0.95 0.94 0.93 

Rh−P1 2.3194(5) 2.3288(14) 2.2951(8) 2.2978(7) 2.2949(14) 2.2911(16) 2.2900(16) 

Rh−P2 2.2296(5) 2.2368(14) 2.2804(8) 2.2966(7) 2.3511(14) 2.3625(16) 2.3266(15) 

Rh−P3 2.3832(5) 2.3947(14) 2.3632(8) 2.3757(7) 2.3056(15) 2.3127(15) 2.3017(15) 

Rh−X 2.3983(5) 2.4151(14) 2.188(19) 2.118(3) 1.623d 1.510d 1.437d 

M−N1 1.8826(15) 1.929(4) 1.881(3) 1.939(2) 1.889(3) 1.939(4) 1.945(4) 

M−N2 1.8823(15) 1.939(4) 1.889(3) 1.949(2) 1.895(3) 1.932(4) 1.945(4) 

M−N3 1.8789(15) 1.942(4) 1.892(3) 1.935(2) 1.892(3) 1.939(4) 1.941(4) 

M−N4 2.1227(14) 2.226(4) 2.145(3) 2.272(2) 2.140(3) 2.263(4) 2.259(4) 

Rh−(P3-

plane) 
0.328 0.353 0.341 0.37 0.236 0.263 0.170 

X−(P3-

plane) 
1.815 1.980 1.623 1.620 0.498d 0.426d 0.231d 

M−(N3-

plane) 
0.261 0.354 0.287 0.391 0.300 0.362 0.377 

P1−Rh−P2 101.206(18) 101.72(5) 102.01(3) 103.97(3) 110.52(5) 109.04(6) 104.95(5) 

P2−Rh−P3 99.286(19) 99.32(5) 100.76(3) 102.08(3) 106.76(5) 106.98(5) 107.53(5) 

P1−Rh−P3 151.711(17) 150.25(5) 149.16(3) 145.16(3) 139.39(5) 139.84(6) 145.65(5) 

P1−Rh−X 86.048(19) 86.99(5) 83.8(4) 82.68(8) 75.54 77.22 71.45 

P2−Rh−X 150.122(18) 146.70(5) 152.7(4) 153.06(8) 173.39 173.64 176.13 

P3−Rh−X 85.828(19) 86.86(5) 130.0(4) 84.51(8) 68.27 66.72 75.74 

s-angleb 37.6 41.3 36.5 38.3 18.3d 11.0d 18.4d 

M−Rh−X 130.84(2) 134.11(4) 130.0(4) 130.88(8) 110.61d 97.13d 93.97d 

N4−M−Rh 172.63(4) 172.84(10) 172.55(8) 173.51(6) 176.90(10) 177.62(11) 177.51(11) 

N1−M−N2 112.07(6) 111.09(17) 112.07(12) 112.08(9) 118.14(15) 113.37(18) 112.65(18) 

N2−M−N3 115.85(6) 114.38(17) 115.98(11) 113.90(9) 114.14(15) 117.49(19) 117.27(18) 

N3−M−N1 126.32(6) 124.65(17) 125.06(12) 122.08(9) 120.33(16) 118.06(18) 119.94(18) 

a r = (Rh−M bond distance) / (sum of Rh and M covalent radii).265 bInterplanar angle between P1−Rh−P2 and 

P3−Rh−X.272 cTwo independent molecules in the asymmetric unit. dGeometrical parameters involving the 

hydride may vary from the actual values due to the inaccuracy in placing a hydrogen atom near a heavy 

metal.  

Another close structural analog to the complexes 1-X and 2-X is the rhodaboratrane 

complex [{o-(Ph2P)C6H4}3BRh(CO)]+ synthesized by Nakazawa and co-workers.282 This 
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cationic complex has a square pyramidal Rh center and an s-angle of 15°, which is 

comparable to 1-H and 2-H.282 Of interest, the Rh−Pcis bond lengths differ by 0.067 Å, 

which is nearly on par with the chloride and methyl complexes of 1 and 2. Hence, the steric 

forces of this rhodaboratrane cation featuring diphenyl phosphine groups and a CO ligand 

fall in between these hydride complexes and their methyl/chloride counterparts.  

For the Rh−M bimetallics with bulky X ligands (Cl, CH3), a close contact of ~2 Å 

is observed between the methine proton belonging to P1 and a methylene proton of the 

adjacent P2 ligand arm.  This short contact, which is not observed in the hydride species, 

correlates with an elongated Rh−P1 bond compared to Rh−P3. Presumably, the Rh−P1 bond 

stretches to decrease steric congestion with the X ligand, but at the cost of increasing steric 

repulsion with the adjacent P2 ligand arm. 

3.3.4 NMR Spectroscopy 

3.3.4.1  31P VT-NMR Studies 

The Rh−M complexes reported here also exhibit different extents of fluxionality at 

room temperature, and so, both low and high-temperature 31P and 1H NMR studies were 

performed. For the Rh−M bimetallics with bulky X ligands (X = Cl, CH3), three distinct 

phosphorus resonances were observed at room temperature, which sharpen upon cooling 

(Figure 4.5, Table 4.2). Typically, trans-disposed phosphines in square pyramidal/planar 

Rh triphosphine complexes are chemically equivalent by a mirror plane of symmetry.272,274-

276,278-280,282,288-290 However, the propeller-like geometry enforced by the ligand backbone 

of L148-149 makes it so that the complex does not possess a mirror plane of symmetry. While 

the solid-state structure suggests that the Pcis nuclei in 1 and 2-X should be chemically 
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unique (cis refers to the phosphine position relative to X), the observation of two distinct 

Pcis nuclei by NMR spectroscopy is only rarely observed in five-coordinate triphosphine 

Rh complexes.291 In the rhodaboratrane complex [{o-(Ph2P)C6H4}3BRh(CO)]+ (vide 

supra), the trans-disposed phosphine donors are equivalent by 31P NMR spectroscopy, 

most likely due to some fluxional motion that exchanges the two phosphines. However, 

low-temperature NMR data for this complex were not reported.  

 

Figure 3.5. 31P{1H} NMR spectra of 1-X and 2-X complexes (162 MHz). Unless otherwise 

noted, the spectra were recorded in CD2Cl2. For 1-H, 2-H, and 2-CH3, spectra were 

recorded in toluene-d8. For 2-H, the –73 C spectrum is shown, but the three 31P nuclei 

become resolved from –39 C. 

For bimetallic complexes with bulky X ligands (1-Cl, 2-Cl, 1-CH3, and 2-CH3), 

the most downfield 31P resonance is a doublet of triplets (dt, 𝐽Rh−P2
 = 99 to 157 Hz, 

𝐽P1,3−P2
= 17 to 25 Hz), which corresponds to P2, the phosphorus trans to X. The P2 signal 

is highly sensitive to the nature of X, shifting ~30 ppm within the 1-X and 2-X subgroups. 

As the trans influence of X increases, the P2 resonance moves upfield, which is consistent 

with increased shielding of the 31P nucleus as the Rh−P2 bond elongates. The two trans-

phosphorus nuclei that are cis to X, namely P1 and P3, give rise to two distinct “doublet of 



86 

doublet of doublets” (ddd,  𝐽P1−P3
= 313 to 325 Hz, 𝐽Rh−P1,3

= 105 to 155  Hz, 𝐽P2−P1,3
= 17 

to 25  Hz).292-293  Analogous to the solid-state structures, the coupling values for the Rh−M 

bimetallics are similar when the X ligand is identical, regardless of the different group 13 

MIII ions. On the other hand, the identity of M impacts the relative 31P NMR chemical 

shifts, where Rh−GaIII complexes display more downfield signals than their Rh−AlIII 

analogues.  

Table 3.2. 31P{1H} NMR chemical shifts and coupling constants (in Hz) of 1-X and 2-X 

complexes (refer to Figure 4.5 caption for conditions unless otherwise noted).  

Complex 
P1 P2 P3 

δ 𝐽Rh−P1
a 𝐽P1−P3

 𝐽P1−P2
 δ 𝐽Rh−P2

a 𝐽P1,3−P2
 δ 𝐽Rh−P3

a 𝐽P2−P3
 

1-Cl 45.0 131 317 24 80.7 157 25 26.8 107 25 

2-Cl 51.2 128 325 22 93.3 146 23 30.5 105 24 

1-CH3 45.1 155 313 19 59.0 108 19 23.3 126 18 

2-CH3 50.3 154 317 17 70.8 99 17 27.3 124 17 

1-Hb 59.1 138 265 ---c 51.6 119 20 43.4 125 ---c 

2-Hb 64.4 142 273 17 58.3 114 19 49.2 123 ---c 

a 103Rh: S = 1/2, 100% abundant. bData obtained at −73 °C for P1 and P3. P2 coupling values were obtained 

at −49 °C due to better resolution. cCoupling was not resolved at the low T limit for the respective solvents. 

 

3.3.4.2 Fluxionality that exchanges P1 and P3 

For both 1-H and 2-H, the room temperature 31P NMR spectra display a single 

resonance corresponding to P2 (dt, avg. 𝐽Rh−P2
 = 117 Hz, 𝐽P1,3−P2

= 19 Hz, Figures A.4.38 

and A.4.45). The P1 and P3 resonances are notably absent; presumably, the P1 and P3 peaks 

are broadened into the baseline due to coalescence. Upon lowering the temperature, the P1 

and P3 peaks appear and resolve close to −70 and −40 C for 1-H and 2-H, respectively 

(ddd, avg 𝐽P1−P3
 = 269 Hz, 𝐽Rh−P1,3

~ 132 Hz, 𝐽P2−P𝑐𝑖𝑠
~ 18 Hz). At the high-temperature 

probe limit (97 C, toluene-d8), the P1 and P3 peaks of 2-H appear as a single doublet at 57 

ppm, which is consistent with fast exchange (Figure A.3.46). In addition to 1-H and 2-H, 
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coalescence of the P1 and P3 resonances were also observed for 1-Cl and 2-Cl, though at 

more elevated temperatures (Table 3.3). At the probe temperature limit of 370 K, the P1 

and P3 peaks of 1-CH3, and 2-CH3 were approaching coalescence (Figures A.4.24 and 

A.4.32, respectively). 

Table 3.3. Coalescence temperature (Tc), rate constant (kc), and activation energy (ΔG‡) for 

the equilibration of the trans-disposed phosphines, P1 and P3, in Rh−M bimetallic 

complexes.   

 1-Cl 2-Cl 1-CH3 2-CH3 1-H 2-H 

Tc (K) 359 345 >370 >370 265 279 

kc (s−1) 6700 7600 >7900 >8500 5900 5700 

ΔG‡ (kcal/mol) 14.9 14.2 >15.2 >15.2 10.9 11.5 

 

The motion that equilibrates the two trans-disposed P nuclei likely takes place 

through a mechanism by which all three ligand arms flip in between two different 

propeller-type geometries, exchanging the relative orientations of the two diisopropyl 

groups. Such a motion may be accompanied by an asymmetric stretching of the two Rh−P 

bonds along the P1−Rh−P3 axis that toggles between P1⸻Rh–P3 and P1–Rh⸻P3. Bourissou 

and coworkers have observed fluxional behavior in a variety of metallaboratranes, which 

involves flipping between two propeller geometries and concomitant exchange of the 

phosphine R groups. They propose a mechanism of phosphine dissociation and 

reassociation, which also cannot be discounted.294 The energy barrier (ΔG‡) for this 

fluxional process can be estimated from the coalescence temperature and chemical shift 

difference between P1 and P3 (see Experimental, Table A.3.1). The activation energies 

increase with the size of the X ligand, such that the lowest barriers are found for the 

hydrides, followed by the chlorides, and then, the methyl complexes. 
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3.3.4.3 Fluxionality differences between 2-Cl and 2-H  

Of note, 2-Cl is the sole Rh−M bimetallic for which fast exchange of all three 31P 

nuclei was observed within the probe temperature limit, which occurs at 97 C (Figure 

A.3.16). The exchange between Ptrans and Pcis (trans and cis refer to the phosphine position 

relative to X) likely requires initial dissociation of one phosphine, followed by phosphine 

re-association at a different position, as shown in Figure 4.6. The Ptrans resonance in 1-Cl 

also appears to broaden and begin to coalesce with Pcis, however coalescence is not 

achieved even at 115°C (Figure A.3.9). In the case of the hydride complex, 2-H, P2 showed 

no propensity to exchange with P1,3 even at 97 C (Figure A.3.47). This difference in 

fluxional behavior between 2-H and 2-Cl could reflect the favorability of dissociating a 

phosphine donor from a sterically encumbered Rh center in 2-Cl versus 2-H. Since the 

temperatures (and, therefore the energy barriers) for first equilibrating P1 and P3, and then 

equilibrating P2 and P1,3 are reasonably close for 2-Cl (ΔTc = 25 K), it is possible that some 

Rh−P bond breaking character is already present in the exchange of P1 and P3. In contrast, 

the energy barrier for equilibrating P1 and P3 in 2-H is low at 11.5 kcal/mol, and no sign of 

equilibrating P2 and P1,3 was detected. Hence, equilibrating the two Pcis donors in the non-

bulky hydride 2-H is facile and does not involve Rh−P bond cleavage.  
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Figure 3.6. Proposed mechanism to exchange the phosphine trans to Cl (P2) with the 

phosphine cis to Cl (e.g. P1) that is observed for 2-Cl at high temperature (Tc = 369 K). 

Only donors around the Rh center are shown. 

3.3.4.4 1H VT-NMR Studies 

The fluxionality of the Rh−M bimetallics was interrogated by variable temperature 

1H NMR spectroscopy to complement the 31P NMR studies. At room temperature, the 

bimetallics with bulky X ligands display broad, ill-defined resonances, especially in the 

aliphatic region. The peaks sharpen upon cooling, and the solution-state structure becomes 

fully asymmetric, or C1. As a representative example, the 1H NMR spectrum of 1-CH3 at 

−20 °C is shown in Figure 4.7. The six methylene and six methine protons of the L ligand 

were all observed as individual peaks. For the Rh-methyl group, a small 2JRh−H coupling 

constant of 1.0 Hz could also be discerned at higher temperatures. 



90 

 

Figure 3.7. 1H{31P} NMR spectrum of 1-CH3 (400 MHz, toluene-d8, −20 C). Peaks that 

are labeled with a symbol correspond to ligand methylene (■), ligand methine (•), and 

Rh−CH3 () protons. 

The 1H NMR spectra of 1-Cl and 2-Cl at high temperature (115 and 75 C, 

respectively) simplify to 8 broad peaks for the L ligand. The 8 broad peaks can be assigned 

to the 4 unique aryl protons, methylene, methine, and “up” and “down” methyl groups.148 

Hence, the chloride complexes approach C3v symmetry,148 which is consistent with the 

(near) coalescence of all three phosphorus atoms (P1 = P2 = P3) described above. At 

similarly high temperatures, the 1H NMR spectra of 1-CH3 and 2-CH3 exhibit Cs 

symmetry, where 2 sets of the four aryl protons each are observed with a relative integration 

of 2:1. This is also consistent with the observed coalescence of the two trans-disposed 

phosphorus nuclei, such that P1 = P3  P2. 

The room-temperature 1H NMR spectra of 1-H and 2-H are consistent with Cs 

symmetry, where the distinctive methylene protons on the ligand backbone are observed 

as 3 unique peaks with equal integrations: a broad singlet corresponding to PtransCH2, and 

a set of doublets for the diastereotopic protons, PcisCHH′ and PcisCHH′ for P1 and P3. At 

−77°C, both 1-H and 2-H display broad, ill-defined peaks, especially in the aliphatic 
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region. Hence, unlike the chloride and methyl complexes, the C1 solution structures are not 

observed for the hydride complexes above the freezing point of toluene-d8. The different 

temperature profile of the hydride complexes compared to the other bimetallics is 

consistent with the significantly lower barrier to equilibrate P1 and P3 in the hydrides. The 

hydride resonance is a doublet of triplet of doublets, as shown in Figure 4.8. The 2JRh-H 

coupling constant of 12.3 and 12.4 Hz can be observed for 1-H and 2-H, respectively, and 

is well within the norm for Rh(I) hydrides trans to a trialkyl phosphine.295-297  

 

Figure 3.8. Stacked plots of the 1H and 1H{31P} NMR spectra (400 MHz) of the Rh 

hydride resonance in 1-H (left) and 2-H (right). Coupling constants (2JP(trans)−H, 2JP(cis)−H, 

and JRh−H): 107.1, 24.2, and 12.4 Hz for 1-H in CD2Cl2 at −8 °C; 109.3, 23.0, 12.3 Hz for 

2-H in toluene-d8 at 7 °C.  

3.4 Conclusions 

Six complexes that feature significant Z-type Rh→Al or Rh→Ga interactions were 

synthesized and structurally characterized. The cyclic voltammograms of 1-Cl and 2-Cl 

exhibit an irreversible reduction process at Epa of −2.07 and −1.95 V (vs. Fc+/Fc), 

respectively. The milder reduction potential observed for 2-Cl suggests that GaIII is a 

stronger σ-acceptor for Rh than AlIII. The ratio (r) of the Rh−M bond length to the sum of 

the metals’ covalent radii are less than unity for all Rh−M complexes: 0.97 to 0.95 for 1-X 
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and 0.95 to 0.93 for 2-X. The lower r values for Ga compared to Al is consistent with the 

Ga being the stronger σ-acceptor.  

Though Rh→M interactions do not vary across the different X groups (chloride, 

methyl, or hydride), the steric bulk of the X group determines the extent of geometric 

distortion at Rh. Because of the steric clash between X and the isopropyl substituents on 

the ligand, larger X groups (Cl, CH3) exhibit greater distortions than the hydrides. Related 

to the distortion, all three phosphine donors are chemically inequivalent by NMR 

spectroscopy, which is unusual for triphosphine Rh complexes with identical donors. Two 

different fluxional processes that exchange the different phosphines in 1-X and 2-X were 

scrutinized. The lower barrier process involves equilibration of two trans-disposed 

phosphine donors (cis to the X) via the asymmetric stretching of the Rh−P bonds. The 

second process involves equilibration of all three phosphine donors, which likely requires 

Rh−P bond dissociation and reassociation. Future efforts will focus on examining the 

reactivity of these Rh complexes, with a focus on whether the identity of the Lewis acid 

can lead to differing reactivity profiles for these Rh metallatranes. 
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3.6 Experimental Section 

General Considerations. 

Unless otherwise stated, all manipulations were performed under an inert 

atmosphere in a glovebox or using standard Schlenk techniques. Standard solvents were 

deoxygenated by sparging with inert gas and dried by passing through activated alumina 

columns of a SG Water solvent purification system. Deuterated solvents were purchased 

from Cambridge Isotope Laboratories, Inc. or Sigma-Aldrich, degassed via 

freeze−pump−thaw cycles and stored over activated 4 Å molecular sieves. Elemental 

analyses were performed by Robertson Microlit Laboratories, Inc. (Ledgewood, NJ). All 

1H and 31P NMR spectra were recorded on a Bruker 400 MHz spectrometer at ambient 

temperature unless otherwise stated. The temperature of the probe during the variable-

temperature NMR experiments was calibrated against an external methanol or ethylene 

glycol standard at temperatures below and above 25 °C, respectively. The barrier that 

equilibrates the inequivalent phosphine donors, ΔG‡, is calculated using eq 1: 

∆𝐺‡ = 𝑅𝑇𝑐[23.760 + 𝑙𝑛(𝑇𝑐/𝑘𝑐)         (1) 

where the coalescence temperature Tc is in Kelvin, R is the ideal gas constant, and kc = 

(𝜋/√2) × √∆𝑣2 + 6𝐽2, where Δν is the difference in frequency (Hz) between the exchanging 

phosphorus nuclei, and J is the coupling constant between the exchanging 31P nuclei.298-299 

Note, this equation was originally derived for a simple AB spin system. Here, the equation 

is applied to an ABX spin system, where ABX refers to the three unique 31P nuclei and 

excludes 103Rh coupling, to study the coalescence of the A and B nuclei. Cyclic 

voltammetry was performed using a CH instruments 600 electrochemical analyzer. The 
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one-cell set-up used a glass carbon working electrode, Pt wire counter electrode, and 

Ag/AgNO3 reference electrode in CH3CN. Analyte solutions consisted of 0.1 M 

[nBu4N]PF6 and the voltammograms were referenced internally to the FeCp2
0/+ 

(abbreviated as Fc+/Fc) redox couple. RhCl3
.3H2O was purchased from Pressure Chemicals 

and used as received. All other metal halides were purchased either from Strem or Sigma 

Aldrich and used without further purification. The protio-ligand, N(o-(NHCH2P
iPr2)C6H4)3 

(abbreviated as LH3), AlL, GaL, and {Rh(-Cl)(C2H4)2}2 were synthesized according to 

literature procedures.99,198,300  

Synthesis of ClRhAl(N(o-(NCH2PiPr2)C6H4)3), 1-Cl.  

A solution of AlL (161.4 mg, 0.229 mmol) in THF (8 mL) was added to a solution of 

{Rh(-Cl)(C2H4)2}2 (44.5 mg, 0.115 mmol) in THF (1 mL). The mixture was stirred 

overnight, after which the solvent was removed in vacuo to yield a red-orange solid. The 

solid was then dissolved in benzene (4 mL) and filtered through a pad of Celite. The filtrate 

was concentrated in vacuo to yield red-orange powder (189.2 mg, 98% crude yield). 

Crystals suitable for X-ray diffraction were grown by slow diffusion of hexane into a 

concentrated benzene solution of 1-Cl. 1H{31P} NMR (400 MHz, CD2Cl2, −18 °C): δ 7.39 

(app t, J = 7.0 Hz, 2H, aryl), 7.30 (d, J = 7.5 Hz, 1H, aryl), 7.05 (app t, J = 7.4 Hz, 1H, 

aryl), 7.00 (app t, J = 7.6 Hz, 2H, aryl), 6.52-6.43 (m, 4H, aryl), 6.36 (d, J = 7.7 Hz, 1H, 

aryl), 6.31 (d, J = 7.7 Hz, 1H, aryl), 3.40 (d, J = 11.7 Hz, 1H, methylene), 3.35 (d, J = 11.7 

Hz, 1H, methylene), 3.28-3.20 (m, 3H, methylene, 2 methine),  3.11 (d, J = 12.8 Hz, 1H, 

methylene), 2.88 (sept, J = 7.3 Hz, 1H, methine), 2.68 (d, J = 13.3 Hz, 1H, methylene), 

2.59 (d, J = 12.8 Hz, 1H, methylene),  2.33 (sept, J = 7.2 Hz, 1H, methine),  2.26 (sept, J 



95 

= 6.8 Hz, 1H, methine), 1.90 (d, J = 7.3 Hz, 3H, methyl), 1.89 (overlapping, 1H, methine), 

1.45 (d, J = 7.2 Hz, 3H, methyl),  1.38-1.30 (m, 9H, methyl), 1.30-1.23 (m, 6H, methyl),  

1.19 (d, J = 7.3 Hz, 3H, methyl),  1.13 (d, J = 6.8 Hz, 3H, methyl), 0.90 (d, J = 6.5 Hz, 3H, 

methyl), 0.84 (d, J = 6.8 Hz, 3H, methyl), 0.49 (d, J = 6.5 Hz, 3H, methyl). 31P{1H} NMR 

(162 MHz, CD2Cl2, −18 °C): δ 80.7 (app dt, JRh-P = 157 Hz, 2JcisP-P = 25 Hz, 1P, Ptrans), 

45.0 (ddd, 2JtransP-P  = 317 Hz, JRh-P = 131 Hz, 2JcisP-P  = 24 Hz, 1P, Pcis), 26.8 (ddd, 2JtransP-

P  = 317 Hz, 1JRh-P = 107 Hz, 2JcisP-P  = 25 Hz, 1P, Pcis). Anal. Calcd for 1-Cl∙(C6H6)0.5, 

C39H60N4P3AlRhCl∙0.5(C6H6) (%): C, 57.18; H, 7.20; N, 6.35. Found: C, 58.03; H, 7.51; 

N, 6.31.  UV−vis [THF; λmax, nm (ε, M−1 cm−1 )]: 325 (16700), 400 (3000). 

Synthesis of ClRhGa(N(o-(NCH2PiPr2)C6H4)3), 2-Cl.  

2-Cl was synthesized using the same procedure as 1-Cl, except using GaL (168.6 mg, 0.225 

mmol) and {Rh(-Cl)(C2H4)2}2 (43.8 mg, 0.113 mmol). 2-Cl was isolated as a red solid 

(198.6 mg, 99% crude yield). Red crystals suitable for X-ray diffraction were grown by 

diffusion of hexane into a concentrated benzene solution of 2-Cl. 1H{31P} NMR (400 MHz, 

CD2Cl2, −49 °C): δ 7.41 (d, J = 7.6 Hz, 1H, aryl), 7.37 (d, J = 7.9 Hz, 1H, aryl), 7.30 (d, J 

= 7.4 Hz, 1H, aryl), 7.07-6.94 (m, 3H, aryl), 6.53-6.42 (m, 4H, aryl), 6.34 (d, J = 7.6 Hz, 

2H, aryl), 3.45 (d, J = 11.7 Hz, 1H, methylene), 3.38-3.27 (m, 2H, methine, methylene), 

3.27-3.10 (m, 3H, 2 methylene, methine), 2.92 (sept, J = 7.2 Hz, 1H, methine), 2.57 (d, J 

= 13.3 Hz, 1H, methylene), 2.52 (d, J = 13.0 Hz, 1H, methylene),  2.33 (sept, J = 7.0 Hz, 

1H, methine), 2.21 (sept, J = 6.5 Hz, 1H, methine), 1.94 (d, J = 6.9 Hz, 3H, methyl),  1.74 

(sept, J = 6.8 Hz, 1H, methine),  1.43 (d, J = 7.0 Hz, 3H, methyl),  1.42-1.36 (m, 9H, 

methyl), 1.30-1.23 (m, 6H, methyl),  1.18 (d, J = 7.1 Hz, 3H, methyl),  1.12 (d, J = 6.7 Hz, 

3H, methyl),  0.84 (d, J = 6.0 Hz, 3H, methyl), 0.84 (d, J = 6.6 Hz, 3H, methyl), 0.45 (d, J 
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= 6.4 Hz, 3H, methyl). 31P{1H} NMR (162 MHz, CD2Cl2, −18 °C): δ 93.3 (app dt, JRh-P  = 

146 Hz, 2JcisP-P
 = 23 Hz, 1P, Ptrans), 51.2 (ddd, 2JtransP-P = 325 Hz, JRh-P = 128 Hz, 2JcisP-P  = 

22 Hz, 1P, Pcis), 30.5 (ddd, 2JtransP-P = 325 Hz, JRh-P = 105 Hz, 2JcisP-P = 24 Hz, 1P, Pcis). 

Anal. Calcd for 2-Cl∙(C6H6)0.5, [C39H60N4P3GaRhCl∙0.5(C6H6)] (%): C, 54.54; H, 6.86; N, 

6.06. Found: C, 53.99; H, 6.91; N, 5.93. UV−vis [THF; λmax, nm (ε, M−1 cm−1 )]: 310 

(19400), 425 (2600). 

Synthesis of CH3RhAl(N(o-(NCH2PiPr2)C6H4)3), 1-CH3.  

A solution of MeLi in Et2O (0.0932 mL, 0.140 mmol) was added to THF (2 mL), and 

subsequently added dropwise to a solution of 1-Cl (98.3 mg, 0.117 mmol) in THF (5 mL) 

at −78°C. The mixture was stirred for 3 h. The volatiles were removed in vacuo, and the 

resulting brown solid was washed with a cold (−20 °C) solution of 4:1 hexanes:diethyl 

ether (3 x 3 mL). The yellow solid was dissolved in benzene (5 mL) and filtered through a 

pad of Celite. The filtrate was condensed in vacuo to yield 1-CH3 as a light yellow powder 

(48.3 mg, 50% yield). Note, MeMgCl can also be used instead of MeLi.  Crystals suitable 

X-ray diffraction were grown by slow diffusion of pentane into a concentrated benzene 

solution of 1-CH3. 1H{31P} NMR (400 MHz, toluene-d8, −18 °C): δ 7.47-7.43 (m, 2H, 

aryl), 7.41 (dd, J = 7.6, 1.4 Hz, 1H, aryl), 7.20-7.10 (m, 3H, aryl CH), 6.56 (app dt, J = 7.6, 

1.2 Hz, 1H, aryl), 6.55-6.49 (m, 3H, aryl), 6.44 (d, J = 7.8 Hz, 1H, aryl), 6.37 (dd, J = 7.9, 

1.1 Hz, 1H, aryl), 3.37 (d, J = 10.9 Hz, 1H, methylene), 3.20 (d, J = 12.3 Hz, 1H, 

methylene), 3.11 (d, J = 10.9 Hz, 1H, methylene), 2.94 (d, J = 12.8 Hz, 1H, methylene), 

2.78 (d, J = 12.3 Hz, 1H, methylene), 2.71 (sept, J = 7.5Hz, 1H, methine), 2.60 (d, J = 12.8 

Hz, 1H, methylene),  2.57 (sept, J = 7.4 Hz, 1H, methine),  2.39 (sept, J = 6.9 Hz, 1H, 

methine),  2.20 (sept, J = 7.0 Hz, 1H, methine), 2.15 (sept, J = 7.1 Hz, 1H, methine), 2.06 
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(sept, J = 7.3 Hz, 1H, methine),  1.52 (d, J = 7.5 Hz, 3H, methyl), 1.26 (d, J =7.5 Hz, 3H, 

methyl), 1.20 (d, J = 7.3 Hz, 3H, methyl), 1.16-1.13 (m, 6H, methyl), 1.10 (d, J = 7.2 Hz, 

3H, methyl), 0.99 (d, J = 7.3 Hz, 3H, methyl), 0.90 (d, J = 7.0 Hz, 3H, methyl), 0.86-0.80 

(m, 9H, methyl), 0.64* (d, 2JRh = 1.1 Hz, 3H, Rh-CH3), 0.63 (d, overlapping with previous 

peak, 3H, methyl). 31P{1H} NMR (162 MHz, toluene-d8, 7 °C): δ 59.0 (app dt, JRh-P = 108 

Hz, 2JcisP-P = 19 Hz, 1P), 45.1 (ddd, 2JtransP-P = 313 Hz, JRh-P = 155 Hz, 2JcisP-P = 19 Hz, 1P), 

23.3 (ddd, 2JtransP-P = 313 Hz, JRh-P = 126 Hz,  2JcisP-P = 18 Hz, 1P). *Note: Coupling 

resolved at 25 °C. Anal. Calcd for 1-CH3∙(C6H6)0.5, [C40H63N4P3AlRh∙0.5(C6H6)] (%): C, 

59.93; H, 7.72; N, 6.50. Found: C, 59.81; H, 7.93; N, 6.49. 

Synthesis of CH3RhGa(N(o-(NCH2PiPr2)C6H4)3), 2-CH3.  

2-CH3 was synthesized using the same procedure as 1-CH3, except using 2-Cl (127.3 mg, 

0.144 mmol) and MeLi (0.115 mL, 0.172 mmol).  2-CH3 was isolated as a dark orange 

solid (77.0 mg, 62% crude yield). Single crystals suitable for X-ray diffraction were grown 

by slow evaporation of a benzene solution of 2-CH3. 1H{31P} NMR (400 MHz, toluene-

d8, −18 °C): δ 7.53 (dd, J = 7.6, 1.1 Hz, 1H, aryl), 7.52 (dd, J = 7.6, 1.2 Hz, 1H, aryl), 7.48 

(dd, J = 7.8 Hz, 1H, aryl), 7.21-7.11 (m, 3H, aryl), 6.61-6.51 (m, 4H, aryl), 6.45 (d, J = 7.7, 

1H, aryl), 6.42 (d, J = 7.4 Hz, 1H, aryl), 3.44 (d, J = 10.9 Hz, 1H, methylene), 3.30 (d, J = 

12.6 Hz, 1H, methylene), 3.07 (d, J = 11.0 Hz, 1H, methylene), 2.97 (d, J = 12.5 Hz, 1H, 

methylene), 2.74 (sept, J = 7.5 Hz, 1H, methine), 2.66 (d, J = 12.7 Hz, 1H, methylene), 

2.51 (sept, J = 7.4 Hz, 1H, methine),  2.49 (d, J = 12.3 Hz, 1H, methylene),  2.32 (sept, J 

= 7.0 Hz, 1H, methine),  2.17 (sept, J = 7.0 Hz, 1H, methine), 2.00 (sept, J = 7.2 Hz, 2H, 

methine), 1.48 (d, J = 7.5 Hz, 3H, methyl),  1.24 (d, J = 7.5 Hz, 3H, methyl), 1.16 (d, J 

=7.4 Hz, 3H, methyl), 1.13 (d, J = 7.3 Hz, 3H, methyl), 1.12-1.05 (m, 6H, methyl), 0.96 
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(d, J = 7.4 Hz, 3H, methyl), 0.88 (d, J = 7.0 Hz, 3H, methyl), 0.79 (d, J = 6.6 Hz, 3H, 

methyl), 0.79 (d, J = 6.6 Hz, 3H, methyl), 0.75 (d, J = 7.0 Hz, 3H, methyl), 0.72* (d, 2JRh 

= 1.0 Hz, 3H, Rh-CH3), 0.62 (d, J = 6.8 Hz, 3H, methyl). 31P{1H} NMR (162 MHz, toluene-

d8, 3 °C): δ 70.8 (app dt, JRh-P = 99Hz, 2JcisP-P = 17 Hz, 1P), 50.3 (ddd, 2JtransP-P = 317 Hz, 

JRh-P = 154 Hz, 2JcisP-P = 17 Hz, 1P), 27.3 (ddd, 2JtransP-P = 317 Hz, JRh-P = 124 Hz,  2JcisP-P 

= 17 Hz, 1P). *Note: Coupling resolved at 42 °C. Anal. Calcd for 2-CH3∙(C6H6)0.5, 

[C40H63N4P3GaRh∙0.5(C6H6)] (%): C, 57.10; H, 7.35; N, 6.19. Found: C, 57.19; H, 7.50; 

N, 6.15. Figure S26 shows the corresponding 1H NMR spectrum for this sample. 

 

Synthesis of HRhAl(N(o-(NCH2PiPr2)C6H4)3), 1-H.  

A solution of LiHBEt3 in THF (0.0734 mL, 0.0734 mmol) was added to THF (2 mL), and 

subsequently added dropwise to a solution of 1-Cl (56.3 mg, 0.0668 mmol) in THF (4 mL) 

at −78 °C. The mixture was stirred for 3 h. The volatiles were removed in vacuo, and the 

product was extracted using a cold (−20 °C) solution of 4:1 hexanes:diethyl ether (3 x 3 

mL) and filtered through a pad of Celite. The solvent was removed in vacuo to yield 1-H 

as a light yellow powder (38.0 mg, 70% crude yield). Single crystals suitable for X-ray 

diffraction were grown by slow evaporation of hexanes into a concentrated benzene 

solution of 1-H. 1H{31P} NMR (400MHz, CD2Cl2, 25 °C): δ 7.29-7.22 (m, 3H, aryl), 6.95 

(app t, J = 7.5 Hz, 3H, aryl), 6.37 (app t, J = 7.5 Hz, 3H, aryl), 6.34-6.29 (m, 3H, aryl), 

3.16 (d, J = 12.0 Hz, 2H, methylene), 3.10 (d, J = 12.0 Hz, 2H, methylene) 3.03 (s, 2H, 

methylene), 2.41 (sept, J = 7.2 Hz, 2H, methine), 2.33 (sept, J = 6.7 Hz, 2H, methine), 2.16 

(sept, J = 7.2 Hz, 2H, methine), 1.23-1.17 (m, 24H, methyl), 1.10 (d, J = 6.7 Hz, 6H), 1.05 

(d, J = 6.7 Hz, 6H), −8.38 (d, JRh-H = 12.4 Hz, 1H, Rh-H; with 31P coupling: dtd, 2JtransP-H 
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= 107.1 Hz, 2JcisP-H = 24.2 Hz, JRh-H = 12.4 Hz). 31P{1H} NMR (162 MHz, CD2Cl2, −73 

°C): δ 59.1 (dd, 2JtransP-P = 265 Hz, JRh-P = 138 Hz, 1P), 51.6* (app dt, JRh-P = 119 Hz, 2JcisP-

P = 20 Hz), 43.4 (dd, 2JtransP-P = 265 Hz, JRh-P = 125 Hz, 1P). *Note: Coupling resolved at 

−49 °C. Anal. Calcd for 1-H∙(C6H6)0.5, [C39H61N4P3AlRh∙0.5(C6H6)] (%): C, 59.50; H, 

7.61; N, 6.61. Found: C, 60.41; H, 7.56; N, 6.66. Repeated attempts to obtain satisfactory 

elemental analysis failed for 1-H, presumably due to its extreme air sensitivity. 

Synthesis of HRhGa(N(o-(NCH2PiPr2)C6H4)3), 2-H.  

2-H was synthesized using the same procedure as 1-H, except using 2-Cl (35.6 mg, 0.0402 

mmol) and LiHBEt3 (5.6 mg, 0.0402 mmol). 2-H was isolated as a light yellow/orange 

solid (30.0 mg, 87% crude yield). Single crystals suitable for X-ray diffraction were grown 

by slow diffusion of hexanes into a concentrated benzene solution of 2-H. 1H NMR (400 

MHz, toluene-d8, 25 °C): δ 7.51-7.47 (m, 3H, aryl), 7.13-7.08 (m, 3H, aryl), 6.54-6.44 (m, 

6H, aryl), 3.19 (d, J = 11.6 Hz, 2H, methylene), 3.09 (d, J  = 11.6 Hz, 2H, methylene), 3.06 

(s, 2H, methylene), 2.16 (br, 2H, methine), 2.02 (br, 4H, methine), 1.07-1.01 (m, 18H, 

methyl), 0.96 (d, J = 6.8 Hz, 12H, methyl), 0.87 (d, J = 6.6 Hz, 6H, methyl), −8.54 (dtd, 

JtransP-H = 109.3 Hz, JcisP-H = 23.0 Hz, JRh-H = 12.3 Hz, 1H, Rh-H). 31P{1H} NMR (162 

MHz, toluene-d8, −73 °C): δ 64.4 (ddd, 2JtransP-P = 273 Hz, JRh-P = 142 Hz, 2JcisP-P = 17 Hz, 

1P), 58.3* (app dt, JRh-P = 114 Hz, 2JcisP-P = 19 Hz), 49.2 (dd, 2JtransP-P = 273 Hz, JRh-P = 123 

Hz, 1P).*Note: Coupling resolved at −49 °C. Anal. Calcd for 2-H∙(C6H6)0.5, 

[C39H61N4P3GaRh∙0.5(C6H6)] (%): C, 56.65; H, 7.24; N, 6.29. Found: C, 52.59; H, 6.64; 

N, 5.95. Repeated attempts to obtain satisfactory elemental analysis failed for 1-H, 

presumably due to its extreme air sensitivity. The analysis is close to the expected ratios 

for an oxidized sample, [C39H61N4O3P3GaRh] (%): C, 52.08; H, 6.84; N, 6.23. 
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X-ray Crystallography and Structure Refinement Details 

A red-orange block of 1-Cl (0.48 x 0.45 x 0.20 mm), a yellow block of 1-CH3 (0.10 x 0.11 

x 0.20 mm), a yellow plate of 1-H (0.21x 0.18 x 0.1 mm), a red block of 2-Cl (0.3 x 0.2 x 

0.1 mm), an orange block of 2-CH3 (0.35 x 0.21 x 0.1 mm), and a yellow plate of 2-H 

(0.19 x 0.20 x 0.24 mm) were mounted on a 200 μm MiTeGen microloop and placed on a 

Bruker APEX-II Platform diffractometer or a Bruker PHOTON-II CMOS diffractometer 

(for 1-CH3 only) for data collection at 173(2) K or 123(2) K. The data collection was 

carried out using Mo Kα (graphite monochromator) or Cu Kα radiation with normal 

parabolic mirrors.  The data intensities were corrected for absorption and decay with 

SADABS.200 Final cell constants were obtained from least-squares fits from all reflections.  

A direct-methods solution (SHELXS-97) provided most non-hydrogen atoms from the 

electron-density map (E map).301 Full matrix least-squares/difference Fourier cycles were 

performed to locate the remaining non-hydrogen atoms. All non-hydrogen atoms were 

refined with anisotropic displacement parameters. Hydrogen atoms were placed in ideal 

positions and refined as riding atoms with relative isotropic displacement parameters, with 

the exception of the Rh-H moieties in 1-H and 2-H, which were located in the Fourier 

difference maps. The crystal of 1-CH3 was found to contain substitutional disorder between 

the methyl group and the chloride starting material, 1-Cl. The Rh-Cl bond distance was 

constrained to the experimentally measured bond distance found in 1-Cl, allowing for the 

individual methyl and chloride components to be refined and quantified, yielding a 11% 

composition of the 1-Cl impurity in the crystal. Complex 1-H was refined as a non-

merohedral twin with the main component contributing 85%; the appropriate twin law was 
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applied. Absorption correction for both components of the twin was accomplished using 

TWINABS.302 1-Cl, 1-CH3, 1-H, 2-Cl, and 2-CH3 contained benzene solvent molecules 

that were disordered over an inversion center. Each carbon atom was refined with 50% 

occupancy and treated as an ideal hexagon using the SHELXL AFIX 66 restraint. In 

addition, the anisotropic displacement parameters were restrained using the RIGU 

geometrical restraint, and the carbon atoms related by inversion symmetry were treated 

with the EADP constraint. Complex 2-H contained a disordered benzene molecule that was 

modeled using the SAME and DELU geometrical restraints and EADP constraint. Finally, 

a disordered isopropyl group in complex 1-H was modeled using the SAME restraint and 

EADP constraint. One reflection in 2-H was found to have been affected by the beamstop 

and was removed in the final refinement. Crystallographic data are summarized in Table 

3.4.  
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Table 3.4. Crystallographic details for 1-Cl, 2-Cl, 1-CH3, 2-CH3, 1-H, and 2-H. 
 1-Cl 2-Cl 1-CH3 

chemical 

formula 

C39H60N4P3AlRhCl∙ 

0.5(C6H6) 

C39H60N4P3GaRhCl∙ 

0.5(C6H6) 

C39H60N4P3AlRh(CH3)0.89

Cl0.11 . 0.5(C6H6) 

formula weight 882.21 924.95 863.98 

crystal system triclinic monoclinic triclinic 

space group 𝑃1̅  P21/n 𝑃1̅  

a (Å) 12.3569(19) 12.2670(19) 12.3599(3) 

b (Å) 13.627(2) 26.703(4) 13.5401(3) 

c (Å) 14.305(2) 13.837(2) 14.2951(3) 

α (deg) 66.376(2) 90 67.2469(11) 

β (deg) 81.629(2) 108.349(2) 81.6400(11) 

γ (deg) 75.031(2) 90 76.0822(12) 

V (Å3) 2129.6(6) 4302.0(12) 2137.74(9) 

Z  2 4 2 

Dcalcd (g cm−3) 1.376 1.428 1.342 

λ (Å), μ (mm−1) 0.71073, 0.632 0.71073, 1.218 1.54178, 4.811 

T (K) 173(2) 173(2) 123(2) 

θ range (deg) 2.255−27.446 2.175−21.612 2.3554−74.5765 

reflns collected 24898 36954 44289 

unique reflns 8696 5294 7966 

data/restraints/  

params 

9614/36/479 8209/36/478 8694/37/489 

R1, wR2 (I > 

2σ(I)) 

0.0255, 0.0638 0.0492, 0.0987 0.0446, 0.1134 

 
 2-CH3 1-H 2-H 

chemical 

formula 

C40H63N4P3GaRh∙ 

C6H6 

C39H61N4P3AlRh∙ 

0.5(C6H6) 

C39H61N4P3GaRh∙ 

0.5 (C6H6) 

formula weight 943.59 847.77 890.51 

crystal system triclinic triclinic monoclinic 

space group 𝑃1̅  𝑃1̅  P21 

a (Å) 12.3557(13) 11.611(7) 12.300(2) 

b (Å) 13.1544(14) 14.168(8) 27.928(5) 

c (Å) 14.8942(16) 14.280(8) 12.784(3) 

α (deg) 72.2110(10) 69.082(7) 90 

β (deg) 79.6010(10) 77.640(7) 106.028(2) 

γ (deg) 81.3190(10) 82.728(7) 90 

V (Å3) 2255.3(4) 2140(2) 4220.8(14) 

Z  2 2 4 

Dcalcd (g cm−3) 1.390 1.315 1.401 

λ (Å), μ (mm−1) 0.71073, 1.106 0.71073, 0.565 0.71073, 1.177 

T (K) 173(2) 173(2) 173(2) 

θ range (deg) 2.235−26.173 2.2502−22.224 2.208−23.0575 

reflns collected 24717 8104 48954 

unique reflns 7427 6320 16031 

data/restraints/  

params 

9254/72/539 8104/39/486 18804/37/970 

R1, wR2 (I > 

2σ(I)) 

0.0335, 0.0726 0.0489, 0.1076 0.0386, 0.0598 
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4.1 Overview 

A homogeneous rhodium-indium catalyst hydrodefluorinates substrates bearing strong aryl 

C−F bonds, including difluoro- and fluorobenzene, using 1 atm H2, alkoxide bases, and 

moderate temperatures (70−90 °C, Figure 5.1). Characterization of catalytic intermediates 

establish a formal Rh−I/RhI redox cycle. The Rh→In interaction is proposed to enable 

catalysis by stabilizing the reactive Rh−I species, which is responsible for cleaving the Ar−F 

bond and is ultimately regenerated using H2 and base. 

 

Figure 4.1. Hydrodefluorination of unactivated fluorinated arenes using a bimetallic Rh-

In complex.   

4.2 Introduction 

Organofluorines are an important class of industrial chemicals, accounting for 30% of 

agrochemicals and 10% of pharmaceuticals.1 However, their environmental persistence 

and toxicity to human health motivate efforts to develop processes that efficiently degrade 

organofluorines.14,16-17,303 Catalytic hydrodefluorination using H2 is a promising 

remediation strategy from the standpoints of sustainability and atom economy. An inherent 



105 

challenge in hydrodefluorination is overcoming the chemical inertness of the C−F sigma 

bond (~500 kJ/mol).304 Currently, only a few transition metal catalysts can activate alkyl 

C−F bonds.56,86,305-306 Metal-mediated aromatic C−F bond cleavage is better established. 

However, most of these catalysts react only with highly fluorinated substrates,33,35,40-41,45-

46,61,307 where the C−F bonds are considerably weaker than those present in arenes bearing 

fewer F atoms, e.g. C6H5F and C6H4F2.
23,42-43,51,308 From the metal viewpoint, one issue is 

that relatively strong M−F bonds are formed.23,25,27-29,67,309  Hence, most catalysts require 

strongly fluorophilic reductants to drive fluoride elimination.33,45-46 For example, the Nb 

catalyst shown in Figure 5.2 hydrodefluorinates fluorobenzene, but requires H3SiR to 

abstract fluoride from Nb.51 Lastly, the lack of selectivity in activating C−F bonds over 

C−H bonds in partially fluorinated arenes can be problematic.25,29  

 

Figure 4.2. Selected catalysts for the hydrodefluorination of fluorobenzene.51,56,310 

For the hydrogenolysis of aryl C−F bonds, the state-of-the-art catalyst is a 

heterogeneous Rh/Al2O3 system, which converts fluorobenzene to cyclohexane 

quantitatively at ambient temperature and 1 atm H2.
60,310 Among molecular catalysts, the 

bimetallic Ru/Pd complex is the most active (Figure 5.2).27 The Ru/Pd catalyst 

hydrodefluorinates fluorobenzene to benzene quantitatively using NaOt-Bu in i-PrOH at 
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80 °C. The Pd site is proposed to activate the C−F bond4 while the Ru center mediates the 

transfer-hydrogenation reaction.311 In both of these systems, however, mechanistic 

understanding is lacking with only scant experimental data for any metal-based 

intermediates.  

Here, we describe the hydrodefluorination of aryl C−F bonds using a bimetallic 

Rh−In catalyst with 1 atm H2 and NaOt-Bu as the stoichiometric base. A catalytic cycle is 

proposed where an anionic Rh−In active species performs oxidative cleavage of the aryl 

C−F bond, releasing F−. The resulting Rh−In aryl intermediate then reacts with H2, forming 

the hydrodefluorinated arene and a Rh−In hydride. The latter regenerates the anionic active 

species after sequential H2 binding, deprotonation, and H2 release. Several of the proposed 

intermediates have been isolated and structurally characterized, and their stoichiometric 

reactivity profiles support the proposed mechanism. 

4.3 Results and Discussion 

The synthesis of the Rh−In catalyst began with the installation of Rh(I) into the 

metalloligand, In[N(o-(NCH2Pi-Pr2)C6H4)3]
99 (abbrev. InL), using 0.5 equiv {Rh(μ-

Cl)(C2H4)2}2, affording Cl−RhInL (1). Metathesis of the Cl ligand with NaHBEt3 at −78 

°C provided the hydride, H−RhInL (2). Both 1 and 2 are Rh(I)→In(III) complexes (Figures 

A.4.2−A.4.6), where the In ion acts as a sigma-acceptor Z-type ligand.101,105,251,282 These 

synthetic preparations are analogous to those reported for the isostructural Rh−Al and 

Rh−Ga complexes,312 and are reminiscent of other Rh−group 13 systems.54-55,294,313-314 The 

deprotonation of 2 using n-BuLi at −78 °C under N2 afforded the rhodate complex, 

Li(THF)x[(N2)RhInL], 3−N2 (Figures A.4.13−A.4.14). The N2 ligand is labile (νN−N = 2095 
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cm−1, KBr pellet, Figure A.4.17), and exposure of 3−N2 to vacuum or Ar formed the 

“naked” Li(THF)n[RhInL] (3) with a color change to dark green. Under 1 atm H2, 3−N2 

converted to the H2 adduct, Li(THF)x[(η
2-H2)RhInL] (3−H2), which displayed a 

characteristic 1H NMR doublet at −5.11 ppm (JRh−H = 17.9 Hz, 2H).  

 

Figure 4.3. Solid-state structures of H−RhInL, (2), Li(DME)3[(N2)RhInL], (3−N2), and 

Ph−RhInL, (4) shown at 50% probability level. See SI for the structure of 1 and additional 

details. 

The solid-state structures of 2 and 3−N2 are shown in Figure 5.3. Complex 2 

features a 5-coordinate Rh center that is approximately square pyramidal. The phosphines 

are coplanar with the hydride, which was located in the Fourier difference map. In 3−N2, 

the Rh center is trigonal bipyramidal, where the axial N2 ligand is positioned trans to In. 

During an attempted crystallization of 3−N2 from a THF/PhF solvent mixture, dark-red 

crystals were formed, whose identity was established by X-ray diffraction to be Ph−RhInL 

(4). Complex 4 (Figure 5.3) has a 5-coordinate Rh center that is distorted between square 

pyramidal and trigonal bipyramidal geometries. Across the three structures, the Rh−In 

bond length is almost invariant (2.54 to 2.56 Å, Table A.4.1−A.4.3), and is substantially 
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smaller than the sum of the metals’ covalent radii (2.84 Å),265 lending support for a strong 

Rh→In interaction.  

The serendipitous formation of 4 from the reaction of 3−N2 and PhF inspired us to 

investigate 3−N2 as a hydrodefluorination catalyst. Previously, (C5Me5)Rh(PMe3)H2 was 

reported to react with highly fluorinated arenes in a benzene/pyridine solvent mixture at 85 

°C to afford (C5Me5)Rh(arylF)H.40 The authors proposed that the anion, 

[(C5Me5)Rh(PMe3)H]−, was the active species that cleaves the aryl C−F bond.66,68 Attempts 

to catalyze the hydrodefluorination of C6F6 using H2, however, were unpromising. Other 

Rh complexes were later demonstrated to perform catalytic hydrogenolysis of aryl C−F 

bonds with stoichiometric bases.38,59-61 However, these catalysts were only able to activate 

highly fluorinated arenes or 1-fluoronaphthalene, and were unreactive with PhF.  

To optimize the catalytic conditions, o-difluorobenzene (o-DFB) was selected as 

the test substrate (Table 5.1). At 15 mol% catalyst loading, 2.5 equiv LiOt-Bu, 1 atm H2, 

and 70 °C in THF, both the Rh−Cl 1 and Rh−H 2 were equally effective at yielding PhF 

quantitatively within 24 h (entries 1−2). By prolonging the reaction time to 48 h, both 1 

and 2 gave further defluorination of PhF to benzene, albeit in low yields of 11 and 24%, 

respectively. Raising the H2 pressure to 2 and 4 atm for 1 decreased the yield of PhF to 96 

and 30%, respectively (entries 3−4). Entries 5 and 6 illustrate that for 1 with LiOt-Bu, both 

lower (50 °C) and higher (90 °C) temperatures resulted in lower PhF yields of 87 and 63%, 

respectively. Next, decreasing the catalyst loading to 5 mol% 1 (entry 7) increased PhF 

turnovers to ~17 while maintaining a good yield of 87% at 48 h. When LiOt-Bu was 

increased to 10 equiv at 5 mol% 1 (entry 8), the yield fell slightly to 78% at 48 h. Changing 



109 

the base to NaOt-Bu (2.5 equiv), which should be a stronger base due to weaker ion 

pairing,315 and using 3 mol% 1 gave the highest turnovers of PhF (~30) while maintaining 

a high total yield of 93%. As a control, no baseline reactivity was found in the absence of 

catalyst (entry 10).  

Table 4.1. Catalytic Hydrodefluorination of o-DFB Under Various Conditionsa 

entry precatalyst 

catalyst 

loading 

(mol %) 

H
2
 

Pressure 

Temp. 

(°C) 

PhF 

equiv, 

t = 24 h 

PhF 

turnoversb, 

t = 48 h 

PhH 

equiv, 

t = 48 h 

% total yieldc,  

 t = 48 h 

1 1 15 1 70 6.67(1) 6.67(1) 1.6(1) quantitative 

2 2 15 1 70 6.67(1) 6.67(1) 0.76(7) quantitative 

3 1 15 2 70 5.62(4) 6.37(6) trace 96 

4 1 15 4 70 1.3(7) 1.99(5) 0 30 

5 1 15 1 50 4.0(2) 5.8(4) 0 87 

6 1 15 1 90 2.80(9) 4.2(7) 0 63 

7 1 5 1 70 12.3(2) 17.3(3) 0.14(7) 87 

8
d
 1  5 1 70 11.3(1) 15.6(9) trace 78 

9
e
 1 3 1 70 14(3) 31(2)  3(2)  93 

10 none n/a 1 70 0 0 0 0 

11 Cl−RhAlL 15 1 70 0.09(4) 0.3(1) 0 4 

12 Cl−RhAlL 15 4 70 0.15(5) 0.5(3) 0 7 

13 Cl−RhGaL 15 1 70 1.4(3) 2.7(5) trace 40 

14 Cl−RhGaL 15 2 70 1.7(4) 3.4(6) trace 55 

aInitial catalytic conditions unless otherwise noted: precatalyst (15 mol%), 1 atm H2, 2.5 equiv LiOt-Bu in THF at 70 

°C. bPhF turnovers also count any PhF further converted to PhH. cCombined yield of PhF, PhH. Maximum yield based 

on o-DFB. d10 equiv LiOt-Bu. e2.5 equiv NaOt-Bu. 

The Rh−Al and Rh−Ga chloride complexes also showed limited activity but 

performed worse than 1 (entries 11, 13). Of note, these lighter group 13 congeners show a 

different H2 pressure dependence on the reactivity compared to 1, where higher pressures 

lead to increased reactivity. The poor activity of the lighter group 13 congeners likely stem 

from the Rh electronics, which depend on the group 13 identity. Specifically, the Rh(−I/0) 

redox potentials for the [RhML]− series increase as M is varied down group 13 (V, vs 

FeCp2
+/0, Figures A.4.20−A.4.21): −1.61 (M = Al) <  −1.51 (Ga) < −1.35 (In). The more 
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reducing rhodate species, [RhAlL]− and [RhGaL]− (X-ray, Figure A.4.19), are likely more 

difficult to form during catalysis than the corresponding Rh−In counterpart, making 

turnover sluggish. 

 

Figure 4.4. Substrate scope for catalyst 1 using standard conditions unless otherwise 

specified (Table A.4.3, Figures A.4.22−A.4.35). The reactive halogen atoms are 

highlighted in yellow.  

Next, the substrate scope of catalyst 1 was probed with various fluoroarenes, using 

standard conditions from the o-DFB optimization shown in Figure 5.4. The substrate p-F-

(CF3)C6H4 was converted cleanly to PhCF3 (99% yield), demonstrating that alkyl C−F 

bonds are unreactive. The substrate 2,5-F2-toluene was monodefluorinated to o-F-toluene 

in moderate yield, suggesting that sterics can dictate selectivity. Next, reactions with the p-

dihaloarenes p-F-XC6H4, where X is Cl or I, showed the preference for cleaving the weaker 
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C−X bond over the C−F one. We note that this reactivity profile contrasts with traditional 

SNAr and is more in line with the periodic trends observed in oxidative addition.316-318 

Small amounts of the PhF product (3 to 9%) further reacted to C6H6.  

Unlike o-DFB, both p- and m-DFB did not convert significantly under standard 

conditions.51 Hence, these reactions were heated to 90 °C for ~3 days. The hydrogenolysis 

of p-DFB produced mostly PhF (65% yield) and some C6H6 (9%). The hydrogenolysis of 

m-DFB gave more C6H6 than PhF (3:2 ratio), though this difference may be attributed to 

the higher catalyst loading (7.5 mol%) used for m-DFB. Excitingly, 1 (7.5 mol%) 

hydrodefluorinated PhF to C6H6 with nearly full conversion (98% yield) after heating at 90 

°C for ~5 days (Figures A.4.28−A.4.29, A.4.36). 

The complementary strategies between fluorination and deuteration to enhance the 

metabolic lifetime of pharmaceutics prompted us to investigate the efficacy of 1 for 

catalytic deuterodefluorination.4,318 Under 1 atm D2 and otherwise standard conditions, 1 

transformed both o-DFB and p-F-(CF3)C6H4 into the expected monodeuterated arene as 

the major product (≥ 70% yield, Figure 5.5, A.4.37−A.4.44). For the reaction with o-DFB, 

the 1H NMR integrations appeared consistent with the incorporation of 1 equiv D at the 

ortho position (Figure 4a). However, in the 19F NMR spectrum (Figure A.4.40), three 

unique resonances were resolved, corresponding to: PhF-d1 (77%), PhF (15%), and PhF-

d2 (8%). The formation of PhF-d2 supports the co-occurrence of aryl C−H bond activation, 

which should result in the production of HD from C−H/C−D scrambling. 

Hydrodefluorination with the generated HD could lead to PhF, though the larger yield of 

PhF versus PhF-d2 points to other unknown protio-sources. The substrate p-F-(CF3)C6H4 
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was also defluorinated to form trifluorotoluene-d1, with ~70% deuterium incorporation at 

the para position (Figure 5.5b). Approximately ~20% of the deuterium was incorporated 

into the meta position, which suggests that aryl C−H bond activation occurs ortho to C−F 

bonds.24,319 This regioselectivity shows that C−H activation is dictated by pKa, which is 

lowered dramatically with an ortho fluorine.29,308 Collectively, these results show that 

reversible C−H activation, while competitive, does not impede C−F activation. 

 

Figure 4.5 (a, b). Deuterodefluorination of o-DFB and p-fluorobenzotrifluoride under 

standard catalytic conditions. Only major product/isomer is shown. Proton NMR 

integrations reflect the overall mixture. (c) Stochiometric reaction of 4 with excess HBpin. 

Scheme 1 illustrates the proposed catalytic cycle for the hydrodefluorination of PhF 

to benzene. Starting from 1, addition of H2 and tert-butoxide initiates the catalytic cycle by 

forming the hydride 2 (Figure A.4.45−A.4.46). Reversible binding of H2 provides the Rh(I) 

hydride/H2-adduct, 2−H2. Deprotonation of the bound H2 by tert–butoxide forms a 

transient Rh(I) dihydride, which relaxes to the Rh(−I) H2-adduct, 3−H2.98 Reversible loss 
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of H2 generates the unsaturated Rh(−I) active species 3, which oxidatively cleaves the C−F 

bond, producing NaF and the Rh(I) phenyl complex, 4. In the last step, 4 reacts with H2 to 

produce benzene and 2, which reenters the catalytic cycle. 

 

Scheme 4.1. Proposed cycle for hydrogenolysis of fluorobenzene by the Rh−In catalyst.   

Consistent with this mechanism, the Rh(I) hydride 2 under H2 formed a new 

species, as suggested by the appearance of a broad 1H NMR peak at −4.86 ppm (Figures 

A.4.7−A.4.12). This peak decoalesced at −83 °C into two peaks at −5.10 and −9.85 ppm, 

consistent with the H2 and H ligands, respectively, of 2−H2. Additionally, the T1(min) values 

of 30.9 and 35.8 ms (400 MHz) are characteristic of intact H2 ligands in complexes 2−H2 

and 3−H2, respectively (Figure A.4.50−A.4.51).320-322 From a reactivity standpoint, 2 

cannot be deprotonated with tert-butoxide on its own; but when H2 is present, 2−H2 can be 



114 

converted to 3−H2.98 The conversion of 3 in PhF/C6H6 to 4, described above, supports the 

proposed C−F bond activation by the unsaturated rhodate(−I) center in 3. Additionally, 19F 

NMR analysis of the non-volatiles from a catalytic run revealed the presence of NaF 

(Figure A.4.49).323 A sample of isolated 4 reacted rapidly with H2 (1 atm) in THF to yield 

benzene and 2 (Figure A.4.47−A.4.48). During catalysis, the catalyst resting state 

depended on the identity of the base: 3−H2 was observed for NaO-tBu, and 2−H2 for LiO-

tBu (Figure A.4.45−A.4.46). These rate-limiting steps, deprotonation of 2−H2 and its 

subsequent H2 loss, both precede formation of the unsaturated Rh(−I) active species. As an 

aside, 4 also reacted with HBpin to afford 2 and PhBpin, completing a synthetic cycle for 

the borylation of PhF using HBpin (Figures 5.5c and A.4.52−A.4.54).34,37,324-329 

Unfortunately, no turnover was observed for HBpin and o-DFB. 

4.4 Conclusions 

In closing, we report a new catalyst for hydrodefluorination of unactivated aryl C−F 

bonds using H2 as the reductant, rather than silanes or boranes. Notably each step in the 

catalytic cycle was studied either through isolation or in situ characterization of 

intermediates. Collectively, these results show that leveraging direct Lewis acid-transition 

metal interactions is a viable strategy for the activation of strong C−F bonds under mild 

conditions.69 Future efforts seek to expand the substrate scope and to render the C−F 

borylation of aryl fluorides catalytic. 

4.5 Experimental Section 

General Considerations. Unless otherwise stated, all manipulations were performed 

under an inert N2 atmosphere in a glovebox or using standard Schlenk techniques. Standard 
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solvents were deoxygenated by sparging with inert gas and dried by passing through 

activated alumina columns of a SG Water solvent purification system. Deuterated solvents 

were purchased from Cambridge Isotope Laboratories, Inc. or Sigma-Aldrich, while 

fluorinated solvents were purchased from either Oakwood Chemicals or Sigma-Aldrich. 

These solvents were dried over CaH2 or P4O10, distilled, and then degassed via 

freeze−pump−thaw cycles and stored over activated 4 Å molecular sieves. Elemental 

analyses were performed by Robertson Microlit Laboratories, Inc. (Ledgewood, NJ). All 

1H and 31P NMR spectra were recorded on a Bruker 400 MHz spectrometer at ambient 

temperature unless otherwise stated. Samples for H2 additions were prepared under a N2 

atmosphere and transferred into J-Young NMR tubes. Each sample was then subjected to 

three freeze−pump−thaw cycles, and then exposed to 1 atm H2. Preparation of samples 

under 4 atm H2 was accomplished by sealing the J-Young tube after exposure to 1 atm H2 

while completely submerged in liquid N2.
330 1H NMR spectra of catalytic runs were 

referenced to protio-THF (3.62 ppm), while 19F{1H} NMR spectra were referenced to 

trifluorotoluene (TFT; –63.8 ppm).331 For quantification of product yields with respect to 

TFT, NMR spectra were collected with a single scan with a delay time of 30 s and an 

acquisition time of 4.2 s. Cyclic voltammetry was performed using a CH instruments 600 

electrochemical analyzer. The one-cell set-up used a glassy carbon working electrode, Pt 

wire counter electrode, and a Ag wire pseudo-reference electrode. Analyte solutions 

consisted of 0.4 M [nBu4N]PF6 and the voltammograms were referenced internally to the 

FeCp2
0/+ (abbreviated as Fc+/Fc) redox couple at the end of the measurement. The protio-

ligand, N(o-(NHCH2P
iPr2)C6H4)3 (abbreviated as H3L),198 the In metalloligand (InL),99 the 

isostructural Cl−RhML and H−RhML complexes (where M = Al, Ga),312 and 
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bis(triphenylphosphine)iminium tetrakis(3,5-bis(trifluoromethyl)phenyl)borate 

(PPN[BArF
4])

332 were synthesized according to literature procedures.  

Synthesis of Cl−RhIn(N(o-(NCH2PiPr2)C6H4)3) (1). A solution of [Rh(μ-Cl)(C2H4)2]2 

(24.9 mg, 0.063 mmol) in THF (4 mL) was added dropwise to a solution of InL (101.5 mg, 

0.126 mmol) in THF (5 mL), which immediately changed color from light orange to dark 

red. The mixture was stirred for 2 h, after which the solvent was removed in vacuo to yield 

a dark red solid. The solid was then washed with 2 mL portions of Et2O until the washings 

are mostly colorless, and then dissolved in toluene (3 × 3 mL), then filtered through a pad 

of Celite. The solvent was then removed in vacuo to yield 1 as a dark red powder (78.7 mg, 

66% yield). Crystals suitable for X-ray diffraction were grown by slow evaporation of 

hexanes into a concentrated benzene solution of 1. 1H{31P} NMR (400 MHz, C6D6): δ 7.77 

(d, J = 7.6 Hz, 3H, aryl), 7.20 (app t, J = 7.5 Hz, 3H, aryl), 6.62-6.57 (m, 6H, aryl), 3.3 

(br, 6H, CH2), 2.49 (br, 6H, P(CH(CH3)2), 1.4 (br, 12H, P(CH(CH3)2), 0.97 (br, 24H, 

P(CH(CH3)2).
 31P{1H} NMR (162 MHz, C6D6): δ 58 (br). Anal. Calcd for 1∙3O (with P=O 

oxidation), C39H60N4O3P3InRhCl (%): C, 47.85; H, 6.18; N, 5.72. Found: C, 48.15; H, 6.43; 

N, 5.30. 

Synthesis of H−RhIn(N(o-(NCH2PiPr2)C6H4)3) (2). A solution of NaHBEt3 in THF (1 

M, 0.0575 mmol) was added to THF (2 mL), and subsequently added dropwise to a solution 

of 1 (51.0 mg, 0.0548 mmol) in THF (4 mL) at −78 °C and stirred for 10 min. Then, the 

mixture was allowed to warm to room temperature and stirred for an additional 1 h, during 

which the solution became a lighter shade of red-orange. The volatiles were removed in 

vacuo, and the product was washed with cold (−25°C) Et2O (2×3 mL).  The solid was then 
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dissolved in toluene (5 mL) and filtered through a pad of Celite. The solvent was then 

removed in vacuo to yield 2 as a light orange powder (47.0 mg, 96% yield). Crystals 

suitable for X-ray diffraction were grown by layering hexanes over a concentrated benzene 

solution of 2. 1H{31P} NMR (400 MHz, THF-d8): δ 7.35 (dd, J = 7.5, 1.0 Hz, 2H, aryl), 

7.29 (d, J = 7.6 Hz, 1H, aryl), 6.79 (app t, J = 7.6 Hz, 3H, aryl), 6.30–6.20 (m, 6H, aryl), 

3.39 (d, J = 11.8 Hz, 2H, CHH´), 3.25 (s, 2H, CH2), 3.22 (d, J = 11.8 Hz, 2H, CHH´), 2.49 

(sept, J = 7.1 Hz, 4H, P(CH(CH3)2)), 2.31 (sept, J = 7.0 Hz, 2H, P(CH(CH3)2)), 1.29-1.24 

(m, 24H, P(CH(CH3)2)), 1.16 (d, J = 6.9 Hz, 6H, P(CH(CH3C´H3))), 1.10 (d, J = 6.4 Hz, 

6H, P(CH(CH3C´H3))), −10.17 (d, JRh−H = 9.0 Hz, 1H, RhH; with 31P coupling: dtd, 2JtransP–

H = 108.4 Hz, 2JcisP–H = 23.5 Hz, JRh–H = 9.0 Hz). 31P{1H} NMR (162 MHz, THF-d8): δ 

64.8 (dm, JRh–P = 99 Hz, 1P, P trans to H), 60.2 (br d, 2P, P cis to H). 31P{1H} NMR (162 

MHz, THF-d8, −68 °C): 66.5-64.0 (overlapping m, 2P, P trans and P cis to H), 54.2 (dd, 

JP−P´ = 273 Hz, JRh−P´ = 124 Hz, 1P, P´ cis to H). Anal. Calcd for 2∙3O (with P=O 

oxidation), C39H61N4O3P3InRh (%): C, 49.59; H, 6.51; N, 5.93. Found: C, 46.85; H, 6.13; 

N, 5.35.  

In situ Characterization of H(H2)−RhIn(N(o-(NCH2PiPr2)C6H4)3) (2−H2). Upon 

addition of H2 to 2 in THF-d8, the solution color became a lighter orange. The NMR data 

is consistent with an equilibrium mixture of 2 and 2−H2, where the latter is favored at low 

temperature. 1H{31P} NMR (400 MHz, THF-d8, 4 atm H2): δ 7.33 (dd, J = 7.8, 1.3 Hz, 3H, 

aryl), 6.79 (app td, J = 7.6, 1.2 Hz, 3H, aryl), 6.29 (dd, J = 7.8, 1.2 Hz, 3H, aryl), 6.23 (app 

td, J = 7.6, 1.1 Hz, 3H, aryl), 3.23 (s, 6H, CH2), 2.36 (sept, J = 7.2 Hz, 6H, P(CH(CH3)2)), 

1.19 (d, J = 6.7 Hz, 36H, P(CH(CH3)2)), −4.83 (br, ~2H, RhH(H2) in equilibrium with 

RhH). 31P{1H} NMR (162 MHz, THF-d8, 4 atm H2): δ 64.5 (d, JRh−P = 117.2 Hz). Both 1H 
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and 31P NMR data indicate that at ambient temperature in solution, the complex has C3v 

symmetry. This is likely due to high fluxionality that allows equilibration between P trans 

and P cis (relative to the hydride). At −80°C, the 1H NMR peaks for the hydride and H2 

peaks decoalesce, as well as the 31P NMR peaks for P trans and P cis. 1H{31P} NMR (400 

MHz, THF-d8, −80°C, 2.6 atm H2): −5.57 (v br, ~1.3H, RhH(H2)), −9.85 (br, 1H, 

RhH(H2)). 
31P{1H} NMR (162 MHz, THF-d8, −80°C, 2.6 atm H2): 82.5 (d, JRh−P = 76 Hz, 

1P, P trans to H), 66.5 (v br, 2P, P cis to H). 

Synthesis of Li(THF)x∙(N2)RhIn(N(o-(NCH2PiPr2)C6H4)3) (3−N2). To a cooled solution 

(−78 °C) of 2 (17.9 mg, 20 μmol) in THF (3 mL) was added a solution of n-BuLi in hexanes 

(2.5 M, 9.2 μL, 22 μmol). After stirring at −78 °C for 10 min, the solvent was removed in 

vacuo. The resulting solid was washed with pentane (2 × 2 mL), dissolved in a minimal 

THF (ca. 2 mL), and filtered through a pad of Celite to obtain a yellow powder (21.6 mg, 

89% yield for x = 4) after removing volatiles in vacuo. Single crystals suitable for X-ray 

diffraction were grown by layering pentane over a concentrated solution of 3−N2 in DME. 

1H{31P} NMR (400 MHz, THF-d8, 1 atm N2): δ 7.11 (d, J = 7.4 Hz, 3H, aryl), 6.61 (app t, 

J = 7.4 Hz, 3H, aryl), 6.13 (d, J = 7.9 Hz, 3H, aryl), 5.94 (app t, J = 7.3 Hz, 3H, aryl), 3.58 

(br, overlapping with solvent, THF), 2.72 (br, 6H, CH2), 2.08 (sept, J = 6.8 Hz, 6H, 

P(CH(CH3)2)), 1.73 (br, overlapping with solvent, THF), 1.14 (br, 18H, P(CH(CH3)2)), 

0.99 (br, 18H, P(CH(CH3)2)). 
31P{1H} NMR (162 MHz, THF-d8, 1 atm N2): δ 68.5 (d, JRh-

P = 166 Hz). IR (KBr pellet): v(N2) = 2095 cm-1. Based upon the modest 31P{1H} NMR 

shift difference between 3 under 1 atm N2 and [PPN]3 under 1 atm Ar (see below), we 

suggest that 3−N2 and “naked” 3 are in equilibrium in solution.  
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Alternative synthesis of K(THF)x∙(N2)RhIn(N(o-(NCH2P
iPr2)C6H4)3): KC8 (6.2 mg, 45 

μmol) was added to a THF (3 mL) solution of  1 (20 μmol), and the reaction was stirred 

for 2 h. A similar work-up procedure was used as above, except that the crude solid was 

washed with Et2O, and the product is a potassium salt. NMR data was similar to that 

reported above. 

Synthesis of [N(PPh3)2][RhIn(N(o-(NCH2PiPr2)C6H4)3)] ([PPN]3). Under an Ar 

atmosphere, a solution of 3−N2 (freshly prepared from 2, 25 μmol) in THF (3 mL) was 

added to a solution of PPN[BArF
4] (70.1 mg, 50 μmol) in THF (2 mL) and stirred for 5 

min. The solution was concentrated in vacuo to a pasty solid, after which Et2O (10 mL) 

was added and cooled to −25 °C overnight, resulting in a green precipitate. The suspension 

was filtered through a pad of Celite, washed with Et2O (3 x 3 mL), and then dissolved in 

THF (3 mL). The solution was concentrated in vacuo to yield [PPN]3 as a dark-green solid 

(27.2 mg, 74% yield). 1H{31P} NMR (400 MHz, THF-d8, 1 atm Ar): δ 7.59 (app t, J = 7.5 

Hz, 6H, PPN), 7.53 (d, J = 7.7 Hz, 12H, PPN), 7.42 (app t, J = 7.5 Hz, 12H, PPN), 7.10 (d, 

J = 7.4 Hz, 3H, aryl), 6.53 (app t, J = 7.4 Hz, 3H, aryl), 6.12 (d, J = 7.8 Hz, 3H, aryl), 5.86 

(app t, J = 7.3 Hz, 3H, aryl), 2.72 (br, 6H, CH2), 2.06 (br, 6H, P(CH(CH3)2)), 1.12 (br, 18H, 

P(CH(CH3)2)), 0.97 (br, 18H, P(CH(CH3)2)). 
31P{1H} NMR (162 MHz, THF-d8, 1 atm Ar): 

δ 69.3 (d, JRh−P = 181 Hz, 3P), 21.0 (s, 2P, PPN).  

In situ synthesis of Li(THF)x∙(η2-H2)RhIn(N(o-(NCH2PiPr2)C6H4)3)] (3-H2). A solution 

of 3 in THF-d8 was exposed to 1 atm H2, resulting in the solution color changing to a lighter 

yellow. 1H{31P} NMR (400 MHz, THF-d8): δ 7.19 (d, J = 7.3 Hz, 3H, aryl), 6.62 (app t, J 

= 7.3 Hz, 3H, aryl), 6.17 (d, J = 7.8 Hz, 3H, aryl), 5.96 (app t, J = 7.1 Hz, 3H, aryl), 3.58 
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(br, overlapping with solvent, THF), 2.69 (br, 6H, CH2),  1.73 (br, overlapping with 

solvent, THF), 1.71 (br, overlapping with solvent, P(CH(CH3)2)), 1.21-0.88 (overlapping 

m, 36H, P(CH(CH3)2)), −5.10 (br d, JRh−H = 18.3 Hz, 2H, Rh(H2)). 
31P{1H} NMR (162 

MHz, THF-d8): δ 86.6 (d, JRh−P = 155 Hz).  

Synthesis of Ph−RhIn(N(o-(NCH2PiPr2)C6H4)3) (4). To a solution of 3-N2 (42 mg, 34 

μmol) in THF (2 mL) was added PhF (5 mL), and the reaction was allowed to sit for ~3 

days, where the solution slowly changed color from light yellow to light red. After 

removing the solvent in vacuo, the solid was dissolved in benzene (5 mL), and then filtered 

through a pad of Celite, which was rinsed until the filtrate was clear. The filtrate was then 

concentrated in vacuo to yield 4 as a red-orange solid (18 mg, 53.7% yield). Single crystals 

suitable for X-ray diffraction were grown by layering hexanes over a concentrated solution 

of 4 in benzene.  1H{31P} NMR (400 MHz, THF-d8): δ 7.94 (d, J = 7.6 Hz, 1H, Rh-Ph), 

7.39-7.34  (m,  3H, aryl), 7.28 (d, J  = 7.6 Hz, 3H, aryl), 6.99 (app quint, J = 7.4 Hz, 2H, 

aryl), 6.88-6.78 (m, 4H, aryl), 6.42 (d, 2H, aryl), 6.31 (d, J = 7.6 Hz, 2H, aryl), 6.29-6.23 

(m, 2H, aryl), 3.60 (d, overlapping with solvent, 2H, CHH´), 3.25 (d, J = 12.1 Hz, 2H, 

CHH´), 3.13 (s, 2H, CH2), 2.80 (sept, J = 7.2 Hz, 2H, P(CH(CH3)2)), 2.15 (sept, J = 7.2 

Hz, 2H, P(CH(CH3)2)), 1.89 (sept, J = 7.1 Hz, 2H, P(CH(CH3)2)), 1.70 (d, overlapping with 

solvent, 6H, P(CH(CH3)2)), 1.26 (d, J = 7.2 Hz, 6H, P(CH(CH3)2)), 1.19 (d, J = 7.2 Hz, 

6H, P(CH(CH3)2)), 0.97 (d, J = 7.2 Hz, 6H, P(CH(CH3)2)), 0.86 (d, J = 7.2 Hz, 6H, 

P(CH(CH3)2)), 0.83 (d, J = 7.2 Hz, 6H, P(CH(CH3)2)). 
31P{1H} NMR (162 MHz, THF-d8): 

δ 86.2 (dt, JRh−P = 82.0 Hz; 2JP−P´ = 13.5 Hz, 1P, P trans to Ph), 35.4 (d, JRh−P = 132.9 Hz, 

2P, P cis to Ph). 
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General Procedure for Catalytic Hydrogenation of Fluoroarenes 

All catalytic runs were performed in triplicate. A J-Young NMR tube was charged with 

NaOt-Bu (36.0 mg, 374 μmol, 1.25 equiv/C–F bond). Next, 300 μL of a stock solution 

containing 0.80 M o-DFB (or other substrate substrate) and 0.53 M trifluorotoluene (as an 

internal standard) was added to the precatalyst, 1 (12.9 mg, 13.8 μmol in 1.2 mL THF). 

Each J-Young tube was then charged with 500 μL of the resulting solution and then sealed. 

The J-Young tube was subjected to three freeze-pump-thaw cycles and then filled with 1 

atm H2 at ambient temperature. The J-Young NMR tube was placed in an oil bath and 

heated to 70 °C. At t = 24 h, the sample was analyzed by NMR spectroscopy. If the reaction 

is incomplete, then the tube is subjected to another freeze-pump-thaw cycle, refilled with 

H2, then heated at 70 °C for an additional 24 h. Percent conversions and yields are reported 

for the reaction mixture on the basis of 1H and 19F{1H} NMR integrations (relative to the 

internal standard). Note that other catalytic variations were tested, including: substituting 

LiOt-Bu as base, the temperature, H2 pressure, precatalyst loading, and identity of the 

precatalysts. 

X-ray crystallographic details. Single crystals of K(THF)3[RhAlL] suitable for X-ray 

diffraction were grown from a concentrated solution using a 4:1 hexanes:THF solvent 

mixture at −25 °C. Single crystals of Li(DME)2[RhGaL] were grown by allowing a dilute 

solution in Et2O to sit at room temperature overnight. A red block of 1 (0.06 x 0.07 x 0.07 

mm), an orange block of 2 (0.07 x 0.10 x 0.12 mm), a yellow needle of 3-N2 (0.02 x 0.16 

x 0.3 mm), an orange block of 4 (0.12 x 0.15 x 0.25 mm), a purple plate of 

K(THF)3[RhAlL] (0.04 x 0.20 x 0.20 mm), and a green plate of Li(DME)2[RhGaL] (0.11 
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x 0.14 x 0.16 mm) were mounted on a 200 μm MiTeGen microloop and placed on a Bruker 

PHOTON-II CMOS diffractometer for data collection at 100(2) K or 123(2) K. The data 

collection was carried out using Mo Kα radiation with normal parabolic mirrors.  The data 

intensities were corrected for absorption and decay with SADABS.200 Final cell constants 

were obtained from least-squares fits from all reflections.  Crystal structure solution was 

done through intrinsic phasing (SHELXT-2014/5),201 which provided most non-hydrogen 

atoms. Full matrix least-squares/difference Fourier cycles were performed (using 

SHELXL-2016/6202 and GUI ShelXle203) to locate the remaining non-hydrogen atoms. All 

non-hydrogen atoms were refined with anisotropic displacement parameters. Hydrogen 

atoms were placed in ideal positions and refined as riding atoms with relative isotropic 

displacement parameters, with the exception of the Rh-H in the crystal structure 2, which 

was placed from the difference map and restrained to a bond length of 1.5 Å.  

 The crystal structure of 1 and one unique molecule in 3-N2 possessed one 

disordered isopropyl group. In the crystal structure of 2, the position of the hydride was 

found to be disordered over three possible positions between the P atoms. This disorder 

results in the entire molecule being positionally disordered over three positions, which was 

modeled with an overall disorder ratio of 79:12:9. Finally, the crystal structures of 3-N2 

and Li(DME)2[RhGaL] also featured full molecule disorder as a result of the differing 

solvent substitution around the Li counterions. Specifically, in the crystal structure of 3-

N2, two of the three unique molecules featured substantial disorder within the anions. For 

3-N2, one thermal ellipsoids for one Li-bound DME molecule were left isotropic. The 

crystal structure of 3-N2 was found to contain substantially disordered solvent molecules. 



123 

Hence, the SQUEEZE function of the PLATON program was used to remove these solvent 

molecules from the void space.204 The SQUEEZE function removed 281 electrons from a 

void-space volume of 2034 Å3. These values are consistent with the presence of 

approximately 4 DME and 2 pentane molecules. 

 Finally, the crystal structure of K(THF)3[RhAlL] was found to contain an outer 

sphere THF molecule with partial occupancy. Initial refinements showed that the 

occupancy of the outer sphere THF molecule (0.1875) matched that observed in the minor 

disorder position of two of the K-bound THF molecules. Indeed, inspection of the packing 

of the THF molecules reveals a ribbon of THF that propagates parallel to the a-axis, as 

depicted in Figure A.4.1. 

 Most likely, upon removal of the crystal from the mother liquor, the THF was able 

to diffuse outside the crystal, leading to the reorientation of the K-bound THF molecules. 

Based on this analysis, the occupancy of the outer sphere THF molecule was constrained 

to match that of the minor disorder component of the K-bound THF molecules. 

Additionally, this outer-sphere THF molecule was found to be disordered over 2 positions. 

Hence, the SUMP constraint was used on these two components to constrain the overall 

occupancy of this partial THF to match the minor disorder components found in the K-

bound THF molecules.  

 To model the disorder found in all of these crystal structures, the bond lengths and 

angles for the minor disorder components were restrained using the SAME command 

where appropriate, and the anisotropic displacement parameters were constrained using the 

EADP command for equivalent atoms. For the largest thermal ellipsoids, the RIGU 
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restraint was used to ensure a more realistic description of the anisotropic displacement 

parameters. Finally, the crystal structure for K(THF)3[RhAlL] was found to be an inversion 

twin (based upon the non-zero flack parameter). Hence the inversion twin law was applied 

to the data, yielding a twin ratio of 54:46. 
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Table 4.2. Crystallographic details for 1, 2, 3−N2, 4, K(THF)3∙RhAlL, and Li(DME)1.84(Et2O)0.33[RhGaL]. 

 
Cl−RhInL  

(1) 

H−RhInL  

(2) 

Li(DME)3[N2-RhInL] 

(3−N2) 

Ph−RhInL  

(4) K(THF)3∙RhAlL 
Li(DME)1.84(Et2O)0.33 

[RhGaL] 

chemical formula C39H60N4P3InRhCl

∙0.5(C6H6) 
C39H61N4P3InRh 

C39H60N6P3InRh∙Li  

3(C4H10O2) + solvent 

C45H65N4P3InRh

∙0.5(C6H6) 

C51H84O3N4P3AlRhK 

∙ 0.1875(C4H8O) 

C39H60N4P3GaRh∙Li 

1.84(C4H10O2)0.33(C4H10O) 

fw 970.05 896.55 1200.86 1011.70 1076.68 1046.93 

cryst syst triclinic monoclinic triclinic triclinic monoclinic orthorhombic 

space group P1̅ P21/n P1̅ P1̅ Pn Pbca 

a (Å) 12.2741(5) 13.1222(7) 12.162(3) 12.570(2) 12.3866(4) 19.7390(5) 

b (Å) 13.8072(6) 14.1385(8) 23.193(10) 13.849(3) 14.6879(5) 22.0015(5) 

c (Å) 14.3373(6) 21.6871(11) 36.476(19) 14.170(4) 16.6934(5) 24.3222(7) 

α (deg) 65.924(2) 90 104.092(14) 68.557(10) 90 90 

β (deg) 81.447(2) 95.3884(19) 92.811(13) 87.557(10) 110.1110(10) 90 

γ (deg) 74.253(2) 90 102.808(11) 84.378(8) 90 90 

V (Å3) 2133.12(16) 4007.6(4) 9673(7) 2284.8(8) 2851.91(16) 10562.8(5) 

Z  2 4 6 2 2 8 

Dcalcd (g cm−3) 1.510 1.486 1.237 1.471 1.254 1.317 

λ (Å), μ (mm−1) 0.71073, 1.137 0.71073, 1.139 0.71073, 0.732 0.71073, 1.009 0.71073, 0.514 0.71073, 0.957 

T (K) 100(2) 100(2) 125(2) 100(2) 123(2) 123(2) 

θ range (deg) 2.660 – 30.600 2.381 – 30.565 2.071 – 26.373 2.252 – 36.365 2.774 – 30.536 2.262 – 27.485 

reflns collected 45998 97430 144069 78301 31211 110094 

unique reflns 10600 10696 28645 18584 15505 9165 

data/restraints/ 

param 
13056/8/506 12268/318/656 39560/1719/2304 22045/0/526 16404/233/701 12116/246/814 

R1, wR2 (I > 2σ(I)) 0.0363, 0.0639 0.0267, 0.0585 0.0786, 0.1535 0.0237, 0.0497 0.0324, 0.0806 0.0595, 0.1101 

R1, wR2 (all data) 0.0516, 0.0682 0.0343, 0.0621 0.1117, 0.1663 0.0334, 0.0530 0.0359, 0.0839 0.0868, 0.1197 
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5.1 Overview 

 Previously, we demonstrated that the complexes [RhML]– (where L is [N(o-

(NCH2P
iPr2)C6H4)3] and M = Al, Ga, and In) were active towards the catalytic 

hydrogenation of unactivated aryl C–F bonds using 1 atm H2, NaOtBu, and moderate 

heating (70-90°C). In this report, we describe the photoredox behavior of this trio of 

[RhML]– complexes, which are capable of reducing and subsequently dehalogenating a 

variety of substrates with harsh reduction potentials (E1/2 > –3.1 V vs. Fc/Fc+), including 

fluorinated arenes (Figure 5.1). These complexes constitute a new class of photoredox 

catalysts with a unique property in that they can be regenerated using H2 and base. DFT 

and CASSCF calculations suggest that the electronic transition crucial for photoredox 

catalysis involves promotion of an electron from the Rh (4dz2)→M (npz) into Rh (5pz)−M 

(npz) σ-orbitals, suggesting that the photoredox behavior may be generalized to other d10 

complexes featuring reverse dative bonds. 

 
Figure 5.1. Catalytic hydrodefluorination via [RhML]– photocatalysts.  

5.2 Introduction  

 Photocatalysis using visible light has proven to be a promising method for 

promoting difficult chemical transformations. Specifically, the photocatalytic reduction 

of aryl halides to produce radicals has proven to be extremely useful for forming C–C, C–

heteroatom, or even C–H bonds.73,76,79,333 In particular, the ability to convert C–F to C–H 
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or C−D bonds would be beneficial to the pharmaceutical industry, which typically utilize 

C–F and C–D bonds to lengthen the metabolic stability of drugs.334-335 Moreover, a 

method for F/H substitution would significantly accelerate drug discovery by providing a 

direct synthesis route from the fluorinated drug, obviating an independent, multi-step 

synthesis.1 Hence, defluorination through photoredox catalysis could prove to be a 

powerful method in accomplishing this difficult feat. Indeed, it has been shown that 

polyfluorinated arenes can be partially defluorinated using Ir(ppy)3.
86 The substrate 

scope, unfortunately, is limited to only electron poor, polyfluorinated arenes, due to the 

limited reducing ability of the photocatalyst.  

 In our previously reported thermal hydrodefluorination (HDF) study,336 we 

observed that the catalytic resting state was [(η2-H2)RhInL]−, [3-H2]–, which after H2 

dissociation, is the proposed species that cleaves the aryl C−F bond. In an effort to further 

accelerate the reaction rate, we hypothesized that irradiation of [3-H2]– could promote H2 

dissociation, and hence, lead to an alternative means of promoting this catalytic 

transformation. Here, we report our success in using this strategy to discover a new class 

of extremely reducing photoredox catalysts. 

5.3 Results 

5.3.1 UV-Vis Spectroscopic Characterization 

 To probe the feasibility of a photo-driven hydrodefluorination reaction using 

complex 3–, as well as screen the other isostructural [RhML]– species (where M = Al, Ga, 

denoted as complexes 1 and 2, respectively), we measured their UV-Vis spectra under both 

Ar as well as under 1 atm H2 (THF, Figure 5.2, Figure A.5.1-A.5.3, and Table A.5.1). 
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Under Ar, the UV-Vis spectra of each complex are qualitatively similar and exhibit a total 

of four transitions, with the highest energy transition likely arising from ligand aromatic 

π→π* transitions. As the identity of the group 13 ion is varied down the periodic table, all 

transitions shift to lower energies, with the In complex 3– having the most red-shifted 

electronic transitions. 

 

Figure 5.2. UV-Vis spectra of Li[RhML] complexes dissolved in THF (where M = Al, Ga, In). 

Outer: Spectra collected under Ar. Inset: Spectra collected under 1 atm H2. 

 For each complex, an intense band in the violet region is observed, which exhibits 

transitions at 387, 400, and 413 nm for 1−, 2−, and 3−, respectively, with molar absorptivity 

ranging from 4000-12000 M-1 cm-1. Under 1 atm H2, only one transition is observed 

(excluding the high energy aromatic π→π* transitions) for [1−H2]−, [2−H2]−, and [3−H2]− 

at similar wavelengths of 381, 397, and 407 nm, respectively. Based on the high molar 

absorptivity and similar excitation wavelengths of the “naked” and H2-bound RhM 

complexes, we hypothesized these transitions in the 380 to 420 nm range would be the 

most promising targets for potential photocatalysis. Studies are currently underway to 
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characterize the nature of these excited states, including experiments to probe the emissions 

such as fluorescence and phosphorescence spectroscopy as well as excited-state lifetimes. 

5.3.2 Catalytic Conditions Optimization 

 Initial reactivity studies began with the defluorination of o-difluorobenzene (o-

DFB) as a model substrate using 3-Cl as the precatalyst with conditions analogous to those 

previously used in the thermal HDF reaction (Table 5.1). Excitingly, we found that the 

system was active for the defluorination of o-DFB to both PhF and PhH under irradiation 

with purple LEDs (λmax= 395 nm, Figure A.5.X) in moderate yields at room temperature 

(entry 1). Contrasting with the thermal HDF reaction, increasing the H2 pressure from 1 to 

4 atm only minimally affected the catalysis, leading to similar PhF and PhH yields (entry 

2). However, 4 atm H2 was preferred as it circumvented the need to replenish H2 every 24 

hours. Screening the lighter group 13 congeners, Cl−RhGaL (2-Cl) and H−RhAlL (1-H) 

(entries 3, 4) reveal only minimal activity when NaOtBu is used as the stoichiometric base. 

We note that 1-H is used in place of 1-Cl as the latter complex exhibits a lengthy induction 

period when tert-butoxide is used alone. This induction period for 1-Cl, however, is 

minimized when a crown ether encapsulant is used in addition to tert-butoxide (vide infra).  

 Use of KOtBu leads to enhanced reactivity for all three Rh complexes (entries 5−7). 

This enhancement in activity can be attributed to K+ exhibiting weaker ion-pairing with 

tert-butoxide than Na+,315 which in turn, should result in KOtBu being a stronger base. Use 

of KOtBu, however, also turns on a nuclophilic aromatic substitution (SNAr) side reaction, 

leading to about 10-18% yield of o-(tBuO)PhF. Addition of 10 mol% 18-crown-6 to the 

reaction mixture, which should further enhance the basicity of KOtBu, leads to mostly full 
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defluorination of o-DFB yielding PhH as the major product (65-80%, entries 8-10). 

Notably, the major side product from this reaction was found to be PhOtBu, which resulted 

from HDF of the o-(tBuO)PhF side product. 

Table 5.1. Reaction optimization for photocatalytic HDF of o-DFB. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

All reactions performed in triplicate. a Integrations from 19F{1H} NMR spectra b Integrations from 1H NMR spectra 
c SNAr yield includes both fluorinated and defluorinated products d Calculated from number of C-F bond broken from 

o-DFB and PhF e Under 1 atm H2 f 10 mol% crown  g 50 mol% crown h 2 mol% catalyst loading 

 We also found that 2-Cl and 3-Cl were capable of completely defluorinating the 

side product, o-(tBuO)PhF, producing PhOtBu under these conditions, which is noteworthy 

due to the difficulty of defluorinating arenes bearing electron-donating groups.56,60 

Lowering the catalyst loading to 2 mol% leads to a minimal loss in activity, yielding PhH 

Entry precatalyst 
base/ 

additive 

% conversion  % yield (48h) Total 

Turnoversd 24ha 48ha PhFa PhHb SNArc 

1 3-Cl e NaOtBu 69.8(7.5) 86.2(5.0) 64.2(1.3) 13.7(2.7) 0 18.3(1.3) 

2 3-Cl NaOtBu 61.3(2.6) 79.6(1.0) 74(15) 18(3.3) 0 22(4) 

3 2-Cl NaOtBu 16.3(2.8) 27.5(3.9) 22.0(1.8) trace 0 4.4(0.4) 

4 1-H NaOtBu 2.2(1.0) 3.5(2.8) 0.8(4) trace 0 0.2(0.1) 

5 3-Cl KOtBu 63(9) 89(3) 67(7) 30(14) 16(11) 25(7) 

6 2-Cl KOtBu 81(6) 96.6(8) 69.0(0.7) 23(2) 18(2) 23(1) 

7 1-H KOtBu 79(3) 96.9(8) 65(4) 26(4) 14(2) 23.4(2.4) 

8 3-Cl KOtBu/18-c-6 f 96(5) 100 0 86(7) 14(6) 34.4(2.8) 

9 2-Cl KOtBu/18-c-6 f 98.9(15) 100 4(6) 76(28) 27(38) 31(12) 

10 1-Cl KOtBu/18-c-6 f 99.8(2) 99.9(1) 23(31) 66(11) 21(10) 31(11) 

11 3-Cl h KOtBu/18-c-6 f 100 100 0 80(2) 20(2) 80(1) 

12 2-Cl h KOtBu/18-c-6 f 98(3) 99(1) 12(17) 66(48) 26(35) 72(23) 

13 1-Cl h KOtBu/18-c-6 f 100 100 11.0(2.7) 49(4) 32(8) 55(2) 

14 3-Cl NaOtBu/15-c-5f 58(2) 86.1(3) 66(2) 9.1(1) 0 16.8(0.8) 

15 2-Cl NaOtBu/15-c-5f 65.4(5) 97.8(3) 47.0(8) 51(1) 0 29.8(0.6) 

16 1-Cl NaOtBu/15-c-5f 13(3) 16(3) 16(1) trace 0 3.3(0.2) 

17 3-Cl NaOtBu/15-c-5g 57(2) 87.3(3) 77.5(1.3) 7.9(3) 0 18.7(0.4) 

18 2-Cl NaOtBu/15-c-5g 93.1(8) 100 8(4) 92(5) 0 38.4(2.8) 
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as the major product for all three precatalysts (66-86% yield, entries 11-13). To mitigate 

the SNAr reaction, we turned to NaOtBu with 10 mol% 15-crown-5, which was able to 

retain the reactivity of 2-Cl and 3-Cl while completely halting this side reaction (entries 

14-16). Increasing the amount of 15-crown-5 to 50 mol% (entries 17-18) further enhances 

the catalytic rate with 2-Cl without any observable SNAr side reactivity. We note, however, 

that the reactivity of 3-Cl is attenuated when 15-crown-5 is added (for both 10 and 50 

mol%), which we attribute to competitive catalyst decomposition, as reflected by the 

disappearance of all recognizable peaks in the 31P{1H} NMR spectra. Of note, this 

decomposition is not observed for the Ga-variant, 2-Cl. 

 While all Rh complexes are active for this transformation, we deem 2-Cl as the 

optimal catalyst due to the milder conditions required for catalytic turnover as well as 

negligible catalyst decomposition (compared to 3-Cl). Finally, depending on sensitivity of 

the substrates to SNAr, we define three viable reaction conditions which include, in order 

of increasing nucleophlicity but decreasing reaction rate: NaOtBu with 50 mol% 15-crown-

5, KOtBu, and KOtBu with 10 mol% 18-crown-6. 

5.3.3 Substrate Scope 

 With the optimized conditions in hand, we next sought to examine which substrates 

are amenable to this photocatalytic HDF reaction (Scheme 5.1). All isomers of 

difluorobenzene (4−6) were completely defluorinated within 48-57 hours to yield PhH in 

high yields (≥89%). The similar reaction time between the various isomers is notable, as 

the strength of C−F bond is strongly affected by the position of other C−F bonds on the 

arene. These effects even manifested themselves in the harsher conditions required to 

defluorinate the meta and para isomers compared to o-DFB under thermal conditions.29,308 
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More notably, photocatalysis using 2-Cl also exhibit minimal steric preferences 

(contrasting with thermal conditions), as reflected by the total defluorination of 7, yielding 

toluene in 84% yield. 

 

Scheme 5.1. Photocatalytic HDF of aryl and aliphatic fluorides catalyzed by 2-Cl. The 

reactive F is highlighted in blue. a1.25 equiv NaOtBu/C−F bond, 50 mol% 15-crown-5 
b1.25 equiv KOtBu/C−F bond, 10 mol% 18-crown-6 c1.25 KOtBu/C−F bond 

 Using the most basic conditions (KOtBu/18-crown-6), PhF (8) was quantitatively 

defluorinated in 24 hours. Moreover, even fluorinated substrates containing electron-

donating functional groups, including ethers or amines, were fully defluorinated in high 

yields (~98% for 9-10). Unfortunately, aryl fluorides with electron withdrawing functional 

groups, including nitriles and trifluoromethyl substituents (11, 13), are too activated and 

suffer from SNAr from tert-butoxide under these reaction conditions. Unfortunately, the 

yield in this reaction is difficult to calculate due to overlapping peaks in the 1H NMR 

spectrum. It should be noted that 13 does not undergo SNAr with NaOtBu alone, which 
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means that using 3-Cl with NaOtBu may prove to be the preferred conditions for these 

transformations. To our delight, even the aliphatic organofluorines in 12 and 13 were 

reactive under catalytic conditions, leading to high yields of toluene (91.5% for the former). 

Unfortunately, sodium pentafluropropionate, 15, a close analogue of perfluorinated 

octanoic acid (PFOA),12,16 15, was not reactive under catalytic conditions. Presumably, the 

anionic charge made this substrate too difficult to reduce. 

5.3.4 Mechanistic and Electronic Structure Studies 

 The Cl-RhML complexes were previously shown to enter the catalytic cycle after 

2 consecutive H2 binding and deprotonation events, forming the anionic [(η2-H2)RhML]– 

complex. To shed light on the subsequent steps within the mechanism, we turned to isotope 

labeling and stochiometric experiments. Using o-DFB, 4 atm D2, 2.5 equiv NaOtBu, along 

with 5 mol% 3-Cl, we observed minimal deuterium incorporation (>9% based on 19F{1H} 

NMR analysis; see Figure 5.3) into the products after 48 hours of irradiation, suggesting 

that the C-H bond formed throughout catalysis is not derived from H2. This result is notable 

as it contrasts with what was observed in the previously reported thermal HDF reaction 

using 3-Cl, from which ~86% deuterium incorporation was observed in the defluorinated 

products.336   
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Figure 5.3. Comparison of the final 19F NMR spectra (376 MHz) in the isotope labelling 

experiments in the defluorination of o-DFB. The relative integration of each isotopologue 

of o-DFB and PhF is also included. Top: 4 atm D2/THF-h8 run. Bottom: 4 atm H2/THF-d8 

run. Note that under D2, [3]– was shown to incorporate deuterium ortho- to existing C–F 

bonds. For more detailed discussion, see Scheme A.4.1. 
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Figure 5.4. 2H NMR spectra (61.4 MHz) depicting the isotope labeling experiments used 

to elucidate the source of the protons in the hydrodefluorination of o-DFB. Blue, red: t = 

0 hrs, t = 48 hrs in the reaction using D2 and THF-h8. Green, purple: t = 0 hrs, t = 48 hrs 

in the reaction using H2 and THF-d8. 

 More specifically, examination of the 2H NMR spectrum (Figure 5.4) revealed 

significant deuterium incorporation into what appears to be the α-C−H bond of THF, which 

possesses a significantly lower BDE than the β-C−H bonds. Indeed, when catalysis is 

carried out in THF-d8 under 4 atm H2, 87.4% deuterium incorporation into the arene 

products is observed (from 19F{1H} NMR, Figure 5.3). These results are consistent with a 

radical mechanism where, following excitation, [RhML]– (or its corresponding H2-adduct) 

engages in single electron transfer to the fluorinated substrate (Scheme 5.2). Upon 

reduction, the resulting fluorinated radical anion undergoes F– dissociation, generating a 

short-lived radical that abstracts a hydrogen atom from the α-C-H bond.  

THF-h8/D2 Initial 

THF-d8/H2 Initial 

PhD  PhF-d1 

PhD  PhF-d1 

THF-d8/H2 Final 
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Scheme 5.2. Proposed mechanism for the photoredox C−F bond activation of fluorinated 

organics. 

 In support of this mechanism, a mixture of K[2–] with 5 equiv. PhCF3 irradiated for 

1 hour yielded PhCF2H and RhGaL, 2, as the major Rh-containing product (Figure A.5.31), 

revealing that H2 isn’t necessarily required for the defluorination step. Moreover, H2 

addition to 2 leads to the formation of 2-H, likely via a bimolecular disproportionation of 

H2. Interestingly, this reaction can occur in the dark, but appears to be accelerate the rate 

slightly (Figure 5.5). Finally, H2 binding by H-RhML to form the RhI-hydride/dihydrogen 

adduct followed by subsequent deprotonation reforms [(H2)RhML], closes the cycle. 
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Figure 5.5. 1H NMR spectrum (400 MHz, THF-d8) comparing the reaction between 2 and 

H2 (4 atm) in the dark (left) and with irradiation with 390 nm LEDs (right). The inset shows 

the peak at 5.7 ppm (belonging to complex 2), which shows that the conversion is slightly 

faster with irradiation. 

 The identity of complexes 1 and 2 were confirmed through their independent 

synthesis, which was accomplished through comproportionation of Cl-RhML with 

K[RhML] (Scheme 5.3).106,337 Additionally, the solid state structure of complex 1 was 

analyzed through XRD analysis (Figure 5.6, Table 5.2). 

 

Scheme 5.3. Preferred synthesis route for the zero-valent RhML species. 

t = 20 min t = 20 min 

t = 60 min t = 60 min 

t = 120 min t = 120 min 
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Table 5.2. Geometrical parameters, including selected bond lengths (Å) and angles (°) for 

1-H, 1, and K[1]-. Note that in 1-H, P2 is the phosphine trans- to the hydride. 

Complex H-RhAlL,312 1-H RhAlL, 1 K[RhAlL],336 K[1]−  

Rh-M 2.4974(14) 2.4736(5) 2.4088(9) 

ralvarez
a 0.95 0.94 0.92 

Rh-P1 2.2949(14) 2.3407(5) 2.2521(8) 

Rh-P2 2.3511(14) 2.2830(4) 2.2504(9) 

Rh-P3 2.3056(15) 2.2956(4) 2.2456(8) 

Rh-P3 plane 0.236 0.1911(3) 0.1603(5) 

Rh-H 1.623 N/A N/A 

M-N1 1.889(3) 1.8924(15) 1.911(2) 

M-N2 1.895(3) 1.8912(14) 1.915(3) 

M-N3 1.892(3) 1.8971(15) 1.922(3) 

M-N4 2.140(3) 2.1542(15) 2.287(3) 

Al-N3 Plane 0.3000(21) 0.3027(10) 0.4023(17) 

P1-Rh-P2 110.52(5) 111.089(16) 120.07(3) 

P2-Rh-P3 106.76(5) 107.974(16) 119.80(3) 

P1-Rh-P3 139.39(5) 138.755(17) 118.63(4) 

Sum P-Rh-P 356.67 357.82 358.50 

N4-M-Rh 176.90(10) 177.18(4) 179.17(8) 

N1-M-N2 118.14(15) 116.31(6) 118.16(12) 

N2-M-N3 114.14(15) 116.30(7) 111.42(12) 

N3-M-N1 120.33(16) 119.87(7) 117.53(12) 

 a rAlvarez is the ratio of the Rh-Al bond distance divided by the sum of the covalent radii.265 

 Complex 1 features a Rh-Al bond length in between that measured in 1-H and 

K[1]−. Most importantly, close examination of the primary coordination sphere around Rh 

demonstrate a significant distortion from C3-symmetry, as reflected by the significant 

distortion in one of the P–Rh–P angles as well as an elongated Rh–P bond (Table 5.2). 

Overall, this structural data is consistent with a Rh0→M electronic structure that contains 

an unpaired electron in one of the degenerate Rh dxy/dx2-y2 orbitals, resulting in a Jahn Teller 

distortion. Indeed, the S = ½ spin states of these formal Rh0 complexes were confirmed by 

X-band EPR spectroscopy of 1 and 2 (Figure 5.6), which exhibited very similar features. 

As a representative example, the EPR spectrum of complex 1 features a pseudo axial signal 
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with g = (2.17, 2.03, 2.00) with large hyperfine coupling to 103Rh (I = ½, 100% abundant, 

A = [8, 451, 440] MHz). Hyperfine coupling to three equivalent 31P nuclei was also 

included in the final model (I = ½, 100% abundant, A = [7, 14, 15] MHz), which essentially 

resulted in the broadening of the EPR signal. While the exact 31P coupling constant is 

impossible to extract from these EPR spectra, we can conclude that the coupling constant 

is very small. Formal Rh0 complexes are unusual, with only a handful of isolable 

examples.338-341 However, complexes 1 and 2 stand out in that they constitute the only 

examples of a 15-electron Rh0 center, which contrasts with all other 17-electron Rh 

systems. To my knowledge, complexes 1 and 2 feature the largest 103Rh coupling constants 

measured in a Rh0 complex to date.338-343 The EPR spectra of the RhML species closely 

resemble that of the isostructural FeTiL complex, which also contains nine electrons within 

the M–M unit. However, the 31P coupling constant in FeTiL (A = [71.9, 52.2, 63.0] MHz) 

is much larger than that measured in 1 and 2, which is likely a result of the higher 

electronegativity of Rh (Pauling, 2.28) compared to Fe and P (1.83 and 2.19, respectively). 

Based on these results, the unpaired electron likely has significantly more Rh character 

compared to Fe in FeTiL. 
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Figure 5.6. (Left) Solid-state structure of RhAlL, 1 shown at 50% probability level. 

Hydrogen atoms and cocrystallized solvent molecules are omitted for clarity. (Right) X-

band EPR spectra (9.65 GHz, 30 K) of frozen THF solutions of RhAlL (top) and RhGaL 

(bottom), with fits shown as dashed lines. 

5.4 Discussion 

 The ability of the [RhML]– complexes to directly reduce PhF under photolytic 

conditions is impressive, especially since the fluoroarenes features significantly more 

negative reduction potentials than the [RhML]– complexes (Table 5.3). To our knowledge, 

there are no other examples of photocatalysts using base and H2 for catalytic turnover. 

Moreover, the strategy of reducing the active [RhML] complexes to further strengthen its 

photoreducing properties is reminiscent of other systems that use photons or electrolysis to 

accomplish the same feat. Since the excited [RhML]– complexes react with PhF but not 

PhH, we can bracket the excited-state oxidation potential, *E1/2, to lie between –3.35 and 

–3.80 V vs. Fc/Fc+. Undoubtedly, the arenes with electron donating groups (9 and 10) 

possess more negative reduction potentials than PhF, however their reduction potentials 

are not currently known. 
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Table 5.3. Reduction potentials comparisons between the RhML species and selected 

organic molecules. 

Analyte E1/2 for X/X– (V vs. Fc/Fc+) 

RhAlL, 1 –1.61 

RhGaL, 2 –1.51 

RhInL, 3 –1.35 

PhCF3 
344 –2.88 

PhF 84 –3.35 

PhH 81 –3.80 

Note that the reduction potentials were reported vs SCE, which was converted to Fc/Fc+ by subtracting 0.38 

V.80 

 Constituting a new class of extremely reducing photocatalysts, we turned to 

quantum chemical calculations to elucidate why this triad of [RhML]– complexes feature 

this unique reactivity. Single point density functional theory (DFT) were performed on 

each anion (M06L, see experimental for details). All three complexes exhibit similar 

electronic structures, with a representative molecular orbital diagram shown in Figure 5.7. 

In order of increasing energy, each complex features a Rh-M σ-bonding orbital, followed 

by two sets of degenerate Rh-M non-bonding orbitals comprised of Rh dxz/dyz and Rh 

dxy/dx2-y2 orbitals, respectively. Of note, each complex also shares a similar LUMO which 

has significant contributions from Rh 5s/5p, and M ns/pz orbitals (Table 5.4). The presence 

of an energetically low-lying transition metal-based p orbital has been invoked in many 

other bimetallic complexes, including isostructural Fe-Ti,337 Ni/Co-M (where M = Al, Ga, 

and In),98,112,182 as well as structurally similar Ni-lanthanide complexes.96,115  
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Figure 5.7. Selected Kohn-sham orbitals from 3– plotted with an isovalue of 0.05. It 

should be noted that 1– and 2– exhibit a similar electronic structure.  

Table 5.4. Ground state molecular orbital coefficients of the σ-bonding orbitals in 

complexes 1–, 2–, and 3–. 

Complex [RhAlL]–, 1– [RhGaL]–, 2– [RhInL]–, 3– 

M contrib. Rh Al Rh Ga Rh In 

Rh–M σ1 70.6% 4d 4.4% 3p 72.9% 4d 4.3% 4p 67.9% 4d 
5.6% 5s 

4.4% 5p 

Rh–M σ2, 

LUMO 

6.7% 5s 

25% 5p 

6.6% 4d 

8.7% Al 3s 

4.3% 3p 

9.5% 5s 

17.7% 5p 

8.8% 4d 

15.7% 4s 

7.4% 4p 

17.8 % 5s 

13.6% 5p 

8.3% 4d 

19.1% 5s 

6.2% 5p 

 

 Time dependent density functional theory (TD-DFT) calculations were initially 

attempted to elucidate the nature of the electronic transitions that govern the photoredox 

reactivity of each of the [RhML]– complexes. Unfortunately, the multi-configurational 

nature of the excited states precluded any useful information from being extracted. 

Excitingly, preliminary multi-reference (CASSCF/CASPT2) calculations on the naked 
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[RhML]– complexes suggest that the extremely reducing excited state involves promotion 

of an electron from the Rh–M σ1 orbital into this unusual LUMO. Considering the orbitals 

involved in this transition, it can almost be considered as a metal-to-metal charge transfer. 

However, this description does not appropriately describe this electronic transition, as the 

orbitals involved are largely localized on Rh. However, the non-negligible M contribution 

in each orbital suggests the Rh–M bonding interaction is crucial for the photoredox process.  

5.5 Conclusions 

 Here, we’ve described a new class of highly reactive photoredox catalysts that are 

capable of reducing a variety of electron rich arenes. To our knowledge, this study 

constitutes the first example of catalytic PhF reduction using photoredox methods. 

Moreover, these catalysts operate under an unusual mechanism where the active species 

can be regenerated using H2 and base. Through preliminary CASSCF calculations, we’ve 

determined that the presence of the highly polarized Rh→M dative bond is crucial for this 

reactivity. In an effort to determine whether this strategy can be generalized to other M–M 

complexes, we’ve also examined the photoredox reactivity using the previously reported 

isostructural [(H2)CoInL]– complex under identical catalytic conditions. To our delight, 

this species was also active for the defluorination of PhF to PhH and PhCF3 to PhCH3. In 

addition, we’ve also found that the electronically similar [(H2)FeSnL]– species,345 which 

features a more traditional Sn→Fe bonding interaction was also active. Based on these 

results, it appears that complexes bearing a negative charge that are capable of binding 

small molecule σ-donors, such as H2 or N2, are capable of being powerful photoreductants. 

However, it will be interesting to consider whether the isostructural [FeTiL]– complex, 
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which has been shown to possess a similar LUMO, but does not bind H2 or N2, will also 

be active. Regardless, these results suggest that this can serve as a general strategy to 

achieve highly reactive photoredox catalysis. 
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5.7 Experimental Section 

General Considerations. Unless otherwise stated, all manipulations were performed 

under an inert N2 atmosphere in a glovebox or using standard Schlenk techniques. Standard 

solvents were deoxygenated by sparging with inert gas and dried by passing through 

activated alumina columns of a SG Water solvent purification system. Deuterated solvents 

were purchased from Cambridge Isotope Laboratories, Inc. or Sigma-Aldrich, while 

fluorinated solvents and substrates were purchased from either Oakwood Chemicals or 

Sigma-Aldrich. These solvents were dried over CaH2 or P4O10, distilled, and then degassed 

via freeze−pump−thaw cycles and stored over activated 4 Å molecular sieves. Elemental 

analyses were performed by Robertson Microlit Laboratories, Inc. (Ledgewood, NJ). All 

1H and 31P NMR spectra were recorded on a Bruker 400 MHz spectrometer at ambient 

temperature unless otherwise stated. Samples for H2 additions were prepared under a N2 

atmosphere and transferred into J-Young NMR tubes. Each sample was then subjected to 

two freeze−pump−thaw cycles, and then exposed to 1 atm H2. Preparation of samples under 

4 atm H2 was accomplished by sealing the J-Young tube after exposure to 1 atm H2 while 

completely submerged in liquid N2.
330 1H NMR spectra of catalytic runs were referenced 
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to protio-THF (3.62 ppm). For NMR quantification, a known amount of NaBArF or p-

difluorobenzene dissolved in THF was sealed within a capillary and placed within each J-

Young for the catalytic runs. For quantifying product yields with respect to the internal 

standard, NMR spectra were collected with a single scan with a delay time of 30 s and an 

acquisition time of 4.2 s. Cyclic voltammetry was performed using a CH instruments 600 

electrochemical analyzer. The one-cell set-up used a glassy carbon working electrode, Pt 

wire counter electrode, and a Ag wire pseudo-reference electrode. Analyte solutions 

consisted of 0.4 M [nBu4N]PF6 and the voltammograms were referenced internally to the 

FeCp2
0/+ (abbreviated as Fc+/Fc) redox couple at the end of the measurement. The protio-

ligand, N(o-(NHCH2P
iPr2)C6H4)3 (abbreviated as H3L),198 the isostructural Cl−RhML and 

H−RhML complexes (where M = Al, Ga, and In),312,336 were prepared according to 

literature procedures. 

Computational methods 

Ground-state Rh-In/Al/Ga complexes are optimized using DFT calculations with 

M06-L localized functional at full models with Gaussian 16 software package. Geometries 

were optimized under vacuum with the M06-L functional with bs1 (def2-TZVPP for Rh 

and Ga/In/Al, def2-TZVP for P, N, F and O, and def2-SVP for remaining C and H atoms). 

Considering the nature of rhodium center, closed-shell restricted-DFT formalism was 

followed to eliminate the deviation from spin contamination. SDD pseudopotential was 

applied on metal centers (Rh, In/Ga) to accelerate the calculation. Harmonic vibrational 

frequencies were also computed and confirmed to be no imaginary values. Once optimized, 

single point energy calculations were carried out to account for the solvation effect in the 
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THF (tetrahydrofuran) with SMD (solvation model based on density) under default radii. 

Gibbs free energies are reported for a standard state of 298.15K, 1M concentration for 

solute and 1 atm for gases with the solvation effect in THF. Single-point energy TD-DFT 

calculations were performed to calculate the vertical excitation energy and UV-Vis 

spectrum on the M06-L optimized ground state structure in M06 functional with the same 

basis sets and PCM (Polarizable continuum model). 

General Synthesis of [RhM(N(o-(NCH2PiPr2)C6H4)3)] anions, [RhML]− complexes 

To a cooled solution (−78°C) of the appropriate Rh-H complex (20 μmol) in THF (3 mL) 

was added a solution of n-BuLi in hexanes (2.5 M, 9.2 μL, 22 μmol). After stirring at this 

temperature for 10 min, the solvent is removed in vacuo. The solid is then washed with 

pentane (2 × 2 mL), then taken up in a minimal amount of THF (ca. 2 mL) and filtered 

through a pad of Celite to yield the naked [RhML]− complexes (where M = Al, Ga) as 

lithium salts. Alternatively, the appropriate Rh-Cl complex (20 μmol) in THF (3 mL) can 

be added to KC8 (6.2 mg, 45 μmol) at room temperature and stirred for 2 hours. A similar 

work-up procedure as above is used, except the solid is washed with Et2O instead of 

pentane, yielded the same complexes as potassium salts. 

Characterization of Li[RhAlL], Li[1−] 

Upon addition of n-BuLi, the solution changes from pale yellow to dark purple. Yield: 

95%. 1H{31P} NMR (400 MHz, THF-d8, 25 °C): δ 7.00 (d, J = 7.3 Hz, 3H, aryl), 6.62 (app 

t, J = 7.6 Hz, 3H, aryl), 6.08 (d, J = 7.8 Hz, 3H, aryl), 5.98 (app t, J = 7.3 Hz, 3H, aryl), 

2.98 (br, 3H, CH2), 2.81 (br, 3H, CH2), 2.29 (br, 3H, P(CH(CH3)2)), 1.97 (br, 3H, 
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P(CH(CH3)2)), 1.30 (br, 18H, P(CH(CH3)2)), 1.02 (br, 9H, P(CH(CH3)2)), 0.61 (br, 9H, 

P(CH(CH3)2)). 
31P{1H} NMR (162 MHz, THF-d8, 25 °C): δ 56.5 (d, 1JRh-P = 193.9 Hz). 

Characterization of Li[(η2-H2)RhAlL], Li[1(H2)−] 

Upon addition of H2 to 1−, the dark purple solution becomes yellow. 1H{31P} NMR (400 

MHz, THF-d8, 25 °C): δ 7.04 (d, J = 7.4 Hz, 3H, aryl), 6.63 (app t, J = 7.5 Hz, 3H, aryl), 

6.13 (d, J = 7.9 Hz, 3H, aryl), 5.99 (app t, J = 7.3 Hz, 3H, aryl), 2.77 (br, 6H, CH2), 1.85 

(br, 6H, P(CH(CH3)2)), 1.24 (br, 18H, P(CH(CH3)2)), 0.91 (br, 9H, P(CH(CH3)2)), 0.57 (br, 

9H, P(CH(CH3)2)), −2.38 (br, 2H, Rh(H2)). 
31P{1H} NMR (162 MHz, THF-d8, 25 °C): δ 

61.9 (d, JRh-P = 187.4 Hz). 

Characterization of Li[RhGaL], Li[2−] 

Upon addition of n-BuLi, the solution changes from bright yellow to dark green. Yield: 

92%. 1H{31P} NMR (400 MHz, THF-d8, 25 °C): δ 7.00 (d, J = 7.3 Hz, 3H, aryl), 6.59 (app 

t, J = 7.4 Hz, 3H, aryl), 6.09 (d, J = 7.9 Hz, 3H, aryl), 5.98 (app t, J = 7.2 Hz, 3H, aryl), 

2.83 (s, 6H, CH2), 2.29 (br, 3H, P(CH(CH3)2)), 2.04 (br, 3H, P(CH(CH3)2)), 1.29 (br, 18H, 

P(CH(CH3)2)), 1.07 (br, 9H, P(CH(CH3)2)), 0.59 (br, 9H, P(CH(CH3)2)). 
31P{1H} NMR 

(162 MHz, THF-d8, 25 °C): δ 63.4 (d, 1JRh-P = 186.4 Hz). 

Characterization of Li[(η2-H2)RhGaL], Li[2(H2)−] 

Upon addition of H2 to 2−, the solution changes from dark green to light yellow. 1H{31P} 

NMR (400 MHz, THF-d8, 25 °C): δ 7.07 (dd, J = 7.4, 1.4 Hz, 3H, aryl), 6.61 (app td, J = 

7.2, 1.4 Hz, 3H, aryl), 6.16 (d, J = 7.6 Hz, 3H, aryl), 5.98 (app td, J = 7.3, 1.0 Hz, 3H, aryl), 
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2.62 (br, 6H, CH2), 1.70 (br, 6H, P(CH(CH3)2)), 1.01 (br, 36H, P(CH(CH3)2)), −4.05 (br, 

2H, Rh(H2)). 
31P{1H} NMR (162 MHz, THF-d8, 25 °C): δ 76.5 (d, JRh-P = 167.0 Hz). 

Synthesis of RhAlL, 1 

A solution of Cl–RhAlL (13.0 mg, 0.0161 mmol) in THF (3 mL) was added to KC8 (5.0 

mg, 0.0371 mmol) and periodically stirred by hand for 30 min, upon which the solution 

changes from light orange to dark purple. This solution is then filtered through a pad of 

Celite into another solution of Cl–RhAlL (13.0 mg, 0.0161 mmol) in THF (2 mL) and 

stirred for 20 minutes, upon which this solution changes to dark green. The solvent is then 

removed in vacuo, after which the residue is taken up in benzene (2 x 2 mL) and filtered 

through another pad of Celite. The solvent is again removed in vacuo to yield RhAlL as a 

light green powder (19.2 mg, 0.023 mmol, 74% yield). Single crystals suitable for X-ray 

diffraction were grown through the slow evaporation of Et2O. 1H NMR (400 MHz, C6D6): 

δ 11.70, 8.45, 7.45, 6.76, 5.44, 4.23, 1.05, –3.76, –5.59. 

Synthesis of RhGaL, 2. 

The synthesis of RhGaL is accomplished analogously to RhAlL. Upon adding Cl–RhGaL 

(14.3 mg, 0.0161 mmol) to KC8 (5.0 mg, 0.0371 mmol), the solution changes from light 

red to dark green. After filtering this solution into the solution of Cl–RhGaL, the solutions 

changes to a lighter shade of green. After removal of solvent in vacuo, RhGaL is isolated 

as a light green powder (26.2 mg, 0.031 mmol, 94% yield). 1H NMR (400 MHz, C6D6): δ 

12.25, 8.31, 6.58, 6.03, 3.94, 1.02, –4.06, –5.67. 
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General Procedure for Catalytic Photoredox Defluorination of Fluorinated Organics 

All condition optimization runs were performed in duplicate. A J-Young tube was charged 

with NaOtBu (20.7 mg, 215 μmol, 1.25/C–F bond). Next, 190 μL of a stock solution 

containing 0.90 M o-DFB (or other substrate) in THF was added to the precatalyst, Cl–

RhInL (8.0 mg, 8.6 μmol), also dissolved in THF (810 μL). Each J-Young tube was then 

charged with 500 μL of the resulting solution, a capillary containing an integration 

standard, and then sealed. The J-Young tube was subjected to two freeze-pump-thaw cycles 

and then filled with 1 atm H2 at ambient temperature. The J-Young NMR tube was then 

irradiated using two purple LED lamps (λmax = 395 nm, Figure A.5.4). Note that the 

temperature was regulated using a portable fan. After 24 h, the reaction was analyzed by 

NMR spectroscopy. If the reaction was incomplete, then the tube was irradiated for another 

24 h. Percent conversions and yields are reported for the reaction mixture on the basis of 

1H and 19F{1H} NMR integrations (relative to the internal standard). Note that other 

catalytic variations were tested, including: substituting KOtBu as base, adding 10-50 mol% 

15-crown-5 or 18-crown-6, H2 pressure, precatalyst loading, and identity of the 

precatalysts. 
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Figure 5.8. Reaction set-up used for the photocatalyzed hydrodefluorination of 

fluorinated organics. 

X-ray crystallographic details. A green block of RhAlL (0.14 x 0.12 x 0.07 mm) was 

mounted on a 200 μm MiTeGen microloop and placed on a Bruker PHOTON-II CMOS 

diffractometer for data collection at 100(2) K. The data collection was carried out using 

Mo Kα radiation with normal parabolic mirrors.  The data intensities were corrected for 

absorption and decay with SADABS.200 Final cell constants were obtained from least-

squares fits from all reflections.  Crystal structure solution was done through intrinsic 

phasing (SHELXT-2014/5),201 which provided most non-hydrogen atoms. Full matrix 

least-squares/difference Fourier cycles were performed (using SHELXL-2016/6202 and 

GUI ShelXle203) to locate the remaining non-hydrogen atoms. All non-hydrogen atoms 

were refined with anisotropic displacement parameters. Hydrogen atoms were placed in 

ideal positions and refined as riding atoms with relative isotropic displacement parameters.  
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Table 5.5. Crystallographic details for RhAlL, 1. 

 RhAlL, 1 

chemical formula C39H60N4P3AlRh∙C4H10O 

fw 881.83 

cryst syst monoclinic 

space group P21/c 

a (Å) 12.0016(2) 

b (Å) 15.9923(3) 

c (Å) 23.4605(5) 

α (deg) 90 

β (deg) 104.269(1) 

γ (deg) 90 

V (Å3) 4363.93(14) 

Z  4 

Dcalcd (g cm−3) 1.342 

λ (Å), μ (mm−1) 0.71073, 0.559 

T (K) 100(2) 

θ range (deg) 2.165 – 30.564 

reflns collected 45274 

unique reflns 13363 

data/restraints/ param 13363/0/492 

R1, wR2 (I > 2σ(I)) 0.0358, 0.0660 

R1, wR2 (all data) 0.0492, 0.0701 
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Appendix 1: Supporting information for Chapter 2 

 

Figure A.2.1. Cyclic voltammetry study of FeTiL (2) in 0.4 M [nBu4N]PF6 in THF at 100 

mV/s (full solvent window). The second oxidation process was found to deposit non-

conductive decomposition products onto the working electrode surface. Hence, subsequent 

studies focused on the reduction and first oxidation processes. 

 

Figure A.2.2. Cyclic voltammetry study of FeTiL (2) in 0.4 M [n-Bu4N]PF6 in THF at 50 

mV/s. The left shows the CV that is first scanned cathodically, while the right shows the 

CV that is first scanned anodically. Hence, the electrochemical event at Epc = −2.00 V is 

related to the oxidation of 2. 
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Figure A.2.3. Cyclic voltammetry study of FeTiL (2) in 0.4 M [nBu4N]PF6 in THF at 

varying scan rates. The current was normalized by dividing the measured current by the 

square root of the scan speed. (Top) Anodic scan first. (Bottom) Cathodic scan first. 

Discussion of Electrochemical Characteristics of 2. 

The low intensity electrochemical event, which appears at ca. −2.0 V only after scanning 

anodically, is consistent with an ECE process. In this process, the electrochemically 

generated [FeTiL]+ species undergoes a chemical transformation into another species, 

which is subsequently reduced at a more negative potential. The peak current ratio (ipc/ipa), 

however, remains greater than 0.90 at all scan rates examined (from 50−1000 mV/s), which 

suggests the kinetics for this chemical transformation are slow with respect to the time 

required to complete the voltage sweep in the CV experiment. 
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Figure A.2.4. Cyclic voltammetry study of TiL (1) in 0.1 M [nBu4N]PF6 in THF at a scan 

rate of 100 mV/s. 

 

 

Figure A.2.5. Cyclic voltammetry study of NiTiL in 0.4 M [n-Bu4N]PF6 in THF at 100 

mV/s. For the oxidation event, two limiting scenarios are possible: a Ti(III/IV) redox 

couple or a Ni(0/-I) redox couple. Since the former is more plausible, we assign this feature 

as a Ti(III/IV) oxidation.   

4 μA 

 

0 

4 μA 

0 
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Figure A.2.6. 1H{31P} NMR spectrum of [1ox]B(ArF)4 in THF-d8 (500 MHz). *Denotes a 

minor impurity 

 

Figure A.2.7. 31P NMR spectrum of [1ox]B(ArF)4 in THF-d8 (202 MHz). 

 

* 
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Figure A.2.8. 1H NMR spectra of [2ox]B(ArF)4 in THF-d8 (400 MHz). (Top) Full sweep-

width (Bottom) diamagnetic region. * indicates minor fluorobenzene and hexane 

impurities. 

 

* 

* 

* 

* 
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Figure A.2.9. 1H NMR spectrum of 2-Br in C6D6 (500 MHz). The inset shows a broad 

resonance at 45.9 ppm. * indicates minor hexane and diethyl ether impurity. 

 

Figure A.2.10. 1H NMR spectrum of 2 in C6D6 (400 MHz). * indicates minor pentane 

impurity. 

 

 

 

 

* 

* * 
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Figure A.2.11. 1H NMR spectrum of K(THF)n[2red] in THF-d8 (400 MHz). * indicates 

minor hexane impurity. 

 

Figure A.2.12. 31P{1H8 NMR spectrum of K(THF)3[2red] in THF-d8 (162 MHz) at (Top) 

25 °C and (Bottom) −83 °C.  

* * 
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Table A.2.1. Full structural metrics, FSR, and d-count for TiL and FeTiL complexes. *FSR 

= (Ti-Fe bond length)/(sum of metallic radii) 

 1ox 1 2-Br [2ox]2B12Cl12 2 2red 

Ti-Fe N/A N/A 2.3853(4) 2.1613(10) 2.0635(6) 2.0458(8) 1.9494(6) 

FSR* N/A N/A 0.96 0.87 0.83 0.82 0.78 

d-count 0 1 8 8 9 10 

Fe-P1 N/A N/A 2.3796(6) 2.3609(7) 2.2882(8) 2.2748(9) 2.2102(9) 

Fe-P2 N/A N/A 2.3772(6) 2.3609(7) 2.3067(8) 2.3136(10) 2.2116(8) 

Fe-P3 N/A N/A 2.4097(6) 2.3609(7) 2.2659(8) 2.2687(10) 2.2185(8) 

Fe-P3 

Plane 
N/A N/A 0.3578(4) 0.1429(9) −0.0373(5) 0.0208(7) −0.1432(6) 

Ti-N1 1.980(2) 2.0182(14) 2.0006(16) 1.998(2) 2.023(2) 2.012(2) 2.048(2) 

Ti-N2 1.960(2) 1.9916(15) 1.9922(15) 1.998(2) 2.011(2) 2.021(3) 2.061(2) 

Ti-N3 1.959(2) 2.0334(14) 1.9941(16) 1.998(2) 2.017(2) 2.024(3) 2.043(2) 

Ti-N4 2.366(2) 2.2695(13) 2.3537(15) 2.297(4) 2.340(2) 2.328(2) 2.423(3) 

Ti-N3 

Plane 
0.5561(26) 0.4736(8) 0.4888(9) 0.4504(24) 0.4677(13) 0.4568(15) 0.5230(15) 

P1-Fe-

P2 
N/A N/A 117.65(2) 119.636(5) 127.84(3) 117.21(4) 118.67(3) 

P2-Fe-

P3 
N/A N/A 119.55(2) 119.637(5) 115.52(3) 128.98(4) 120.03(3) 

P3-Fe-

P1 
N/A N/A 116.19(2) 119.638(5) 116.57(3) 113.79(4) 120.06(3) 

Sum 

P-Fe-P 
N/A N/A 353.39(3) 358.910(9) 359.93(5) 359.98(7) 358.76(5) 

N4-Ti-

Fe 
N/A N/A 178.69(4) 180 178.40(7) 179.48(7) 179.33(7) 

N1-Ti-

N2 
112.49(10) 115.73(6) 114.35(7) 115.07(5) 114.38(11) 112.73(11) 107.95(10) 

N2-Ti-

N3 
111.31(10) 113.54(6) 113.45(7) 115.07(5) 114.12(11) 117.99(11) 116.92(10) 

N3-Ti-

N1 
113.04(10) 114.64(6) 114.82(6) 115.07(5) 115.86(11) 114.40(11) 116.23(10) 

Sum 

N-Ti-N 
336.84(17) 343.91(10) 342.62(11) 345.21(10) 344.36(17) 345.12(19) 341.10(17) 

Ti-P1 2.7522(9) 2.7252(5) N/A N/A N/A N/A N/A 

Ti-P2 2.7758(9) 3.0485(5) N/A N/A N/A N/A N/A 

Ti-P3 2.7547(9) 3.2818(5) N/A N/A N/A N/A N/A 
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Table A.2.2. Comparison of the Ti-Fe bond lengths in other crystallographically 

characterized TiFe bimetallic complexes. 

Reported Ti-Fe Complex Ti-Fe bond length (Å) Ref. 

BrFeTiL, 2-Br 2.3853(4) This work 

[FeTiL]2B12Cl12, 2ox 2.1613(10) This work 

FeTiL, 2 2.0635(6), 2.0458(8)  94 

K(THF)3FeTiL, 2red 1.9494(6) This work 

Ti((2-PPh2)C4H3N)4Fe 2.024(2)  93 

K2[Ti((2-PPh2)C4H3N)4Fe] 1.9474(7) 93 

Ti(XylNPiPr2)3FeBr 2.2212(7) 146 

(Me2N)3TiFeCp(CO)2 2.567(3) 346 

MeC(Me2SiN(4-tolyl))3TiFeCp(CO)2 2.4234(4) 347 

 

 

Figure A.2.13. Plot of the total metal-metal d-count as a function of average Ti-Neq bond 

distance (where Neq is the anionic N-ligand). The red lines correspond to the average Ti-

Neq bond distance measured in 1 and 1ox. 
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Figure A.2.14. Plot of the total metal-metal d-count as a function of the average Fe-P bond 

distance. Notably, there is a greater perturbation of the Fe-P bond length than Ti-Neq bond 

length as a function of total metal-metal d-count.  
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Figure A.2.15. X-band EPR spectrum of a 1 mM solution of FeTiL, 2, in toluene (20 K, 

9.65 GHz, 10 gauss modulation amplitude, 6.33 μW) shown in black. The spectrum was 

simulated (red trace) using two different models of the 31P-hyperfine coupling: (Top) g = 

[2.273, 2.051, 2.028], W = [12.9, 13.5, 26.0] G, A(3×31P) = (24.0, 17.4, 21.0) × 10−4 cm−1 

(shown in main text). (Bottom) g = [2.273, 2.039, 2.039], W = [36.5, 15.5, 14.7] G, 

A(2×31P) = (27.0, 17.8, 2.7) × 10−4 cm−1, A(1×31P) = (27.0, 55.8, 0.4) × 10−4 cm−1. It should 

be noted that these simulations are not unique, and that the best description of this EPR 

spectrum probably involves perturbations of both the g matrix as well as the 31P hyperfine 

coupling values. Additionally, the broad, unresolved signal at gz was simulated using both 

hyperfine coupling and line widths, and hence, Azz parameters are also not unique. 
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Physical origin of the EPR g-tensor  

The competition of the Jahn-Teller distortion with the spin-orbit coupling effect is 

responsible for the easy-axis of magnetization found in the experimental EPR g-values of 

2, g= (2.27, 2.05, 2.03). In addition, the lowest-energy excited state of 2 must be the one 

promoting the -electron from one of the doubly occupied component of the 2e set to the 

other, which introduces the largest positive g-shift along the Fe-Ti bond. As elaborated 

elsewhere348, an excitation from a doubly occupied orbital to a singly occupied orbital 

(SOMO) gives rise to a positive g-shift, whereas a negative g-shift is produced by an 

excitation from a SOMO to a virtual orbital. Furthermore, the magnitude of the g-shift is 

inversely proportional to the excitation energy. A qualitative explanation of this 

phenomenon can be found in ligand-field theory. In an ideal C3 symmetry, the dxy and dx2-

y2 orbitals couple through spin-orbit coupling to recover the orbital momentum of the d±2 

orbitals. The population of three electrons in two of these orbitals leads to the apparition 

of a neat total orbital momentum along the C3 axis (ML =±2). The spin-orbit coupling effect 

splits the magnetic states into two Kramer’s doublets, according to the relative orientation 

of their spin and orbital momenta, as shown in Figure S13. The large orbital momentum of 

the ground doublet adds to the spin momentum, hereby increasing the effective gz value up 

to a theoretical limit of 6 in the absence of covalence effect. The Jahn-Teller distortion 

competes with the spin-orbit coupling by lifting the degeneracy of the dxy and dx2-y2 orbitals, 

partially quenching the orbital momentum along the C3 axis. The slight shift of the gz value 

above the isotropic value is therefore due to the residual orbital momentum originating 

from the effective C3 symmetry.   

 

Figure A.2.16. Spin-orbit coupling effect on the two electronic configurations arising from 

the population of 3 electrons in the 2e orbitals. The non-relativistic states are labelled by 

the hole-containing orbital. ζ accounts for the iron spin-orbit coupling constant. 
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Figure A.2.17. X-band EPR spectrum of a 1 mM solution of TiL, 1, in toluene (20 K, 9.65 

GHz, 10 gauss modulation amplitude, 200 μW) shown in black. The spectrum was 

simulated using the following parameters: giso = 1.953, and Wiso = 55.3 G. 

 

 

Figure A.2.18. UV-Vis and Vis-NIR spectra of 1, 2-Br, 2ox[B(ArF)4], 2, and 

K(THF)3[2red]. 
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Table A.2.3. UV-Vis-NIR electronic absorbance data for 1, 2-Br, 2ox[B(ArF)4], 2, and 

K(THF)3[2red]. 

Complex 

Wavelength 

(nm) 

ε (M-1cm-

1) 

1 921 220 

 440 2240 

 390 (sh) 4230 

 318 22000 

2-Br 1268 650 

 610 890 

 320 (sh) 15900 

 292 (sh) 18600 

2ox 1279 370 

 1100 310 

 416 3750 

 304 22900 

2 888 230 

 613 640 

 460 3060 

 420 3760 

 320 39080 

 290 50010 

2red 690(sh) 650 

 447(sh) 6430 

 375(sh) 9400 

 318 37600 

 277 61100 
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Figure A.2.19. DFT-predicted electronic structures of 2ox (left), 2 (middle) and 2red (right) at the B3LYP/def2-TZVP 

level of theory. The CP(PPP) basis set was used on Fe for all calculations. Note that these single-point calculations 

were performed on structures that were obtained from crystallographic coordinates where only the H atom positions 

were optimized. 
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Table A.2.4. Molecular orbital composition analyses for 2ox, 2 and 2red.a 

 2ox (S = 1) 2b (S = 1/2) 2red (S = 0) 

orbital % Fe 

3d 

% Fe 

4p 

% Ti 

3d 

%   Pc % Fe 

3d 

% Fe 

4p 

%   Ti   

3d 

%   Pc % Fe 

3d 

% Fe 

4p 

% Ti 

3d 

% 

Pc 

1e π (dxz,yz) 76 0 13 3 65/66 1/1 22/20 6/7 58 1 26 8 

1a1 σ (dz2) 72 3 15 1 69 3 17 1 66 5 19 1 

2e Fe (dx2-y2,dxy) 83 4 0 7 76/75 4/6 2/0 14/10 64 5 3 19 

2a1 LUMO 4 28 13 16 1 24 9 21 0 19 9 25 

3e π* (dxz,yz) 13 0 72 3 21/18 0/1 65/64 3 25 0 60 4 

4e Ti (dx2-y2,dxy) 0 0 73 0 1/1 0 71/73 0 2 0 74 0 

3a1 σ* (dz2) 14 2 62 3 20 2 60 0 16 4 60 2 

aSingle-point calculations (Löwdin population analyses) were performed on structures (obtained from crystallographic 

coordinates where only H atom positions were optimized, see Experimental Section) at the B3LYP level of theory with 

the CP(PPP) basis set for Fe and def2-TZVP for all other atoms. The contribution of Ti 3d orbitals into bonding MOs and 

Fe 3d orbitals into antibonding MOs are marked in bold. bDue to the Jahn-Teller distortion in 2, the “1e” and “2e” MOs 

are not degenerate. Hence, two values are given. c%P are the sum of s, p, and d contributions from phosphorus.
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Figure A.2.20. Frontier MO diagrams of (a) 2red, (b) 2 and (c) 2ox at the B3LYP/def2-TZVP(-f)-ZORA level of theory. 

The CP(PPP) basis set was used on Ti and Fe atoms in all calculations. The orbitals are plotted at an isolevel of 0.03 au. 

Note that these single point  calculations were performed directly from crystallographic coordinates.
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Table A.2.5. Molecular Orbital Coefficients for 2red, 2 and 2ox.a 

  2ox (S = 1) 2 (S = 1/2) 2red (S = 0) 

 Orbital % Fe 3d % Fe 4p % Ti 3d % Ti 4p % Fe 3d % Fe 4p % Ti 3d % Ti 4p % Fe 3d % Fe 4p % Ti 3d % Ti 4p 

1e π (dxz,yz)b 65.5/ 

57.3 

0.3/      

0.4 

7.8/         

9.3 

2.9/      

1.0 

57.2/ 

59.3 

0.3/         

0.4 

14.9/    

15.1 

1.5/      

1.4 

54.7/ 

61.4 

0.2/      

0.1 

17.9/ 

19.8 

1.9/       

19 

1a1 σ (dz2) 57.5 0.4 9.6 1.0 60.4 0.4 15.6 1.9 63.7 0.7 15.6 1.8 

2e Fe (dx2-y2,xy)b 84.2/ 

83.4 

4.1/      

4.5 

0.4/         

0.4 
0/0 

65.7/ 

75.9 

5.0/         

6.1 

1.1/      

1.2 

0/          

0.1 

53.0/ 

52.5 

7.8/      

7.8 

3.8/      

3.9 

0.5/      

0.5 

2a1 LUMO 6.4 28.5 15 1.7 2 25.4 7.6 2 0.5 18.5 7.3 1.52 

3e π* (dxz,yz)b 4.7/      

5.1 

0.8/      

0.9 

28.0/  

27.1c 

2.8/      

2.8 

5.0/    

3.8c 

0.2/         

0.2 

27.5/ 

28.9c 

0.7/      

0.9 

2.2/    

1.9c 

0.1/      

0.4 

21.8/ 

17.9c 

1.1/      

1.1 

4e Ti (dx2-y2,xy)b 13.3/     

12 

0.2/          

0 

66.4/   

67.5 

0.1/      

0.1 

22.0/ 

20.5 

0.2/         

0.2 

39.5/ 

41.8c 

0.8/      

0.7 

6.2/    

7.0c 

0.7/      

0.2 

27.4/ 

34.3c 

0.4/      

0.3 

3a1 σ* (dz2) 6.9 2.1 29.3c 0.6 6.7c 0.3 27.2c 0.3 6.0c 0.2 18.4c 0.4 

aSingle point calculations (Löwdin population analysis) were performed on structures (obtained directly from crystallographic 

coordinates) at the B3LYP level of theory with the CP(PPP) basis set on Fe and Ti and def2-TZVP(-f)-ZORA on all other atoms. 

The contribution of Ti 3d orbitals into bonding MOs and Fe 3d orbitals into antibonding MOs are marked in bold. bTwo values 

are given for the two depicted orbitals. cThese percentages deviate the most from those presented in Table S4. We note that these 

virtual MOs have more ligand character, but the %Ti/%Fe ratio is still similar.
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Table A.2.6. Comparison of X-ray and calculated geometrical parameters for FeTiL 

complexes (BP86/ZORA with def2-TZVP(-f)(def2-TZVP(-f)-ZORA basis sets).*Average 

of two independent molecules. 

Complex 2ox (Exp) 2ox (Calc) 2 (Exp)* 2 (Calc) 

Ti-Fe 2.1613(10) 2.241 2.0634(6) 2.049 

Fe-Pavg 2.3609(10) 2.336 2.2869(14) 2.288 

Fe-P3 Plane 0.1429(9) 0.151 −0.0373(5) -0.06 

Ti-Neq 1.998(3) 2.002 2.017(3) 2.032 

Ti-N3 Plane 0.4504(24) 0.487 0.4677(13) 0.483 

Ti-Namine 2.297(4) 2.359 2.339(2) 2.387 

P1-Fe-P2 119.636(5) 119.48 127.83(3) 132.34 

P2-Fe-P3 119.637(5) 119.47 115.50(3) 113.26 

P3-Fe-P1 119.638(5) 119.82 116.59(3) 114.19 

     

 

Complex 
2red (Exp) 2red (Calc) 2-Br (Exp) 2-Br (Calc) 

Ti-Fe 1.950(2) 1.947 2.3853(4) 2.381 

Fe-Pavg 2.213(1) 2.216 2.3338(10) 2.369 

Fe-P3 Plane −0.1432(6) -0.151 0.3578(4) 0.362 

Ti-Neq 2.052(3) 2.056 1.9956(27) 2.006 

Ti-N3 Plane 0.5231(15) 0.524 0.4888(9) 0.529 

Ti-Napical 2.435(9) 2.433 2.3537(15) 2.416 

P1-Fe-P2 118.67(3) 119.47 117.65(2) 116.86 

P2-Fe-P3 120.03(3) 119.50 119.55(2) 121.37 

P3-Fe-P1 120.06(3) 119.66 116.19(2) 114.95 
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Figure A.2.21. Molecular orbital diagram of BrFeTiL, (2-Br). Calculation was done on 

crystallographic coordinates using B3LYP functional. CP(PPP) basis set was used on Fe 

and Ti and def2-TZVP on all other atoms. 
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Table A.2.7. Comparison of Mössbauer parameters for relevant complexes.  

Complex δ |ΔEQ| M-M d-count Fe-M Bond (Å) FSRa ref. 

K(THF)3[FeTiL], 2red 0.31 4.32 10 1.9494(6) 0.78 b 

FeTiL, 2 0.38 2.53 9 2.0547c 0.83 94, b 

[FeTiL]BArF
4, 2ox 0.41 0.79 8 2.1613(10) 0.87 b 

BrFeTiL, 2−Br 0.63 0.70 8 2.3853(4) 0.96 b 

Ti(μ-XylNPiPr2)3FeBr  0.51 0.17 8 2.2212(7) 0.89 146 

FeVL 0.25 5.97 10 1.8940(4) 0.79 149 

[FeVL]BPh4
  0.25 4.04 9 1.9791(6) 0.83 149 

V(μ-iPr2NPiPr2)3Fe(PMe3) 0.19 1.85 10 2.2172(4) 0.84 160 

V(μ-iPr2NPiPr2)3FeI 0.33 2.01 9 2.0691c 0.86 160 

Nb(μ-iPr2NPiPr2)3Fe(PMe3) 0.15 1.37 10 2.1446(8) 0.85 183 

ClNb(μ-iPr2NPiPr2)3FeBr 0.37 0.48 8 2.4269(4) 0.97 183 

iPrN=Nb(μ-iPr2NPiPr2)3Fe(PMe3) 0.41 1.05 8 2.9958c 1.19 183 

iPrN=Nb(μ-iPr2NPiPr2)3FeBr 0.62 0.81 7 3.0851(2) 1.23 183 

K(crypt-222)[FeCrL] 0.29 5.20 12 1.974(1) 0.84 175 

FeCrL 0.25 5.92 11 1.9435(12) 0.83 175 

[FeCrL]BArF
4  0.18 5.86 10 1.955(7) 0.84 148 

Cr(μ-iPr2NPPh2)3Fe(PMe3) 0.25 0.31 11 2.3835(5) 1.01 151 

FeFeL (Fe in phosphine pocket) 0.55 0.12 13 2.3249(13) 1.00 349 

FeFeL (Fe in amide pocket) 0.42 0.13 13 2.3249(13) 1.00 349 

ClFeFeL (Fe in phosphine pocket) 0.47 0.67 12 2.6260(5) 1.13 349 

ClFeFeL (Fe in amide pocket) 0.44 1.18 12 2.6260(5) 1.13 349 

K(18-c-6)[(N2)FeAlL] 0.38 1.24 9 2.574(1) 1.07 177 

N2[FeAlL]2 0.54 0.91 8 2.809(2) 1.16 177 

[Na(12-c-4)2K(DME)x] 

(P3
B)Fe(N2)d 

0.26 0.82 10 2.34 f 1.19 100 

[Na(12-c-4)2](P3
B)Fe(N2)d 0.40 0.99 

9 2.293(1) 1.17 187,3

50 

(P3
B)Fe(N2)d 0.56 3.34 

8 2.222 f 1.13 187,3

50 

(P3
B)FeBArF d 0.75 2.55 7 N/A N/A 187 

[Na(12-c-4)2](P3
Si)Fe(N2)e 0.26 0.98 8 2.236(1) 0.96 188 

(P3
Si)Fe(N2) e 0.38 0.71 7 2.2918(6) 0.98 188 
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(P3
Si)Fe(N2)BArF e 0.53 2.39 6 2.2713(6) 0.97 188 

a Formal shortness ratio, see text for definition. b This work. c Average of two values. d P3
B  = 

tris(o-diisopropylphosphinophenyl)borane. e P3
Si  = tris(o-diisopropylphosphinophenyl)silyl. f 

Computed using DFT. 

 

 

Figure A.2.22. Plot of the isomer shift versus total TiFe d-count for the isostructural 

[FeTiL]+/0/− complexes. 

 

Figure A.2.23. Plot of the isomer shift versus FSR for all reported TiFe complexes reported 

herein. 

K[FeTiL] 

FeTiL [FeTiL]2B12Cl12 

BrFeTiL 

[FeTiL]− 

FeTiL 

[FeTiL]+ 
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Figure A.2.24. Plot of the isomer shift versus total VFe d-count. 

 

Figure A.2.25. Plot of the isomer shift versus total FeCr d-count. 

 

 

  

[FeVL]+ FeVL 

[FeCrL]+ 

FeCrL 

[FeCrL]− 
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Figure A.2.26. Linear trend of the calculated density at the nucleus and experimental 

isomer shift for the 8 [LMFe] complexes. 

 

Table A.2.8. Calculated isomer shifts using the standard and new calibration curve for 

B3LYP/CP(PPP)  

 IS (Exp.) IS (standard curve) IS (new curve) 

LTiFeBr 0.63 0.51 0.64 

Ti(XylNPiPr2)3FeBr 0.51 0.34 0.49 

LVFe 0.25 0.06 0.25 

[LVFe]+ 0.25 0.04 0.24 

[LCrFe]− 0.29 0.11 0.29 

LCrFe 0.25 0.07 0.26 

[LCrFe]+ 0.18 -0.02 0.18 
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Figure A.2.27. Core orbitals taken in account in the calculation of isomer shift and 

quadrupole splitting contributions 

 

 

Figure A.2.28. Valence d-orbitals taken in account in the isomer shift and quadrupole 

splitting contributions. 
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Figure A.2.29. Covalent Fe-P σ orbitals taken in account in the isomer shift and quadrupole 

splitting contributions. 

Figure A.2.30. Correlation curve of experimentally collected pre-edge energy to B3LYP 

calculated energy (a) and (b) for 1, 1ox, 2, 2red, 2-Br, and 2ox (in case of Ti K-edge) and (c) 

and (d) for 2, 2red, 2-Br, and 2ox (in case of Fe K-edge). 

Ti K-edge XAS of 1 and 1ox as reference complexes 

Ti K-edge XAS data were obtained for monometallic Ti complexes 1 and 1ox . The pre-

edge as well as rising edge energies are red shifted upon reducing 1ox (TiIV) by 1-electron 

to produce 1 (TiIII). This is, in general, expected when the coordination environment 

remains the same while the d-electron count is increased (figure below). These K-edge 
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transition energies in the XANES region mainly depend on the nature and relative energies 

of the acceptor orbitals where the 1s electron is excited. Addition of a 2nd metal center 

(such as Fe, in the present study) to this scaffold will make the case a bit complicated due 

to the presence of covalent interaction between early (Ti) and late (Fe) transition metals. 

Also, the comparison of Ti oxidation states in these heterobimetallic complexes (2ox, 2 and 

2red) with Ti-only complexes (1 and 1ox) is not appropriate because the nature of the 

acceptor orbitals in heterobimetallic system are markedly different from the monometallic 

complexes. In a TiFe heterobimetallic system, the acceptor orbitals in the Ti K-edge XAS 

are having significant contribution from Fe orbitals (3d, 4s, 4p) which are absent in Ti-only 

complexes.      

 

 

 

 

 

 

 

 

 

 

Figure A.2.31. Experimental Ti K-edge spectra of 1 and 1ox. 
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Figure A.2.32. Ti K-edge spectra (experimental) of 2, 2red, 2-Br, and 2ox and each spectrum 

is overlaid with 1 and 1ox. 

Figure A.2.33. Ti K-edge spectra (TD-DFT calculated) of 2, 2red, 2-Br, and 2ox and each 

spectrum is overlaid with 1 and 1ox. 
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Figure A.2.34. Comparison of experimentally collected Ti K-edge spectrum (solid black) 

to B3LYP calculated spectra (solid greya and dotted blackb) for 1 (a=calculated using 

crystallographic coordinates; b=calculated using geometry optimized coordinates).  

 

Figure A.2.35. Comparison of experimentally collected Ti K-edge spectrum (solid black) 

to B3LYP calculated spectra (solid greya and dotted blackb) for 1ox (a=calculated using 

crystallographic coordinates; b=calculated using geometry optimized coordinates).  
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Figure A.2.36. Comparison of experimentally collected Ti K-edge spectrum (solid black) 

to B3LYP calculated spectra (solid greya and dotted blackb) for 2ox (a=calculated using 

crystallographic coordinates; b=calculated using geometry optimized coordinates).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.2.37. Comparison of experimentally collected Ti K-edge spectrum (solid black) 

to B3LYP calculated spectra (solid greya and dotted blackb) for 2 (a=calculated using 

crystallographic coordinates; b=calculated using geometry optimized coordinates).  
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Figure A.2.38. Comparison of experimentally collected Ti K-edge spectrum (solid black) 

to B3LYP calculated spectra (solid greya and dotted blackb) for 2red (a=calculated using 

crystallographic coordinates; b=calculated using geometry optimized coordinates).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.2.39. Comparison of experimentally collected Ti K-edge spectrum (solid black) 

to B3LYP calculated spectra (solid greya and dotted blackb) for 2-Br (a=calculated using 

crystallographic coordinates; b=calculated using geometry optimized coordinates).  
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Figure A.2.40. Comparison of experimentally collected Fe K-edge spectrum (solid black) 

to B3LYP calculated spectra (solid greya and dotted blackb) for 2ox (a=calculated using 

crystallographic coordinates; b=calculated using geometry optimized coordinates). 

 

Figure A.2.41. Comparison of experimentally collected Fe K-edge spectrum (solid black) 

to B3LYP calculated spectra (solid greya and dotted blackb) for 2 (a=calculated using 

crystallographic coordinates; b=calculated using geometry optimized coordinates).  
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Figure A.2.42. Comparison of experimentally collected Fe K-edge spectrum (solid black) 

to B3LYP calculated spectra (solid greya and dotted blackb) for 2red (a=calculated using 

crystallographic coordinates; b=calculated using geometry optimized coordinates).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.2.43. Comparison of experimentally collected Fe K-edge spectrum (solid black) 

to B3LYP calculated spectra (solid greya and dotted blackb) for 2-Br (a=calculated using 

crystallographic coordinates; b=calculated using geometry optimized coordinates).  
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Table A.2.9. Experimental Fe and Ti K-pre-edge peak energies and peak assignments for 

FeTi redox series. 

K-edge Compound Pre-edge Energy 

(eV) 

Transitions (Primary orbital 

contributions) 

 

 

 

 

 

 

 

Fe 

2red 7111.8 Fe 1s → Fe 4p (2a1 orbital) 
 

2 7110.1 

 

7112.2 

Fe 1s → Fe 3dx2-y2 (2e orbital) 

 

Fe 1s → Fe 4p (2a1 orbital) 

 

2ox 7110.6 

 

 

7112.8 

Fe 1s → (Fe 3dx2-y2 + Fe 3dxy) (2e 

orbital) 

 

Fe 1s → Fe 4p (2a1 orbital) 

 

2-Br 7111 

 

 

7113.1 

 

7114.3 

Fe 1s → (Fe 3dx2-y2 + Fe 3dxy) (2e 

orbital); Fe-Ti π* (3e orbital) 

 

Fe 1s → aromatic π* (ligand) 

 

 Fe 1s → Fe-Ti π* (3e orbital); 

aromatic π* (ligand) 

 

 

 

 

 

 

 

 

Ti 

2red 4967.3 

 

 

4969.1 

Ti 1s → Fe-Ti π* (3e orbital); (Ti 

3dx2-y2 + Ti 3dxy) (4e orbital) 

 

Ti 1s → (Ti 3dz2)
a (2a1 orbital); 

aromatic π* (ligand) 

 

2 4968.3 

 

 

Ti 1s → Fe-Ti π* (3e orbital); (Ti 

3dx2-y2 + Ti 3dxy) (4e orbital) 
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4969.3 Ti 1s → (Ti 3dz2)
a (2a1 orbital) 

 

2ox 4968.5 

 

 

4969.7 

Ti 1s → (Ti 3dx2-y2 + Ti 3dxy) (4e 

orbital) 

 

Ti 1s → (Ti 3dz2)
a (2a1 orbital), 

Fe-Ti σ* (3a1 orbital) 

 

2-Br  

4968.3 

Ti 1s → Fe-Ti π*, (Ti 3dx2-y2 + Ti 

3dxy); Fe-Ti σ*; aromatic π* 

(ligand) 

 

a = the low-lying vacant molecular orbital that has Ti 3dz2 contribution is mainly dominated 

by Fe 4p character.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.2.44. B3LYP calculated transitions and accepting molecular orbitals for complex 

2ox in case of Fe K-edge XAS in the XANES region. 
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Figure A.2.45. B3LYP calculated transitions and accepting molecular orbitals for complex 

2ox in case of Ti K-edge XAS in the XANES region. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.2.46. B3LYP calculated transitions and accepting molecular orbitals for complex 

2 in case of Fe K-edge XAS in the XANES region. 
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Figure A.2.47. B3LYP calculated transitions and accepting molecular orbitals for complex 

2 in case of Ti K-edge XAS in the XANES region. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.2.48. B3LYP calculated transitions and accepting molecular orbitals for complex 

2red in case of Fe K-edge XAS in the XANES region. 
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Figure A.2.49. B3LYP calculated transitions and accepting molecular orbitals for complex 

2red in case of Ti K-edge XAS in the XANES region. 

 

 

 

 

 

 

 

 

 

 

 

Figure A.2.50. B3LYP calculated transitions and accepting molecular orbitals for complex 

2-Br in case of Fe K-edge XAS in the XANES region. 
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Figure A.2.51. B3LYP calculated transitions and accepting molecular orbitals for complex 

2-Br in case of Ti K-edge XAS in the XANES region.  
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Table A.2.10. Tabulated experimental and calculated metal 1s and valence orbital energies as well as transition energies (which 

correspond to intense metal K-pre-edge XAS) for 2ox, 2 and 2red. 

Complex d e- Orbital Energy (eV) Transition energy for intense pre-edge peaks (eV) 

  
Ti 1s Fe 1s 2a1 3e 4e Fe (Exp) Fe (Calc) Ti (Exp) Ti (Calc) Ti (Exp) Ti (Calc) 

      
 

 
(2a1-Fe 1s) (2nd peak) (2a1- Ti 1s) (1st peak) (3e/4e-Ti 1s) 

2ox 8 -4929.93 -7095.94 -1.18 -1.09 -0.74 7112.8 7094.7 4969.7 4928.7 4968.5 4929.2a 

2 9 -4928.64 -7094.42 -0.42 0.04 0.43 7112.2 7094 4969.3 4928.2 4968.3 4928.9 

2red 10 -4927.75 -7093.26 0.27 0.45 1.54 7111.8 7093.5 4969.1 4928 4967.3 4928.7 

a
In case of complex 2ox, the 1st pre-edge peak in the Ti K-edge XAS arises mainly due to the transitions to 4e orbitals while for other two complexes, peak 

arises due to transitions to both 3e and 4e orbitals. (see figure S45, S47, S49)  
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Figure A.2.52. Experimental and calculated metal 1s orbital energies as well as the 

transition energies (which correspond to intense metal K-pre-edge XAS) plotted against 

total d-count for 2ox, 2 and 2red.  
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Appendix 2: Supporting information for Chapter 3 

 

Figure A.3.1. Full cyclic voltammogram of 1-Cl (100 mV/s) in 0.1 M TBAPF6 in THF 

referenced to the Fc/Fc+ redox couple. First oxidation Epa = 0.21 V; second oxidation Epa 

= 1.00 V. (Bottom) 

 

Figure A.3.2. Cyclic voltammogram of 2-Cl (100 mV/s) in 0.1 M TBAPF6 in THF 

referenced to the Fc/Fc+ redox couple. First oxidation Epa = 0.12 V; second oxidation Epa 

= 0.41 V; third oxidation Epa = 0.65. The return reduction at Epc = 0.81V is absent in the 

top CV, demonstrating that it is an electrochemical event not related to the first oxidation. 

-3-2.5-2-1.5-1-0.500.51

V (vs. Fc+/Fc)

-2.8-2.4-2-1.6-1.2-0.8-0.400.40.81.2

V (vs. Fc+/Fc)



219 

 

 

Figure A.3.3. 1H (top) and 1H{31P} (bottom) NMR spectra of 1-Cl (400 MHz) in CD2Cl2 

at -18°C. 

 

Figure A.3.4. 1H COSY NMR spectrum of 1-Cl (400 MHz) in C6D5Br at 0°C. 
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Figure A.3.5. Low temperature VT 1H NMR spectrum of 1-Cl (400 MHz) in CD2Cl2. In 

order from bottom to top: −73°C, −49°C, −18°C, and 25°C. 

 
Figure A.3.6. High temperature VT 1H NMR spectrum of 1-Cl (400 MHz) in toluene- d8.  

 
Figure A.3.7. 1H NMR spectrum of 1-Cl (400 MHz) in C6D5Br at 115°C. The bad shims 

are an effect of the shimming coils being at an elevated temperature. 

25° C 

−49° C 

−18° C 

−73° C 

99° C 

46° C 

75° C 

35° C 

25° C 
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Figure A.3.8. 31P{1H} NMR spectrum of 1-Cl (162 MHz) in CD2Cl2 at −18°C. 

 

 

Figure A.3.9. High temperature VT 31P{1H} NMR spectra of 1-Cl (162 MHz) in C6D5Br.  

85 °C 
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81 °C 
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Figure A.3.10. 1H (top) and 1H{31P} (bottom) NMR spectra of 2-Cl (400 MHz) in CD2Cl2 

at −49°C. 

 

Figure A.3.11. 1H COSY NMR spectrum of 2-Cl (400 MHz) in C6D5Br at 0°C. 

 



223 

 

Figure A.3.12. Low temperature VT 1H NMR spectrum of 2-Cl (400 MHz) in CD2Cl2.  

 

Figure A.3.13. High temperature VT 1H NMR spectrum of 2-Cl (400 MHz) in C6D5Br.  

 

Figure A.3.14. 1H NMR spectrum of 2-Cl (400 MHz) in C6D5Br at 75°C. 

−20 °C 
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−50 °C 

−73 °C 
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25 °C 
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Figure A.3.15. 31P{1H} NMR spectrum of 2-Cl (162 MHz) in CD2Cl2 at −18°C. 

 

 

Figure A.3.16. High temperature VT 31P{1H} NMR spectra of 2-Cl (162 MHz) in C6D5Br. 

* denote a minor impurity. Note: The average of the three peaks at -18°C: (93.3 + 51.2 + 

30.5)/3 = 58.3 ppm, which is close to the 58.6 ppm shift observed at high temperatures.  

97 °C 

Coalescence T(P1-P3) 

 

Coalescence T(P1,3-P2) 
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25 °C 
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Figure A.3.17. 31P{1H} NMR spectrum of 2-Cl (162 MHz) in C6D5Br at 107°C. 

 

 

Figure A.3.18. 1H (top) and 1H{31P} (bottom) NMR spectra of 1-CH3 (400 MHz) in 

toluene-d8 at −18°C. * denotes residual THF. 

* * 

* * 
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Figure A.3.19. 1H COSY NMR spectrum of 1-CH3 (400 MHz) in toluene- d8 at −18°C. 

 

 

Figure A.3.20. Low temperature VT 1H{31P} NMR spectrum of 1-CH3 (400 MHz) in 

toluene-d8. * denotes residual THF. 

* * 

−20 °C 

7 °C 

−49 °C 

−73 °C  
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Figure A.3.21. High temperature VT 1H NMR spectrum of 1-CH3 (400 MHz) in toluene- 

d8. 

 

Figure A.3.22. 31P{1H} NMR spectrum of 1-CH3 (162 MHz) in toluene-d8 at −18°C. 

 

Figure A.3.23. VT 31P{1H} NMR spectra of 1-CH3 (162 MHz) in toluene-d8.  
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Figure A.3.24. 31P{1H} NMR spectrum of 1-CH3 (162 MHz) in toluene-d8 at 97°C. The 

peaks for P1 and P3 have not yet coalesced at this temperature.  

 

 

Figure A.3.25. 1H (top) and 1H{31P} (bottom) NMR spectra of 2-CH3 (400 MHz) in 

toluene-d8 at −13°C. * denotes residual THF. 

* 

* 

* * 
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Figure A.3.26. 1H NMR spectrum of 2-CH3 sample sent for elemental analysis in THF-d8. 

Crystals of 2-CH3∙(C6H6) was subjected to vacuum prior to elemental analysis (EA). The 

NMR of the aryl region for the EA sample shows that the relative integration of C6H6 to 2-

CH3 is 0.5 to 1. 

 

Figure A.3.27. 1H COSY NMR spectrum of 2-CH3 (400 MHz) in toluene-d8 at −13°C. 

 

Figure A.3.28. Low temperature VT 1H{31P} NMR spectrum of 2-CH3 (400 MHz) in 

toluene- d8. * denotes residual THF.  

* * 

−38 °C 

−25 °C 

−49 °C 

−73 °C  

25 °C 

−13 °C 



230 

 

Figure A.3.29. High temperature VT 1H{31P} NMR spectrum of 2-CH3 (400 MHz) in 

toluene- d8. * denotes residual THF.  

 

Figure A.3.30. 31P{1H} NMR spectrum of 2-CH3 (162 MHz) in toluene- d8 at 3°C. 

 

Figure A.3.31. VT 31P{1H} NMR spectra of 2-CH3 (162 MHz) in toluene- d8. 
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Figure A.3.32. 31P{1H} NMR spectrum of 2-CH3 (162 MHz) in toluene-d8 at 97°C. The 

peaks for P1 and P3 have not yet coalesced at this temperature. 

 

 

Figure A.3.33. 1H (top) and 1H{31P} (bottom) NMR spectra of 1-H (400 MHz) in CD2Cl2 

at 25°C. 
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Figure A.3.34. 1H COSY NMR spectrum of 1-H (500 MHz) in CD2Cl2 at 25°C. 

 

Figure A.3.35. Low temperature VT 1H{31P} NMR spectrum of 1-H (400 MHz) in 

CD2Cl2.  

 

Figure A.3.36. Low temperature VT 1H{31P} NMR spectrum of 1-H (400 MHz) in CD2Cl2 

in hydride region. In order from bottom to top: −73°C, −49°C, −8°C and 25°C. 
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Figure A.3.37. 31P{1H} NMR spectrum of 1-H (162 MHz) in CD2Cl2 at −73°C. 

 

Figure A.3.38. VT 31P{1H} NMR spectra of 1-H (162 MHz) in CD2Cl2. 

−8 °C 

25 °C 

Coalescence T(P1-P3) 

 
−49 °C 

−73 °C  



234 

 

Figure A.3.39. 1H (top) and 1H{31P} (bottom) NMR spectra of 2-H (400 MHz) in toluene-

d8 at 25°C. 

 

Figure A.3.40. 1H COSY NMR spectrum of 2-H (400 MHz) in toluene- d8 at −73°C. 
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Figure A.3.41. Low temperature VT 1H{31P} NMR spectrum of 2-H (400 MHz) in 

toluene-d8. 

 

Figure A.3.42. Low temperature VT 1H{31P} NMR spectrum of 2-H (400 MHz) in 

toluene- d8 in hydride region. 

 

Figure A.3.43. High temperature VT 1H{31P} NMR spectrum of 2-H (400 MHz) in 

toluene-d8. 
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Figure A.3.44. 31P{1H} NMR spectrum of 2-H (162 MHz) in toluene- d8 at −49°C. 

 

Figure A.3.45. Low temperature VT 31P{1H} NMR spectra of 2-H (162 MHz) in toluene- 

d8. 
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Figure A.3.46. High temperature VT 31P{1H} NMR spectra of 2-H (162 MHz) in toluene-

d8. At room temperature, the only visible phosphorus signal corresponds to the phosphine 

trans to the hydride ligand (labeled as P2 in main text). The other two phosphorus nuclei 

are not visible at room temperature because they are near coalescence (labeled as P1 and P3 

in main text). At higher temperatures, the two phosphines cis to the hydride are equivalent 

and appear as a doublet corresponding to both P1,3. 

 

Figure A.3.47. 31P{1H} NMR spectrum of 2-H (162 MHz) in toluene-d8 at 97°C. 

Table A.3.1. Calculation of approximate rate constants and energy barriers for the 

fluxional processes that equilibrate P1 and P3 for all complexes. 

 1-Cl 2-Cl 1-CH3 2-CH3 1-H 2-H 

Tc (K) 359 345 >370 >370 265 279 

Δ (Hz) 2905.7 3338.9 3493.7 3749.6 2562.8 2482.4 

J (Hz) 317 325 314 317 265 273 

Kc (s-1) 6681 7625 7947 8506 5873 5711 

ΔG (kcal/mol) 14.9 14.2 >15.2 >15.2 10.9 11.5 

where 𝑘𝑐 = (𝜋 √2⁄ ) × (√∆𝑣2 + 6𝐽2)1 for a coupled system and Eyring relationship, 

∆𝐺‡ = 𝑅𝑇𝑐[23.76 + 𝑙𝑛 (
𝑇𝑐

𝑘𝑐
)].  

56 °C 

71 °C 

42 °C 

25 °C  

99 °C 
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Appendix 3: Supporting information for Chapter 4 

 

Figure A.4.1. Packing of the THF molecules in the crystal structure of K(THF)3[RhAlL] 

which shows the existence of a solvent channel parallel to the a-axis. Note that one K-

bound THF molecule that was unaffected by the disorder was omitted for clarity. 

 

Figure A.4.2. 1H{31P} NMR (400 MHz, C6D6) spectrum of Cl−RhInL (1). Residual NMR 

solvent peak is marked with an asterisk (*). Many peaks are broad because of the high 

fluxionality of 1. Similar NMR spectra was recorded for  Cl−RhAlL and Cl−RhGaL at 25 

°C.312 

* 
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Figure A.4.3. 31P{1H} NMR (162 MHz, C6D6) spectrum of Cl−RhInL (1). The peak is 

broad because of the high fluxionality of 1. Similar NMR spectra was recorded for  

Cl−RhAlL and Cl−RhGaL at 25 °C.312 

 

 
Figure A.4.4. 1H (top) and 1H{31P} (bottom) NMR (400 MHz, THF-d8) spectra of 

H−RhInL (2) at 25°C. Residual NMR solvent peak is marked with an asterisk (*). ̂  denotes 

a minor protio-THF impurity. Inset shows a zoom of the hydride region. 

 

^* ^* 

^* ^* 
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Figure A.4.5. 1H (top) and 1H{31P} (bottom) NMR (400 MHz, THF-d8) spectra of 

H−RhInL (2) at −68°C. Residual NMR solvent peak is marked with an asterisk (*). ^ 

denotes a minor protio-THF impurity. Inset shows a zoom of the hydride region. 

 

 

^* ^* 

^* ^* 
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Figure A.4.6. 31P{1H} NMR (162 MHz, THF-d8) spectra of H−RhInL (2) at 25 °C (top) 

and at −68 °C (bottom). At −68 °C, the two P atoms cis to the H decoalesce and resolve 

into doublet of doublets.  

 

2 Pcis to H     Ptrans to H 

    Ptrans to H P´cis to H Pcis to H 
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Figure A.4.7. 1H (top) and 1H{31P} (bottom) NMR (400 MHz, THF-d8) spectra of 

H−RhInL (2) under 4 atm H2 at 25°C. The equilibrium between 2 and 2−H2 is fast relative 

to the NMR timescale such that the hydride and the bound H2 appear as a single broad 

signal, as shown in the inset. Residual NMR solvent peak is marked with an asterisk (*). ^ 

denotes a minor protio-THF impurity. 

 

 

 

^*                              ^* 

 

^*                              ^* 
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Figure A.4.8. VT 1H NMR (400 MHz, THF-d8, 9 to −80°C) spectra of H−RhInL (2) under 

H2 (4 atm at room temperature). (top) The VT NMR spectra from 1 to 7 ppm, and (bottom) 

zoom of the hydride region showing the decoalescence of the bound H2 and hydride peaks. 

Residual NMR solvent peak is marked with an asterisk (*). ^ denotes a minor protio-THF 

impurity. 
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Figure A.4.9. 1H NMR (400 MHz, THF-d8) spectrum of H−RhInL (2) under H2 (4 atm at 

room temperature) at −68°C. The inset shows a zoom of the decoalesced bound H2 and H 

peaks. Because of its significant broadness, the integration of the bound H2 peak will not 

be accurate. Residual NMR solvent peak is marked with an asterisk (*); ^ denotes a minor 

protio-THF impurity.  

 

Figure A.4.10. 31P{1H} NMR (162 MHz, THF-d8) spectrum of H−RhInL (2) under H2 (4 

atm) at 25°C. 

 

 

^* ^* 
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Figure A.4.11. VT 31P{1H} NMR (162 MHz, THF-d8, 25 to −83°C) spectra of H−RhInL 

(2) under H2 (4 atm at room temperature). 

 

Figure A.4.12. 31P{1H} NMR (162 MHz, THF-d8, −83°C) spectra of: (top) H−RhInL (2) 

under H2 (4 atm at room temperature); and (bottom)  H−RhInL (2) under Ar (1 atm at room 

temperature).   
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Figure A.4.13. 1H NMR (400 MHz, THF-d8) spectra of: (top) 3−N2 (or 3 under 1 atm N2); 

(middle) in situ 3−H2 (or 3 under 1 atm H2) and (bottom) [PPN]3 (1 atm Ar). The middle 

row inset shows a zoom of the bound H2 ligand with both 31P coupling and decoupling. < 

denotes a minor impurity of H−RhInL, 2; residual NMR solvent peak is marked with an 

asterisk (*); ^ denotes a minor protio-THF impurity; x denotes minor hexanes impurity. 

1H 1H{31P} 

*                    *   x  x < < < < < < 

*                               *      x 

 *                                *       x 
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Figure A.4.14. 31P{1H} NMR (162 MHz, THF-d8) spectra of: (top) 3−N2 (or 3 under 1 atm 

N2); (middle) in situ 3−H2 (or 3 under 1 atm H2) and (bottom) [PPN]3 (1 atm Ar). 
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Figure A.4.15. 1H (top) and 1H{31P} (bottom) NMR (400 MHz, THF-d8) spectra of 

Ph−RhInL (4). Residual NMR solvent peak is marked with an asterisk (*); ^ denotes a 

minor protio-THF impurity. 

 

^* ^* 

^* ^* 



249 

 

Figure A.4.16. 31P{1H} NMR spectrum (162 MHz, THF-d8) of Ph−RhInL (4). 

 

Figure A.4.17. Solid-state IR spectrum (KBr pellet) of [PPN][(N2)RhInL], with νN-N = 

2095 cm−1. 
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Figure A.4.18. Molecular structure of Cl−RhInL, 1, with thermal ellipsoids set at the 50% 

probability level. With respect to the Cl ligand, P2 is located trans, while P1 and P3 are 

cis. Solvent molecules and minor disorder positions are omitted for clarity. 

 

                     

Figure A.4.19. Molecular structures of K(THF)3[RhAlL] and Li(DME)2[RhGaL] with 

thermal ellipsoids set at the 50% probability level. Non-interacting counterions, the carbon 

atoms from the coordinating THF molecules, and minor disorder positions are omitted for 

clarity. 
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Table A.4.1. Geometrical parameters, including bond lengths (Å) and angles (°), for X−RhML complexes, where M is Al, Ga, or In, and X is Cl, 

H, or Ph. 

Complex Cl−RhAlL312 Cl−RhGaL312 Cl−RhInL (1) H−RhAlL312 H−RhGaL312 H−RhInL (2) Ph−RhInL (4) 

Rh-M (Å) 2.5400(5) 2.5003(7) 2.5544(3) 2.4974(14) 2.4793(8) 2.4459(8) 2.5434(9) 2.5641(4) 

ralvarez
a 0.97 0.95 0.90 0.95 0.94 0.94 0.89 0.91 

Rh-P1 2.3194(5) 2.3288(14) 2.3929(7) 2.2949(14) 2.2911(16) 2.2900(16) 2.3228(7) 2.4119(5) 

Rh-P2 2.2296(5) 2.2368(14) 2.2686(7) 2.3511(14) 2.3625(16) 2.3266(15) 2.4008(15) 2.3876(5) 

Rh-P3 2.3832(5) 2.3947(14) 2.4265(5) 2.3056(15) 2.3127(15) 2.3017(15) 2.3362(19) 2.3766(5) 

Rh-X  

(X = Cl, H, or 

Cipso of Ph) 

2.3983(5) 2.4151(14) 2.3764(7) 1.623 1.510 1.437 1.500(5)c 2.0666(11) 

M-N1 1.8826(15) 1.929(4) 2.1031(19) 1.889(3) 1.939(4) 1.945(4) 2.109(3) 2.1072(10) 

M-N2 1.8823(15) 1.939(4) 2.117(2) 1.895(3) 1.932(4) 1.945(4) 2.107(3) 2.1164(10) 

M-N3 1.8789(15) 1.942(4) 2.089(2) 1.892(3) 1.939(4) 1.941(4) 2.091(3) 2.0925(9) 

M-N4 2.1227(14) 2.226(4) 2.3089(19) 2.140(3) 2.263(4) 2.259(4) 2.3716(16) 2.3397(10) 

P1-Rh-P2 101.206(18) 101.72(5) 98.69(2) 110.52(5) 109.04(6) 104.95(5) 106.97(4) 101.102(16) 

P2-Rh-P3 99.286(19) 99.32(5) 102.28(2) 106.76(5) 106.98(5) 107.53(5) 109.43(8) 101.505(16) 

P1-Rh-P3 151.711(17) 150.25(5) 147.74(2) 139.39(5) 139.84(6) 145.65(5) 138.97(9) 146.025(14) 

P1-Rh-X 86.048(19) 86.99(5) 85.83(2) 75.54 77.22 71.45 70.8(18) 82.74(3) 

P2-Rh-X 150.122(18) 146.70(5) 151.32(2) 173.39 173.64 176.13 171.8(17) 154.85(3) 

P3-Rh-X 85.828(19) 86.86(5) 87.34(2) 68.27 66.72 75.74 75.6(17) 87.39(3) 

M-Rh-X 130.84(2) 134.11(4) 130.053(18) 110.61 97.13 93.97 106.0(17) 129.66(3) 

N4-M-Rh 172.63(4) 172.84(10) 173.67(5) 176.90(10) 177.62(11) 177.51(11) 176.47(5) 174.45(2) 
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τ5
b 0.02 0.06 0.06 0.62 0.56 0.51 0.55 0.15 

N1-M-N2 112.07(6) 111.09(17) 111.08(8) 118.14(15) 113.37(18) 112.65(18) 114.8(2) 110.47(4) 

N2-M-N3 115.85(6) 114.38(17) 110.60(8) 114.14(15) 117.49(19) 117.27(18) 111.4(2) 111.53(4) 

N3-M-N1 126.32(6) 124.65(17) 125.20(8) 120.33(16) 118.06(18) 119.94(18) 120.8(2) 123.64(4) 

a rAlvarez is the ratio of the M-M bond distance divided by the sum of the covalent radii.265 b τ5 = (β – α)/60°, where β and α are the largest and 

second largest angles, respectively. c The Rh−H bond length was restrained to 1.5 Å.
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Table A.4.2. Geometrical parameters, including selected bond lengths (Å) and angles (°) for 

the isostructural rhodate(−I) complexes: K(THF)3[RhAlL], Li(DME)2[RhGaL], and 

Li(DME)3[N2RhInL], 3-N2. The bold entries are from the unique molecule that does not suffer 

from full molecule disorder, and hence, is the most reliable. 

a rAlvarez is the ratio of the M-M bond distance divided by the sum of the covalent radii.265 

  

Complex 
K(THF)3 

[RhAlL] 

Li(DME)1.83(Et2O)0.33 

[RhGaL] 

Li(DME)3[N2−RhInL] 

(3-N2) 

Rh-M (Å) 2.4088(9) 2.4022(12) 2.5394(11) 2.5413(15) 2.5372(14) 

ralvarez
a
 0.92 0.91 0.89 0.89 0.89 

Rh-P1 2.2521(8) 2.269(2) 2.356(2) 2.3295(19) 2.334(3) 

Rh-P2 2.2504(9) 2.2763(18) 2.333(3) 2.352(19) 2.325(2) 

Rh-P3 2.2456(8) 2.2654(15) 2.345(3) 2.3451(19) 2.340(3) 

Rh-P Avg 2.2494 2.2702 2.3447 2.3422 2.330 

Rh-P3 

plane 
0.1603(5) 0.2262(15) 0.4200(14) 0.436(1) 0.426(4) 

Rh-N n/a n/a 1.986(6) 1.991(7) 1.988(9) 

N-N n/a n/a 1.113(9) 1.100(9) 1.106(11) 

M-N1 1.911(2) 1.965(4) 2.135(5) 2.136(5) 2.136(6) 

M-N2 1.915(3) 1.962(4) 2.133(6) 2.139(5) 2.146(5) 

M-N3 1.922(3) 1.966(4) 2.148(6) 2.126(5) 2.136(6) 

M-N3 

plane 
0.4023(17) 0.4986(28) 0.6013(31) 0.603(3) 0.617(5) 

M-N4 2.287(3) 2.407(4) 2.447(5) 2.436(5) 2.455(5) 

P1-Rh-P2 120.07(3) 119.26(7) 114.37(11) 111.57(7) 114.87(10) 

P2-Rh-P3 119.80(3) 119.66(6) 123.66(10) 122.23(7) 117.92(11) 

P1-Rh-P3 118.63(4) 118.14(6) 112.48(10) 115.99(7) 117.80(10) 

Sum P-Rh-

P 
358.50 357.06 350.51 349.79 350.59 

N4-M-Rh 179.17(8) 179.50(12) 179.28(13) 179.1(1) 179.26(14) 

N1-M-N2 118.16(12) 113.0(3) 111.0(2) 113.5(2) 111.3(2) 

N2-M-N3 111.42(12) 113.6(2) 113.8(2) 112.8(2) 113.2(3) 

N3-M-N1 117.53(12) 114.8(2) 112.4(2) 110.7(2) 111.6(2) 
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Figure A.4.20. Cyclic voltammetry study of Li(THF)x[RhInL] (3) in 0.4 M 

[nBu4N]PF6 in THF under N2. Left: Anodic scan at 250 mV/s. Right: Scan rate study, 

which shows the electrochemical reversibility of both oxidation events.   

 

Figure A.4.21. Left: Overlay of cyclic voltammetry study of Li(THF)nRhML in 0.4 M 

[(n-Bu4)N]PF6 in THF under N2, where M = Al, Ga, and In. Right: First and second 

oxidation potentials (V, versus Fc+/Fc) corresponding to the formal Rh(−I/0) and 

Rh(0/I) redox couples.  
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Substrate scope: 1H and 19F{1H} NMR data  

Note: All catalytic runs were performed in protio-THF. The 1H and 19F{1H} NMR analyses 

were all performed in protio-THF at ambient temperature, unless otherwise noted. 

trifluorotoluene331 (internal standard): 1H NMR (400 MHz): δ 7.65 (d, 2H, J = 7.6 Hz, meta 

to CF3), 7.60-7.56 (m, 1H, para to CF3), 7.53-7.49 (m, 2H, ortho to CF3). 19F{1H} NMR (376 

MHz): δ −63.80 (s, 3F). 

benzene: 1H NMR (400 MHz): δ 7.29 (s, 6H). 

fluorobenzene: 1H NMR (400 MHz): δ 7.36-7.29 (m, 2H, meta to F), 7.12 (t, J = 7.4 Hz, 1H, 

para to F), 7.05 (t, J = 8.5 Hz, 2H, ortho to F). 19F{1H} NMR (376 MHz): δ −114.55 (s, 1F).  

o-difluorobenzene: 1H NMR (400 MHz: δ 7.28-7.18 (m, 2H), 7.14-7.08 (m, 2H), 7.05 (t, J = 

8.5 Hz, 2H, ortho to F). 19F{1H} NMR (376 MHz): δ −140.34 (s, 2F). 

p-difluorobenzene: 1H NMR (400 MHz): δ 7.07 (t, JF = 6.1 Hz, 4H). 19F{1H} NMR (376 

MHz): δ −120.97 (s, 2F). 

m-difluorobenzene: 1H NMR (400 MHz): δ 7.39-7.31 (m, 1H), 6.97-6.90 (m, 3H). 19F{1H} 

NMR (376 MHz): δ −111.40 (s, 2F). 

p-fluorobenzotrifluoride: 1H NMR (400 MHz): δ 7.72 (dd, JH = 8.52, JF = 5.14 Hz, 2H, ortho 

to F), 7.29 (t, JH = 8.5 Hz, 2H, meta to F). 19F{1H} NMR (376 MHz): δ −63.06 (s, 3F, CF3), 

−108.95 (s, 1F, aryl F). 

2,5-difluorotoluene: 1H NMR (400 MHz): δ 7.04-6.92 (m, 2H), 6.91-6.83 (m, 1H), 2.23 (s, 

3H, CH3). 19F{1H} NMR (376 MHz): δ −121.42 (d, JF = 18.1 Hz, 1F), −125.30 (d, JF = 18.1 

Hz, 1F). 

o-fluorotoluene351: 1H NMR (400 MHz): δ 7.17 (t, J = 7.6 Hz, 1H), 7.14-7.09 (m, 1H), 7.02-

6.94 (m, 2H), 2.23 (s, 3H, CH3). 19F{1H} NMR (376 MHz): δ −119.22 (s, 1F). 

m-fluorotoluene351 (trace product formation): 19F{1H} NMR (376 MHz): −115.69 (s, 1F). 

p-chlorofluorobenzene: 1H NMR (400 MHz): δ 7.36-7.32 (m, 2H, ortho to F), 7.09-7.04 (m, 

2H, ortho to Cl). 19F{1H} NMR (376 MHz): δ −114.54 (s, 1F). 

p-fluoroiodobenzene: 1H NMR (400 MHz, THF-d8): δ 7.70-7.66 (m, 2H, ortho to F), 6.93-

6.89 (m, 2H, ortho to I). 19F{1H} NMR (376 MHz, THF-d8): δ −114.59 (s, 1F). 
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Table A.4.3. Summary of C−F hydrogenolysis under standard conditions (1 atm H2, 

70°C, 2.5 equiv NaOt-Bu, THF solvent). When multiple products are generated, the 

major product is shown in bold. Averages of triplicate runs. 

substrate 

cat. 

loading 

(%) 

theoret. 

total 

equiv 

products equiv  

[% avg yield] 

completion 

time (h) 

p-DFBa 3.90 25.6 
PhF, 15.3 [65(5)] 

PhH, 2.3 [9(5)]c 
80 

m-DFBa 7.93 12.6 
PhF, 3.6 [29(6)] 

PhH, 9.0 [71(6)] 
84 

PhFa,b 7.74 12.9 PhH, 12.6 [98(1)] 114 

p-Cl,F-C6H4 1.78 56.1 
PhF 54.2 [97(1)] 

PhH, 1.9 [3(1)] 
68 

p-F,I-C6H4 6.30 15.9 
PhF, 15.3 [91(1)] 

PhH, 1.6 [9(1)] 
19 

p-F,CF3-C6H4
b 3.14 31.8 PhCF3, 31.5 [99.2(3)] 43 

2,5-F2-tolyl 3.13 31.9 
o-F-C6H3Me, 25.3 [75(12)] 

m-F-C6H3Me, 0.6 [<1]c 80 

aReaction temperature is 90°C. b1.25 equiv NaOt-Bu.  
c
Remainder is unreacted substrate. 

d
Unidentified byproducts 

account for 2.7% (based on 19F NMR), and unreacted substrate accounts for the remainder.  
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o-difluorobenzene 

 

 

Figure A.4.22. Representative 1H NMR (400 MHz, top) and 19F{1H} NMR (376 MHz, 

bottom) spectra for the hydrodefluorination of o-difluorobenzene (o-DFB; 3 mol% 

catalyst loading). Blue: t = 0; red: t = 24 h; green: t = 48 h. TFT = trifluorotoluene 

(internal standard). 

          TFT                                DFB     DFB   

  

  

                                      PhF                 PhF PhF 

  

  

                                        PhH 

  

  

TFT                                                   PhF                         DFB 
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Figure A.4.23. Representative 1H NMR (400 MHz, top) and 19F{1H} NMR (376 MHz, 

bottom) spectra for the hydrodefluorination of o-difluorobenzene (t = 48 hr). † denotes 

peaks from 2-H2 ([H2]H−RhInL). 

  

TFT             PhF/PhH      PhF/PhF                           

TFT                                                                                                                             PhF 

                                †                                                 †                                       †                  † 
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p-difluorobenzene

 

 

Figure A.4.24. Representative 1H NMR (400 MHz, top) and 19F{1H} NMR (376 MHz, 

bottom) spectra for the hydrodefluorination of p-difluorobenzene. Blue: t = 0; red: t = 

43 h; green: t = 90 h. † denotes peaks from 1 (Cl−RhInL); † denotes peaks from 2-H2 

([H2]H−RhInL).

TFT            PhF/PhH   PhF/DFB 

TFT                                                                                                                      PhF p-DFB          

†               †                                     †  † 

                          †                                       †   † 

                          †                                       †   † 
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Figure A.4.25. Final NMR spectra for the defluorination of p-difluorobenzene (t = 90 

h). Top: 1H NMR (400 MHz); Bottom: 19F{1H} NMR (376 MHz) spectra. † denotes 

peaks from 2-H2 ([H2]H−RhInL).  

TFT           PhF/PhH         PhF/DFB          

TFT                                                                                                                   PhF    p-DFB          

                                                †                                             †   † 
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m-difluorobenzene

 

 

Figure A.4.26. Representative 1H NMR (400 MHz, top) and 19F{1H} NMR (376 MHz, 

bottom) spectra for the hydrodefluorination of m-difluorobenzene. Blue: t = 0; red: t = 

43 h; green: t = 63 h; purple: t = 81 h. † denotes peaks from 1 (Cl−RhInL); † denotes 

peaks from 2-H2 ([H2]H−RhInL); † denotes peaks from 3-H2 [(H2)RhInL]–. 

TFT        PhF/PhH        m-DFB          

     TFT                                                                                                                    m-DFB   PhF      

                   †                                      †  † 

                    †                                       †  † 

                  †                                       †  † 

      †                                              †                                  †               †  



262 

 

 

Figure A.4.27. Final NMR spectra for the defluorination of p-difluorobenzene (t = 90 

h). Top: 1H NMR (400 MHz); Bottom: 19F{1H} NMR (376 MHz) spectra. † denotes 

peaks from 3-H2 [(H2)RhInL]– 

TFT           PhF/PhH   PhF/PhF         

     TFT                                                                                                                           PhF      

           †                                               †                                      †                 †  
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fluorobenzene

 

 

Figure A.4.28. Representative 1H NMR (400 MHz, top) and 19F{1H} NMR (376 MHz, 

bottom) spectra for the hydrodefluorination of fluorobenzene. Blue: t = 0; red: t = 43 h; 

green: t = 94 h; purple: t = 118 h. † denotes peaks from 2-H2 ([H2]H−RhInL) 

     TFT                      PhF/PhH       PhF/PhF 

     TFT                                                                                                                                   PhF      

            †                                                           †                                                      †    †  

                                                                                   †                                                       †    †  

                                                                              †                                                       †    †  
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Figure A.4.29. Final NMR spectra for the defluorination of fluorobenzene (t = 118 h). 

Top: 1H NMR (400 MHz); Bottom: 19F{1H} NMR (376 MHz) spectra. The peak at 

−60.78 ppm is a minor, unknown side product. 

 

                                 TFT            PhH      

     TFT                                                                                                                                PhF      
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2,5-difluorotoluene 

 

 

Figure A.4.30. Representative 1H NMR (400 MHz, top) and 19F{1H} NMR (376 MHz, 

bottom) spectra for the hydrodefluorination of 2,5-difluorotoluene (DFTol). Blue: t = 0 

h; red: t = 43 h; green: t = 90 h. † denotes peaks from 1 (Cl−RhInL); † denotes peaks 

from 2-H2 ([H2]H−RhInL); † denotes peaks from 3-H2 [(H2)RhInL]–. 

     TFT  

     DFTol                                                                                                                  DFTol 

     o-FTol                                                                                                                                

        TFT                                                                                                                                       

DFTol o-FTol 

m-FTol 

          †                               ††  

          †                              ††  

          †                     †           †      †    
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Figure A.4.31. Final NMR spectra for the defluorination of 2,5-difluorotoluene (t = 81 

h). Top: 1H NMR (400 MHz); Bottom: 19F{1H} NMR (376 MHz) spectra. The peaks 

at −60.78 and −118.65 ppm are minor unidentified side-products. † denotes peaks from 

3-H2 [(H2)RhInL]–. 

 

  

TFT                            o-FTol  DFTol/o-FTol 

TFT                                                                                                                       

m-FTol o-FTol 

DFTol 

          †                                                               †                                          †                   †    
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p-chlorofluorobenzene   

 

Figure A.4.32. Representative 1H NMR (400 MHz, top) and 19F{1H} NMR (376 MHz, 

bottom) spectra for the hydrodefluorination of p-chlorofluorobenzene (labeled as 

substrate). Blue: t = 0; red: t = 19 h; green: t = 63 h. † denotes peaks from 1 (Cl−RhInL); 

† denotes peaks from 2-H2 ([H2]H−RhInL). 

 

TFT                substrate 

                               PhF/PhH     PhF/PhF 

TFT                                                                                                                                                              

PhF 

substrate 

          †                                            †                                       †   †    

                                                          †                                        †   †    

                                                          †                                        †   †    
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Figure A.4.33. Final NMR spectra for the defluorination of p-chlorofluorobenzene (t 

= 63 h). Top: 1H NMR (400 MHz); Bottom: 19F{1H} NMR (376 MHz) spectra. † 

denotes peaks from 2-H2 ([H2]H−RhInL). 

 

  

TFT                      

PhF/PhH                     PhF/PhF                      

TFT                                     PhF 

                                                                           †                                         †  †    



269 

p-fluoroiodobenzene   

 

 

Figure A.4.34. Representative 1H NMR (400 MHz, top) and 19F{1H} NMR (376 MHz, 

bottom) spectra for the hydrodefluorination of p-fluoroiodobenzene (labeled as 

substrate). Blue: t = 0 and red: t = 19 h. † denotes peaks from 1 (Cl−RhInL); † denotes 

peaks from 3-H2 [(H2)RhInL]–. 

 

TFT                PhF/PhH     PhF  PhF 

             substrate                                                     substrate 

TFT                                                                                                                     substrate  

PhF 

                                  †                                                           †                                                     †   †        

                                                                                         †                                      †        
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Figure A.4.35. Final NMR spectra for the defluorination of p-fluoroiodobenzene (t = 

19 h). Top: 1H NMR (400 MHz); Bottom: 19F{1H} NMR spectra (376 MHz). † denotes 

peaks from 3-H2 [(H2)RhInL]–. 

 

PhF PhF PhF PhH 

TFT 

TFT                   PhF 

         †                                            †                                   †                †        
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Figure A.4.36. In situ 31P{1H} NMR spectra during the catalytic hydrodefluorination 

of o-DFB using NaOt-Bu (top) or LiOt-Bu (bottom) as the stochiometric base (3−5 

mol% catalyst, THF, 70 °C). Peaks corresponding to known catalyst speciation are 

labeled accordingly. Reaction progress is indicated by the PhF product equiv at each 

time point. Of note, the catalyst appears to be significantly more stable with the NaOt-

Bu base than with LiOt-Bu.  
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Representative NMR spectra for catalytic deuterolysis of 

fluoroarenes 

o-difluorobenzene 

 

 

Figure A.4.37. 19F{1H} NMR spectra (376 MHz, protio-THF) of the 

deuterodefluorination of o-DFB to form PhF-d1. (Top) Time points: Blue: t = 0; red: t 

= 24 h; green: t = 48 h. (Bottom) Overlay of the 19F{1H} NMR spectra of the o-DFB 

defluorination products using H2 (red) and D2 (blue), showing the additional PhF 

isotopologues that are generated when D2 is used. 

 

Figure A.4.38. Representative final 1H NMR spectrum (400 MHz, protio-THF) of the 

deuterodefluorination of o-DFB. † denotes peaks from 2-D2 ([D2]D−RhInL). 
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Figure A.4.39. Representative final 2H NMR spectrum (384 MHz, protio-THF) of the 

deuterodefluorination of o-DFB. 

 

 

Figure A.4.40. Representative final 19F{1H} NMR spectrum (376 MHz, protio-THF) 

of the deuterodefluorination of o-DFB. The peak integrations of the 19F NMR were 

used to determine product distribution and deuterium incorporation. The full spectrum 

gives the integration for all 3 peaks, while the inset gives the integration of the 

isotopologues (total 100). 
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Deuterodefluorination of o-DFB 

Upon carrying out the C–F hydrogenolysis with D2 in protio-THF, additional peaks 

adjacent to the fluoroarene peaks are observed in the 19F{1H} NMR spectrum that are not 

observed when H2 is used. Specifically, two new doublets are observed at δ = –140.64 and –

140.38 ppm (obscured by o-DFB) at t = 21 hours, which we assign as o-DFB-d1. Upon 

deuteration of a single C–H bond (which appears to only occur ortho to an existing C–F 

bond),319 the two fluorine atoms become chemically inequivalent. This leads to two unique 

doublets in the 19F NMR spectrum, which show equal integration and coupling. It is worth 

noting that there is no evidence of C–H/C–D scrambling within the TFT standard.  

In the production of fluorobenzene, three separate peaks are observed which 

correspond to PhF-d0, PhF-d2, and PhF-d1, for which the latter is the major product. The scheme 

shown below illustrates reactions that explain the formation of PhF-d2 and PhF-d1. For the 

production of PhF-d0, the most likely mechanism involves the hydrogenation of the C–F bond 

with the HD generated from C–H/C–D scrambling (or H2 generated from the scrambling of 2 

HD molecules catalyzed by H−RhInL). As an aside, we often observe H−RhInL as a minor 

impurity in the NMR spectra of purified [RhInL]−. The formation of H−RhInL is attributed to 

the reaction of [RhInL]− with adventitious H2O or other protic sources. It is also possible that 

H−RhInL can form more HD from scrambling with D2.  

 

 

Scheme A.4.1.Depiction of how the different deuterated product are formed either through 

defluorination or C-H/C-D scrambling. 
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p-fluorobenzotrifluoride 

  

Figure A.4.41. 19F{1H} NMR (376 MHz, protio-THF, bottom) spectra for the 

deuterodefluorination of p-fluorobenzotrifluoride. Blue: t = 0; red: t = 21 h; green: t = 

42 h; purple: t = 60 h. Note that the chemical shift of the –CF3 group, unlike that of the 

aryl fluorides, appears to be insensitive to the isotopic composition of the PhCF3 

product. 

 

 

Figure A.4.42. Representative final 1H NMR spectrum (400 MHz, protio-THF) of the 

deuterodefluorination of p-fluorobenzotrifluoride. † denotes peaks from 2-D2 

([D2]H−RhInL). 
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Figure A.4.43. Representative final 2H NMR spectrum (384 MHz, protio-THF) of the 

deuterodefluorination of p-fluorobenzotrifluoride.  

 

 

Figure A.4.44. Representative final 19F{1H} NMR spectrum (376 MHz, protio-THF) 

of the deuterodefluorination of p-fluorobenzotrifluoride. The peak at −62.77 ppm is 

most likely p-(t-BuO),CF3-C6H4 resulting from an SNAr reaction of p-

fluorobenzotrifluoride with NaOt-Bu.  
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Stoichiometric Reactions/Mechanistic Studies  

 

Figure A.4.45. 31P{1H} NMR spectra (162 MHz, protio-THF) of the reaction between 

1, LiOt-Bu, and H2. Blue: 1 in the presence of LiOt-Bu; Red: 20 min after H2 addition. 

Green: 12 h after H2 addition. Note that the middle spectrum shows the catalyst resting 

state (2-H2) that is observed through the course of catalysis when LiOt-Bu is used. 

 

 

Figure A.4.46. 31P{1H} NMR spectra (162 MHz, protio-THF) of the reaction between 

1, NaOt-Bu, and H2. Blue: 1 in the presence of NaOt-Bu; Red: 2 min after H2 addition. 

Green: 15 min after H2 addition. Note that the top spectrum shows the catalyst resting 

state (3-H2) that is observed through the course of catalysis when NaOt-Bu is used. 
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Figure A.4.47. 31P{1H} NMR spectra (162 MHz, THF-d8) of the reaction between 

complex 4, (Ph–RhInL) and H2. Bottom: Before addition of H2, which shows complex 

4. Top: After addition of H2, which shows complex 2-H2 ([H2]H–RhInL). 

 

Figure A.4.48. 1H{31P} NMR spectra (400 MHz, THF-d8) of the reaction between 

complex 4, (Ph–RhInL) and H2. Bottom: Before addition of H2, which shows complex 

4. Top: After addition of H2, which shows complex 2-H2 ([H2]H–RhInL). 
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Figure A.4.49. 19F NMR spectrum (376 MHz, D2O) of the non-volatiles remaining 

after catalysis, along with NaOTf as an internal standard. The shift at δ −124 matches 

that reported for NaF.323  

 NaF

 

           

 NaOTf
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Figure A.4.50. T1 measurement (400 MHz) as a function of temperature of the Rh-(η2-

H2) resonance for complexes 2-H2 under 4 atm H2 in THF-d8. Note that the two peaks 

for the Rh-H and Rh(η2-H2) protons coalesce at temperatures higher than 235 K 

(−38°C). Hence, the T1 rate constants depicted to the left of the line correspond to the 

decoalesced peaks, while those depicted on the right of the line correspond to coalesced 

peaks. The T1(min) of 30.85 ms (400 MHz) is consistent with a non-classical (η2-H2) 

adduct. 

Table A.4.4. Raw T1 measurement (400 MHz) as a function of temperature of the Rh-

(η2-H2) resonance for complexes 2-H2 under 4 atm H2 in THF-d8. The T1(min) is depicted 

in bold. 

2-H2, (H2)H–RhInL 

Temp (K) T1(ms) St. Dev. 

214 36.145 0.006468 

224 33.061 0.004501 

235 30.852 0.003568 

247 39.889 0.003122 

258 42.283 0.00253 

270 50.359 0.002695 

282 68.532 0.002796 

298 99.660 0.002104 
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Figure A.4.51. T1 measurement (400 MHz) as a function of temperature for complex 

3-H2, Li[LInRh(H2)] under 1 atm H2 in THF-d8. The T1(min) of 35.84 ms is consistent 

with a non-classical (η2-H2) adduct. 

Table A.4.5. Raw T1 measurement data (400 MHz) as a function of temperature for 

complex 3-H2 under 1 atm H2 in THF-d8. The T1min is depicted in bold. 

3-H2, Li[(H2)RhInL] 

Temp (K) T1(ms) St. Dev. 

210 48.271 0.0070 

223 42.454 0.0064 

235 38.769 0.0040 

247 36.505 0.0037 

260 35.835 0.0024 

272 37.005 0.0017 

284 40.945 0.0057 

298 46.358 0.0037 
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Reactivity with HBPin 

 

Figure A.4.52. 31P{1H} NMR spectra (162 MHz, protio-THF) of the reaction between 

4 (Ph−RhInL) and pinacolborane (HBPin). Blue: 4 before addition of HBPin; red: after 

addition of 20 equiv HBPin; green: reaction mixture after work-up (in C6D6), which 

shows complex 2 (H−RhInL); purple: authentic sample of complex 2. 

 

Figure A.4.53. 11B NMR spectra (128 MHz) of the reaction between 4 (PhRhInL) 

and pinacolborane (HBPin). Blue: 4 after addition of 20 equiv HBPin (in protio-

THF); red: reaction mixture after work-up (in C6D6).  
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Figure A.4.54. Final NMR spectra of the reaction between 4 (Ph–RhInL) and 

pinacolborane (HBPin). Top: Full 1H NMR spectrum (400 MHz, C6D6) of worked up 

reaction mixture. Middle: 1H NMR zoomed into the aromatic region. † denotes peaks 

from 2 (H–RhInL). Bottom: 11B NMR spectrum (128 MHz) which shows PhBPin and 

HOBPin (likely derived from adventitious water from long-term storage). Note that the 

peaks for PhBPin match those previously reported.352  

PhBPin HOBPin 

PhBPin  PhBPin             PhBPin   

†                 †     † 
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Appendix 4: Supporting Information for Chapter 5 

  

Figure A.5.1. UV-Vis spectra of Li[RhML] complexes (where M = Al, Ga, In) in THF under 

Ar. 

 

Figure A.5.2. UV-Vis electronic absorbance data for Li(THF)4[(H2)RhML] complexes 

in THF (where M = Al, Ga, In) under 1 atm H2. 

 

Table A.5.1. UV-Vis electronic absorbance data for Li[RhML] complexes (where M = Al, Ga, 

In) under Ar and 1 atm H2. 
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Complex 
Wavelength (nm), 

ε (M-1cm-1) Under Ar 

Wavelength (nm), 

ε (M-1cm-1) Under H2 

Li(THF)4[RhAlL] 

581(sh), ~550 

381, 3310 

539(sh), ~700 

387(sh), ~6000a 

344, 12200 

Li(THF)4[RhGaL] 

630(sh), ~990 

397, 9000 
585(sh), ~1170 

400, 7250 

329, 18200 

Li(THF)4[RhInL] 

678(sh), 1400 

407, 5730 
627(sh), 1680 

413, 11220 

336, 29500 

a Wavelength and molar absorptivity extracted from global fits of UV-Vis. See Figure A.5.4 and Table 

A.5.3 for more details. 



286 

 

Figure A.5.3. UV-Vis spectra of 1 modeled using a global fit across three different 

concentrations (in order from top to bottom: 0.345 mM, 0.115 mM, 0.0383 mM). Each 

spectrum was fit up to where the absorbance reaches 1.5 A.U. The model was used to determine 

the energy of the transition that results in photocatalysis, which was used due to the overlap of 

the two peaks.   

Table A.5.2. Parameters used in the global fit (Figure A.5.4) for the transitions observed in the 

UV-Vis spectra of Li[1-]. 

 

 

 

 

 

Transition Energy, cm-1 

(Wavelength, nm) 
FWHM, cm-1 Calculated Molar 

Absorptivity  ε (M-1 cm-1) 

16168 (619) 2029 375 

18710 (535) 2646 719 

25861 (387) 2915 3210 

29289 (341) 3459 12496 
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Figure A.5.4. Purple LED light source used for photocatalysis. λmax = 395 nm; FWHM ≈ 14 

nm. 
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Characterization of RhML complexes.

 

  

Figure A.5.5. 1H NMR spectrum of Li[LAlRh], 1−, in THF-d8 at 25°C. (Top) Under an 

atmosphere of N2. (Bottom) Under and atmosphere of H2. 
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Figure A.5.6. 31P{1H} NMR spectrum of Li[LAlRh], 1−, in THF-d8 at 25°C. (Top) Under an 

atmosphere of N2. (Bottom) Under and atmosphere of H2. 
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Figure A.5.7. 1H NMR spectrum of Li[LGaRh], 2−, in THF-d8 at 25°C. (Top) Under an 

atmosphere of N2. (Bottom) Under and atmosphere of H2. 
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Figure A.5.8. 31P{1H} NMR spectrum of Li[LGaRh], 2−, in THF-d8 at 25°C. (Top) Under an 

atmosphere of N2. (Bottom) Under and atmosphere of H2. 
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Figure A.5.9. 1H NMR spectrum of RhAlL, 1, in C6D6 at 25°C. The small, sharper peaks are 

due to a small H–RhAlL impurity*. 

 

Figure A.5.10. 1H NMR spectrum of RhGaL, 1, in C6D6 at 25°C. The small, sharper peaks are 

due to a small H–RhGaL impurity*. 
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Figure A.5.11. Representative 1 
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Figure A.5.12. Representative 1
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Figure A.5.13. Representative 1
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Figure A.5.14. Representative 1

 

 

Figure A.5.15. Representative 1
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Figure A.5.16. Representative 1
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Figure A.5.17. Representative 1Figure A.5.18. Representative 1Figure A.5.19. Representative 
1   
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Figure A.5.20. Representative 1

Figure A.5.21. Representative 1
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Figure A.5.22. Representative 19F{1H}
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Figure A.5.23. Representative 1

 
Figure A.5.24. Representative 19F{1H}
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Figure A.5.25. Representative 1

Figure A.5.26. Representative 19F{1H}
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Figure A.5.27. Representative 1

 
Figure A.5.28. Representative 19F{1H}Mechanism Elucidation 

Isotope-labelling experiments  
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Figure A.5.29. 1H NMR spectra (400 MHz) depicting the isotope labeling experiments used to 

elucidate the source of the protons in the hydrodefluorination of o-DFB. Blue, red: t = 0 hrs, t 

= 48 hrs in the reaction using D2 and THF-h8. Green, purple: t = 0 hrs, t = 48 hrs in the reaction 

using H2 and THF-d8. 

Figure A.5.30. 19F NMR spectra (376 MHz) depicting the isotope labeling experiments used 

to elucidate the source of the protons in the hydrodefluorination of o-DFB. Bottom blue, red: t 

= 0 hrs, t = 48 hrs in the reaction using D2 and THF-h8. Green, purple: t = 0 hrs, t = 48 hrs in 

the reaction using H2 and THF-d8. Top blue: t = 48 hrs in the reaction using H2 and THF-h8 (no 

deuterium source). Note that o-DFB and o-DFB-d1 as well as PhF and PhF-d1 have slightly 

different chemical shifts as can be observed above. For a more detailed discussion as well as a 

comparison to similar thermal hydrodefluorination experiments, see reference 336. 
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Figure A.5.31. 1H NMR spectra (400 MHz) showing the stoichiometric reaction between 

K[RhGaL], K[2]–, and 5 equiv. TFT. Bottom: Reaction mixture (THF-h8) before irradiation. 

Middle: After irradiation for 15 hrs and subsequent work-up (C6D6). Top: Authentic sample of 

RhGaL, 2 in C6D6. The small, sharper peaks are due to a small H–RhGaL impurity. 
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Figure A.5.32. X-band EPR spectra (9.65 GHz, solid lines) of RhAlL (30K, top) and RhGaL 

(30K, bottom) in frozen toluene (2 mM). Parameters used for each simulation (dashed lines) 

are shown to the right of each spectrum.  
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