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Abstract 

 

 The development of novel methods to install fluoroalkyl groups into organic molecules is 

highly desirable due to the effects that fluorine atoms impart, such as metabolic stability and 

lipophilicity. Due to the commercial availability of fluorocarboxylic acid derivatives (RFC(O)X), 

we aimed to utilize these reagents and their derivatives in decarbonylative fluoroalkylative cross-

coupling reactions. This works builds on literature examples of related decarbonylative reactions 

that form C–C bonds. 

 Chapter 1 briefly introduces transition-metal catalyzed decarbonylative cross-coupling 

reactions and delineates the goal of this thesis, which is to use fluorocarboxylic acid derivatives to 

incorporate fluoroalkyl groups into molecules via decarbonylative coupling. The key 

considerations for reaction development (metal, ligand, RFC(O)X electrophile, aryl nucleophile)  

are discussed. 

 Chapter 2 describes the development of a decarbonylative Pd-catalyzed aryl–

difluoromethylation reaction that couples difluoroacetylfluoride (DFAF) with aryl boronate esters. 

This reaction was developed by interrogating the elementary steps of the catalytic cycle (oxidative 

addition, carbonyl de-insertion, transmetalation, and reductive elimination) to identify a pair of 

compatible coupling partners and a suitable Pd catalyst system, (SPhos)Pd0. Additionally, 

computational analysis established the presence of a stabilizing F2C–H---X electrostatic 

interaction that contributes to accelerating the key carbonyl de-insertion step of this 

transformation. 

 Chapter 3 begins with the development of a decarbonylative C–H difluoromethylation 

reaction of azoles catalyzed by (XantPhos)Pd0. Stoichiometric syntheses revealed an unusual 

geometry of the putative catalytic intermediate, (XantPhos)Pd(CHF2)(OCOCHF2), which likely 

plays a role in the unique efficacy of Xantphos compared to other phosphine ligands for this 

reaction. Chapter 3 also details a systematic approach to building in complexity into the carboxylic 

acid coupling partner towards the ultimate goal of developing decarbonylative cross-coupling 
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reactions of chiral acid derivatives. In this context, a (AdBu2P)Pd0-catalyzed difluorobenzylation 

is developed that is effective for a range of aryl organometallics with varying electronic properties. 

 Chapter 4 details parallel investigations into the development of a Ni-catalyzed 

decarbonylative difluoromethylation reaction that couples DFAF with tributyl(aryl)stannanes. 

Thees studies reveal that tBuPPF is the optimal ligand for Ni0/II catalysis and that the Ni-catalyzed 

reaction exhibits a complementary substrate scope to the (SPhos)Pd0 one described in Chapter 2. 

Organometallic synthesis of model complexes was conducted and a catalytically-relevant 

Ni(CHF2)(F) complex was characterized by X-ray crystallography. These complexes will be used 

to elucidate the origins of the selectivity and electronic trends observed in our catalytic 

decarbonylative fluoroalkylation reactions. 

 Chapter 5 shifts away from decarbonylative cross-coupling reactions and details the 

development of an organic chemistry 2 lab module for the CH216 course at the University of 

Michigan. The protocol was translated from a literature report that utilized deoxyfluorination of a 

carboxylic acid to access amide products. This project will be continued in a second FFGSI project 

with focus on developing an argument-based post-lab assignment to help students gain mechanistic 

insight from the experiment.  
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Chapter 1 – Introduction 

Decarbonylative cross-coupling reactions between carboxylic acid-derived electrophiles 

and a diverse variety of nucleophiles have recently emerged as an attractive strategy for C–C and 

C–heteroatom bond formation.1a In comparison to more traditional and widely studied cross-

coupling reactions of aryl halide electrophiles1b, this approach offers several key advantages. First, 

carboxylic acids are abundant1 and can be used to generate a variety of carboxylic acid-derived 

electrophiles (RCOY), including amides, acid halides, esters, and anhydrides.1 Second, the 

tunability of the RCOY electrophiles enables control over the ligands at the transition metal center 

and thus the barriers of each of the elementary steps of the catalytic cycle. Third, oxidative 

addition, a step that is often slow in reactions of aryl halides, is often facile for reactive carboxylic 

acid derivatives like acid halides and anhydrides.2 Fourth, decarbonylative cross-coupling 

reactions can be tuned by modulating metal, ligand, acyl electrophile, and organometallic 

nucleophile to achieve an extremely broad range of bond-forming reactions via a common 

mechanistic manifold. 

 

Scheme 1.1. Traditional cross-coupling of aryl (pseudo)halides and decarbonylative cross-

coupling of acyl electrophiles. 
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Transition metals have been known to undergo oxidative addition into C(acyl)–Y bonds 

since the mid 1900’s. The Tsuji decarbonylation reaction is a known system for the conversion of 

aldehydes to alkanes using Wilkinson’s catalyst (Scheme 1.2).4 

 

Scheme 1.2. Tsuji-Wilkinson decarbonylation of aldehydes.4 

 Since these early investigations, the development of decarbonylative transformations has 

seen the extensive use of Ni and Pd catalysts for the activation of novel electrophiles and for 

challenging bond formations.1,3 The work in this thesis focuses on optimization of the identity of 

the metal (Ni or Pd), ligand, and the coupling partners of the reaction to achieve high yield and 

selectivity for a targeted decarbonylative couplings, with a focus on fluoroalkylation reactions. 

Further, we demonstrate that identification, isolation, and characterization of catalytically-relevant 

intermediates and model complexes can be effective for studying the mechanisms and 

decomposition pathways within the various catalytic process. We expect these studies to engender 

interest in the novel decarbonylative processes of acyl electrophiles that are available at Ni and Pd 

catalysts. 

1.1  Catalytic Cycle of Decarbonylative Cross-Coupling Reactions 

A general catalytic cycle for cross-coupling reactions of RC(O)Y electrophiles via group 

10 metals is shown in Scheme 1.3. The first step (i) involves oxidative addition of the C-Y bond 

at the M0 catalyst to generate a [MII]-acyl intermediate I. Carbonyl de-insertion then proceeds to 

release CO along with [MII]–R (II, step ii). An intermolecular cross-coupling reaction is then 

possible via the addition of an appropriate organometallic nucleophiles to promote transmetalation 

to form III. Finally, complex III can undergo reductive elimination to yield the cross-coupled 

product.  
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Scheme 1.3. Proposed catalytic cycle for decarbonylative cross-coupling reactions of acid 

derivatives. 

 

1.2 Reaction Parameters and General Trends  

In the development of our decarbonylative coupling reactions, we iteratively optimize the 

identity of metal, ligand, and electrophile with respect to the hypothesized rate-determining step 

of the desired transformation. Some key considerations for each of these reaction components are 

discussed below. 

Selection of metal catalyst. Although the majority of aryl halide cross-coupling reactions utilize 

palladium as the catalyst, reactions involving RC(O)Y electrophiles have seen extensive 

development with both palladium and nickel-based catalysts (as well as, to a lesser extent, other 

transition metals).1a Nickel is more electropositive (1.91) than palladium (2.20), and this property 

appears to facilitate oxidative addition reactions of acyl electrophiles. As such, the use of Ni0-

based catalysts in decarbonylative coupling reactions often leads to fast oxidative addition, even 
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with weakly electrophilic coupling partners like esters and amides. In contrast, Pd0 catalysts are 

often inert towards oxidative addition of these weakly electrophilic carboxylic acid derivatives. 

However, PdII(R)(X) intermediates (where X = a heteroatom such as nitrogen, oxygen, or halogen) 

are generally much more reactive towards C–X bond forming reductive elimination than their NiII 

analogues. Thus, depending on the energetic demands of the catalytic process and the hypothesized 

rate-determining step, either Pd or Ni could be the most suitable choice. 

 

Figure 1.1. Description of central reactivity profiles for Ni and Pd transition metals. Adapted 

from ref 2. 

Furthermore, as an electropositive first-row transition metal, Ni interacts favorably with 

CO to form stable Ni(CO)n complexes.2 Accordingly, a strong thermodynamic driving force exists 

for carbonyl deinsertion at Ni–(C(O)R) complexes to form (CO)Ni–R complexes (assuming R and 

the supporting ligand are competent for carbonyl deinsertion). Also, ligand substitution is generally 

easier at Ni. Since carbonyl de-insertion generally requires an open site for coordination, this likely 

contributes to the faster rate for carbonyl de-insertion at Ni compared to at Pd.2 As such, for 

reactions in which carbonyl de-insertion is posited as the rate-determining step, Ni is often selected 

as a precatalyst rather than Pd. However, due to their stability, Ni(CO)mLn complexes have been 

observed as catalyst sinks in various catalytic processes involving carbon monoxide and nickel 

catalysts. For this reason, the use of nickel in decarbonylative processes often requires high 

reaction temperatures to liberate CO from Ni. 

Selection of ligand. Early work in Pd-catalyzed cross-coupling reactions typically used simple 

phosphine ligands, such as PPh3. Efforts over the past several decades have led to the development 

of designer phosphine ligands to meet the demands of challenging bond breaking and forming 

processes. For instance, it is now well-established that sterically large and electron-rich ligands, 

such as bulky trialkylphoshines or N-heterocyclic carbenes, promote oxidative addition into 
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relatively inert chemical bonds via L1Pd0 intermediates. Electron-withdrawing and sterically 

encumbering ligands can enhance the rate of reductive elimination. Thus, an initial choice of ligand 

(denticity, basicity, acidity, etc…) may be informed by the posited rate-determining step.  

 

Figure 1.2. Sample of metal-ligand complexes that are reported herein. 

 

Selection of RC(O)Y electrophile. For decarbonylative coupling processes, the choice of R and 

Y must be selected with respect to metal/ligand. To form cross-coupled products from RC(O)Y 

electrophiles via a decarbonylative process requires that: (1) the electrophile is sufficiently reactive 

to undergo oxidative addition with the catalyst to form I (Scheme 1.3), (2) that the R group of 

RC(O)Y can undergo carbonyl deinsertion at either Ni or Pd to form II (Scheme 1.3) and (3) that 

the metal–Y intermediate II is active for transmetalation with an organometallic, and (4) that the 

catalyst is competent (and selective) for the desired bond formation. Regarding the first 

requirement, highly reactive acyl electrophiles such as acid chlorides or anhydrides are sufficiently 

electropositive to undergo facile oxidative addition at Pd. For electrophiles that are less reactive, 

including esters, amides, and acid fluorides, Pd may not be effective for oxidative addition, and 

nickel may be a more appropriate choice. Furthermore, the identity of R has a strong impact on 

the rate of carbonyl-deinsertion, with larger and less electronegative R groups undergoing slower 

de-insertion.5 With regard to the transmetalation-activity of complex II, we optimize the identity 

of RCOY and the organometallic reagent to achieve high selectivity for the desired decarbonylative 

process. 

Selection of Ar–M organometallic. The selection of an organometallic nucleophile must be 

selected based on the desired rate of transmetalation, assuming the compatibility of the electrophile 



 

6 

 

and nucleophile. As described in this Thesis, the optimization of the organometallic reagent is often 

informed by the reactivity of the electrophile such that background decomposition is minimized. 

Assuming compatibility, the selected organometallic must also selectively transmetalate with 

intermediate II in Scheme 1.3, rather than intermediate I. In this Thesis we utilize the varying 

reactivity between Zn-, Sn-, and B-based organometallics to promote selectivity in our 

fluoroalkylation reactions. 

At present, few examples for decarbonylative fluoroalkyl have been reported.6,7,8 A seminal 

report6 on this challenging process was reported by Shoenebeck and co-workers in 2018 (Scheme 

1.4). They successfully develop a Pd-catalyzed decarbonylative aryl trifluoromethylation reaction 

using aroyl fluorides and TESCF3 as a nucleophile source of the –CF3 group. This reaction indeed 

demonstrates that decarbonylative fluoroalkylation is possible at Pd. 

 

Scheme 1.4. Decarbonylative aryl trifluoromethylation by Schoenebeck and co-workers.6 

  

However, in contrast to the reaction reported by Schoenebeck and co-workers (Scheme 

1.4), we were motivated to utilize fluorocarboxylic acid derivatives as electrophiles, given their 

commercial availability, ease of handling, and native electrophilicity.9 To our best knowledge, the 

only known reactions of this type are an early report from our lab7 that demonstrated the feasibility 

of the stoichiometric decarbonylation and cross-coupling of trifluoroacetic anhydride (TFAAn) to 

form trifluoromethylarene products. However, all attempts to translate this stoichiometric process 

into a catalytic reaction led to the competitive decomposition of TFAAn into trifluoromethyl 

ketone by-products due to a rapid, uncatalyzed background reaction. As such, we determined that 

the compatibility of the fluorocarboxylic acid derivative and organometallic reagent is a critical 

feature for the development of catalytic decarbonylative fluoroalkylation reactions. 
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Scheme 1.5. Stoichiometric decarbonylative trifluoromethylation of arenes at a (RuPhos)Pd 

complex.7 

 Informed by these previous studies6,7, this Thesis described the development of a Pd-

catalyzed catalyzed difluoromethylation reaction of aryl boronate esters using 

difluoroacetyllfluoride (DFAF) as the electrophile (Chapter 2).8 In Chapter 3 demonstrates that 

feasibility of Pd-catalyzed decarbonylative difluoromethylation via C–H activation strategies as 

well as the development of a Pd-catalyzed decarbonylative difluorobenzylation reaction. We then 

demonstrate the feasibility of Ni-catalyzed decarbonylative difluoromethylation of aryl tin 

nucleophile and synthesize model Ni complexes to study trends in transmetalation (Chapter 4). 

Finally, in Chapter 5 we describe the development of a novel amide-bond forming lab module for 

a large-enrollment organic chemistry 2 lab course at the University of Michigan. 
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Chapter 2 – Development of Decarbonylative Difluoromethylation 

of Aryl Boronate Esters 

 

2.1       Introduction 

Due to the prevalence of fluoroalkyl (RF) substituents in bioactive molecules, there is a 

high demand for reagents and synthetic methods for the formation of (heteroaryl)aryl–RF bonds.1,2 

The prevailing approach involves transition metal-catalyzed cross-coupling of aryl halide 

electrophiles (ArX) with fluoroalkyl nucleophiles (RF–M) (Scheme 2.1, A).3,4 Despite extensive 

work in this area, the scope and broad utility of these transformations remain limited, largely due 

to challenges associated with the fluoroalkyl nucleophiles.4 The most common fluoroalkyl 

nucleophiles, R3SiRF, have limited availability for diverse RF substituents, undergo sluggish 

transmetalation in the absence of bases, and exhibit poor stability in the presence of the basic 

additives required for transmetalation.4,5 While some designer Ag and Zn-based fluoroalkyl 

nucleophiles have been developed to address these challenges, these reagents still have limitations 

with respect to synthetic accessibility and/or broad availability, particularly for diverse RF groups. 

4,6,7 

 

 

cat. Ni, Pd, Cu
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A. Traditional cross-coupling with fluoroalkyl nucleophiles
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Scheme 2.1. (A) Traditional cross-coupling for fluoroalkylation and (B) decarbonylative 

fluoroalkylation with RFCOX electrophiles. 

A complementary cross-coupling approach to form (hetero)aryl–RF bonds would involve 

the reaction of fluoroalkyl carboxylic acid-derived electrophiles (RFC(O)X) with (hetero)aryl 

nucleophiles (Ar–M’, Scheme 2.1, B).8-13 This strategy eliminates the challenges associated with 

transmetalation from a weakly nucleophilic RF reagent.4,5 Furthermore, it leverages the abundance, 

low cost, and high stability of fluoroalkyl carboxylic acid derivatives.13  

 

Scheme 2.2. (A) General reaction scheme for decarbonylative fluoroalkylation. (B) Proposed 

catalytic cycle with undesired acylation shown. 

 

A putative catalytic cycle for this transformation is shown in Scheme 2.2, B and involves 

(i) oxidative addition of RFC(O)X to form [M]–acyl complex I, (ii) carbonyl de-insertion to 

generate [M]–RF intermediate II, (iii) transmetalation of the aryl nucleophile (Ar–M’) to form 

complex III, and (iv) aryl–RF bond-forming reductive elimination to release the product. A 
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previous study from our group established the feasibility of each of these individual steps using 

trifluoroacetic anhydride and diphenyl zinc as the coupling partners, and Pd[P(o-Tol)3]2/RuPhos 

as [M] (Scheme 2.3).13a However, catalytic turnover was not viable in this system due to a rapid 

uncatalyzed background reaction between the reagents to form trifluoromethyl ketones (Scheme 

2.2, B, uncatalyzed acylation, v). 

 

Scheme 2.3. Previous stoichiometric studies [ref 13a]. 

 

In addition to the competing background reaction, this previous work identified several 

other limitations associated with individual steps of the catalytic cycle.13a For instance, direct 

oxidative addition of trifluoroacetic anhydride at (RuPhos)Pd0 (Scheme 2.2, step i) proved 

challenging. As such, a two-step sequence involving initial oxidative addition at Pd(P(o-Tol)3)2 

followed by a separate ligand exchange between P(o-Tol)3 and RuPhos was required. Furthermore, 

both carbonyl de-insertion (Scheme 2.2, step ii) and aryl–CF3 bond-forming reductive elimination 

(step iv) were slow and/or low yielding. Finally, transmetalation (Scheme 2.2, step iii) was limited 

to strongly nucleophilic organometallic reagents like diphenyl zinc.13a 

We hypothesized that these challenges could be addressed via a mechanistic-based redesign 

of the catalyst and coupling partners for this reaction. In this chapter, we initially identify 

fluoroalkyl anhydrides and aryl boronate esters as compatible RFC(O)X and Ar–M’ coupling 
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partners. We then use this pair to interrogate each step of the cycle in Scheme 2.2, B with 

(SPhos)Pd0 as the catalyst. These stoichiometric organometallic studies provide key insights into 

the impact of RF, X, and M’ on each step, ultimately informing the development of a Pd-catalyzed 

method for the difluoromethylation of aryl boronate esters. 

 

2.2    Identifying Compatible Coupling Partners 

As discussed above, our group’s previous attempts at Pd-catalyzed decarbonylative aryl 

fluoroalkylation (Scheme 2.3) were hampered by the uncatalyzed background addition of the 

diphenyl zinc nucleophile to the trifluoroacetic anhydride electrophile (TFAAn) to form phenyl 

trifluoromethyl ketone (A).13a This background reaction proceeds in 77% yield within 1 h at 25 ºC 

(Table 2.1, entry 1), as determined by 19F NMR spectroscopic analysis. As such, initial studies 

focused on identifying more compatible coupling partners for the proposed catalytic 

transformation.  

We hypothesized that aryl boron reagents, which are significantly less nucleophilic than 

their zinc counterparts,13a,14,22e would minimize ketone formation. Indeed, none of the ketone A 

was formed upon stirring a CDCl3 solution of trifluoroacetic anhydride (TFAAn) with phenyl 

boronic acid over 1 h at 25 ºC. However, under these conditions a different undesired reaction, 

hydrolysis of the anhydride, proceeded to form trifluoroacetic acid (TFA, B) in quantitative yield 

(Table 2.1, entry 2). We next examined phenylboronic acid neopentylglycol ester (PhBneo) as the 

nucleophile, reasoning that it should minimize this hydrolysis process. Indeed, no detectable side 

product formation was observed upon stirring stirring a CDCl3 solution of TFAAn with PhBneo 

over 1 or 3 h at 25 ºC (Table 2.1, entries 3 and 4). Compatibility was also observed when using 

phenylboronic acid pinacol ester (PhBpin) under otherwise identical conditions (entry 5). 

Furthermore, compatibility with PhBneo was maintained when moving to other fluoroalkyl 

anhydrides (e.g., difluoroacetic anhydride) was well as other fluoroalkyl carboxylic acid 

derivatives (e.g., difluoroacetyl fluoride). The 19F and 13C NMR spectra used to establish these 

compatibility data and identify the side products formed with each combination of reagents are 

presented in Figures 2.1-2.6, below. 
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Table 2.1. Compatibility of TFAAn with different aryl nucleophiles. a25 ºC for 3 h. 

 

 

Figure 2.1 Incompatibility of Ph2Zn with trifluoroacetic anhydride (TFAAn) in THF as shown by 

(top) 19F NMR spectrum of TFAAn with 4-fluorotoluene internal standard, and (bottom) 19F NMR 

entry PhM’ yield A yield B 

1 Ph2Zn 77% 0% 

2 PhB(OH)2 <1% >95% 

3 PhBneo <1% <1% 

4a 

5 

PhBneo 

PhBpin 

<1% 

<1% 

<1% 

<1% 
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spectrum of reaction of TFAAn with diphenyl zinc after 1 h in THF showing formation of ketone 

A. 

 

Figure 2.2. Compatibility experiments of organoboron nucleophiles with trifluoroacetic anhydride 

after 1 h at room temperature in CDCl3 as shown by 13C NMR spectroscopy.  
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Figure 2.3. 13C NMR spectrum showing minor amount of decomposition of trifluoroacetic 

anhydride to trifluoroacetic acid in the presence of phenylboronic acid neopentylglycol ester after 

1 h at 50 °C in CDCl3. 
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Figure 2.4. Compatibility of phenylboronic acid pinacol ester with trifluoroacetic anhydride after 

1 h at room temperature in CDCl3 as shown by 13C NMR spectroscopy.  
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Figure 2.5. Compatibility experiments of organoboron nucleophiles with difluoroacetic 

anhydride after 1 h at room temperature in CDCl3 as shown by 13C NMR spectroscopy.  
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Figure 2.6. Compatibility experiments of organoboron nucleophiles with DFAF after 1 h at room 

temperature in THF as shown by 19F NMR spectroscopy. NMR spectrum also contains 

trifluoromethoxybenzene and 4-fluorotoluene as internal standards. Referenced to 4-fluorotoluene 

as internal standard (-119.85 ppm). 

 

2.3 Catalytic Cycle: Oxidative Addition and Carbonyl De-insertion 

With a pair of compatible reagents in hand, we next focused on challenges associated with 

the individual steps of the catalytic cycle. As described above (Scheme 2.3), previous studies with 

RuPhos as the ligand accessed the TFAAn oxidative addition product in two discrete steps. First, 

Pd(P(o-Tol)3)2, was treated with TFAAn, and this was followed by a separate ligand exchange with 

RuPhos.13a We hypothesized that replacing the large isopropoxy-substituents of RuPhos with 

smaller methoxy groups (of SPhos) could accelerate oxidative addition and ligand substitution and 
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facilitate the single-pot formation of SPhos-ligated trifluoroacetyl intermediate I-COCF3 (Figure 

2.7). Indeed, the reaction of a THF solution of Pd[P(o-Tol)3]2/SPhos with TFAAn yielded I-

COCF3 in 98% yield within 15 min at 25 ºC (Figure 2.7). Complex I-COCF3 was characterized 

in situ by 19F and 31P NMR spectroscopy, and the data are in excellent agreement with those for 

the reported RuPhos analogue.13a In particular, this complex can be clearly identified as a 

trifluoroacyl Pd intermediate (rather than a Pd–CF3 complex) based on the diagnostic chemical 

shift of the CF3 group (approximately –75 ppm for Pd–C(O)CF3 versus –12 ppm for Pd–

CF3).3a,13a,14 

While Pd(P(o-Tol)3)2/SPhos proved highly reactive for oxidative addition of TFAAn at 

room temperature (Scheme 2.2, step i), carbonyl de-insertion (Scheme 2.2, step ii) at I-COCF3 

remained slow in this system (Figure 2.7, A, B). After 4 h at 25 ºC, no change in the 19F NMR 

spectrum was observed, and the decarbonylated intermediate, II-CF3, was not detected (Figure 

2.7, C). CO de-insertion was only observed upon heating the reaction. After 30 min at 90 ºC, I-

COCF3 was nearly fully consumed with concomitant formation of II-CF3 in 91% yield (Figure 

2.7, D). Complex II-CF3 was characterized in situ (by analogy to the RuPhos analogue) based on 

its distinct broad Pd–CF3 19F NMR resonance at -11.6 ppm. 3a,13a,14 
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Figure 2.7. Oxidative addition and carbonyl de-insertion of TFAAn at SPhos/Pd0 in THF. 19F NMR 

spectra of (A) TFAAn (δ -76.73 (s, 6F)); (B) Reaction of TFAAn with SPhos/Pd0 in THF after 0.25 

h at room temperature forming I-COCF3 (δ -73.94 (s, 3F), -75.61 (s, 3F)). (C) Reaction of TFAAn 

with SPhos/Pd0 in THF after 4 h at room temperature; (D) Reaction heated to 90 °C for 0.5 h 

forming II-CF3 (δ -11.60 (bs, 3F), -75.69 (s, 3F)). Spectra are referenced to 4-fluorotoluene (-

119.85 ppm). 

 

Similar reactivity to TFAAn was observed when using pentafluoropropionic anhydride 

(PFPAn) as the fluoroalkyl electrophile (Figures 2.7 and 2.8). The reaction of a THF solution of 
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Pd[P(o-Tol)3]2/SPhos with a slight excess of PFPAn (Figure 2.8, A, B) yielded I-COCF2CF3 in 

>99% yield (characterized in situ by 19F and 31P NMR spectroscopy). Only after heating the 

reaction to 90 °C for 0.5 h was carbonyl de-insertion observed, forming complex II-CF2CF3 in 

98% yield (Figure 2.8, D). Again, the observation of fast oxidative addition and slow carbonyl de-

insertion at room temperature with PFPAn is nearly identical to the reactivity of DFAAn.  

 

Figure 2.8. 19F NMR spectra associated with oxidative addition and decarbonylation of 

pentafluoropropionic anhydride at Pd[P(o-Tol)3]2/SPhos in THF. (A) PFPAn; (B) 15 min, RT; (C) 

4 h, RT; and (D) 0.5 h, 90 °C. Black star represents 4-fluorotoluene internal standard (-119.85 

ppm). 
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Figure 2.9. 31P NMR spectra associated with oxidative addition and decarbonylation of 

pentafluoropropionic anhydride at Pd[P(o-Tol)3]2/SPhos in THF. (A) 0.25 h, RT; (B) 0.5 h, 90 °C.  

We next explored the difluoromethyl analogue, in which a single fluorine atom is replaced 

by a hydrogen. This dramatically alters the size, nucleophilicity, dipole moment, and H-bond donor 

ability of the fluoroalkyl group,2a-d and all of these factors could potentially impact the carbonyl 

de-insertion step.16 Furthermore, it is well-documented that Ar–CHF2 bond-forming reductive 

elimination at PdII centers occurs under much milder conditions than analogous Ar–CF3 or Ar–

CF2CF3 couplings.3,4,9a As such, this modification should also facilitate the challenging elementary 

step (iv) of the catalytic cycle in Scheme 2.2. 

The reaction of a THF solution of Pd[P(o-Tol)3]2/SPhos with 1 equiv of difluoroacetic 

anhydride (DFAAn, Figure 2.10) under otherwise identical conditions afforded >99% conversion 

of DFAAn within 15 min at room temperature. The oxidative addition product I-COCHF2 was 
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formed in 85% yield (Figure 2.10, B) and characterized in situ via 19F NMR spectroscopy. This 

result demonstrates that oxidative addition remains fast in this system, despite the lower 

electrophilicity of DFAAn relative to that of TFAAn. 

 

Figure 2.10. Oxidative addition and carbonyl de-insertion of DFAAn at SPhos/Pd0 in THF. 19F 

NMR spectrum of (A) DFAAn; (B) Reaction of DFAAn with SPhos/Pd0 in THF after 15 min at 

room temperature; (C) Reaction of DFAAn with SPhos/Pd0 in THF after 10 h at room temperature. 

Black star represents 4-fluorotoluene (-119.85 ppm, internal standard). 

 

Interestingly, in marked contrast to the trifluoromethyl and pentafluoroethyl analogues, 

carbonyl de-insertion at I-COCHF2 proceeded at room temperature. II-CHF2 was formed in 13% 

yield after 0.25 h (Figure 2.10, B) and the reaction was nearly complete within 10 h at 25 ºC, 

affording II-CHF2 in 91% yield as determined by 19F NMR spectroscopy (Figure 2.10, C)). 
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Notably, the unstirred reaction of a THF solution of Pd[P(o-Tol)3]2/SPhos in an NMR tube with 

slight excess of difluoroacetic anhydride under otherwise identical conditions afforded much 

slower carbonyl de-insertion. After 10 h, only 68% of II-CHF2 was formed (Figure 2.11). We 

believe this is possibly due to slow mass transport in the unstirred solution. 
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Figure 2.11. Kinetic study for the oxidative addition and carbonyl de-insertion of DFAAn at 

SPhos/Pd0 in THF in an NMR tube, unstirred. The associated 19F NMR spectrum are referenced 

4-fluorotoluene (-119.85 ppm, internal standard). 
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Complex II-CHF2 was isolated in 61% yield and was structurally characterized by X-ray 

crystallography. An ORTEP diagram of II-CHF2, along with representative bond distances and 

bond angles, are shown in Figure 2.12. A noteworthy feature of this structure is a short (2.38 Å) 

distance between H29 (from the CHF2 group) and O3 (of the difluoroacetate ligand). A 

significantly longer distance (3.60 Å) is observed between H29 and O4. The short (2.38 Å) distance 

as well as the C29-H29-O3 angle of 96.9º are consistent with the existence of an attractive 

interaction between H29 and O3.18  

 

Figure 2.12. ORTEP diagram of II-CHF2. Select hydrogen atoms are omitted for clarity. Selected 

bond lengths (Å) and angle (deg): O3–Pd1 2.11, O4–Pd1 3.09, C29–Pd1 1.99, C1–Pd1 2.46; H29-

--O3 2.38, H29---O4 3.60; C29–Pd1–O3 81.7, C29–H29---O3 96.9.  

 

Density functional theory (DFT) calculations18 (M06/ LANL2DZ/6-311G**) were 

performed by Dr. Nazanin Taimoory to interrogate the origin of the large rate enhancement for 

carbonyl de-insertion at I-COCHF2 relative to I-COCF3. This difference is counter to commonly 

accepted trends, where the rate is typically inversely proportional to the nucleophilicity of the 

migrating R group.16a Figure 2.13 shows an energy profile for 1,1-CO de-insertion at I-CORF 

proceeding through TS1-RF to initially form CO-bound complex (CO)Pd-RF. CO dissociation 
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then generates the experimentally observed product II-RF. Consistent with the experimental 

observations, the calculations show a large (∼16 kcal/mol) difference between the barrier for 1,1-

de-insertion at I-COCHF2 versus I-COCF3. In addition, the overall thermodynamics associated 

with conversion of I-COCHF2 to II-CHF2 + CO (ΔG = −18.4 kcal/mol) is significantly more 

favorable than for the CF3 analogue (ΔG = −3.2 kcal/mol).  

 

Figure 2.13. Energetics (the preferred binding mode highlighted as conformer A, see SI for details) 

for the carbonyl de-insertion process at (A) I-COCF3 and (B) I-COCHF2 with selected key angles 

α, ꞵ , γ, and δ for I-CORF and TS1-RF.  

 

The computed structures in Figure 2.13 show the presence of an attractive interaction with 

electrostatic character between H29 (of the CHF2 group) and O3 (of the carboxylate ligand). This 

interaction appears to contribute significantly to both the kinetic and thermodynamic preference 

for carbonyl deinsertion at the CHF2 versus CF3 analogue. In the ground state starting material, I-
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COCHF2, a weak H(δ+)−O(δ−) electrostatic contact (3.59 Å) contributes to a distortion of the 

coordination geometry at Pd away from square planar. For instance, the angle between the acyl 

and carboxylate ligands (β in Figure 4) is 97.5° in I-COCF3 (which cannot engage in this weak 

contact) versus 154.9° in I-COCHF2. Given that carbonyl de-insertion transition states involve a 

three-coordinate metal center,16b this distortion makes the geometry of I-COCHF2 much closer to 

that of the transition state, TS1-CHF2 than in the CF3 analogue. The H−O bond distance becomes 

significantly shorter moving from I-COCHF2 (3.59 Å) to TS1-CHF2 (2.69 Å) to II-CHF2 (2.37 

Å). Notably, the latter closely matches that observed experimentally in the X-ray crystal structure 

of II-CHF2 (2.38 Å). Further analysis of the electrostatic potential surfaces (EPSs) of I-COCHF2, 

TS1-CHF2, and II-CHF2 and of non-covalent interaction (NCI) maps of the II-RF adducts reveals 

the stabilizing role of various attractive interactions.18p−r Specifically, orbital donor−acceptor 

interactions, electrostatic interactions, and a series of weakly attractive non-covalent bonds 

(dipole−induced dipole) were all observed in the -CHF2-containing structures, most prominently 

in TS1-CHF2. In contrast, the electrostatic potential surfaces of the CF3-analogues show more 

diffuse dispersive repulsive interactions between the highly electronegative trifluoromethyl 

groups. These repulsive interactions are most pronounced in TS1-CF3, providing further insights 

into the relatively high barrier to carbonyl de-insertion at I-COCF3. 

 

2.4      Catalytic Cycle: Transmetalation and Reductive Elimination 

We next used complex II-CHF2 to interrogate the final two steps of the catalytic cycle: 

transmetalation and aryl–RF bond-forming reductive elimination (Figure 2.14). With boronic acid 

1a as the nucleophile, 55% conversion of II-CHF2 was observed over 0.25 h at room temperature, 

with concomitant formation of the difluoromethylated organic product 1 in 40% yield. None of the 

PdII-aryl intermediate III-CHF2 was detected, indicating that Ar–CHF2 bond-forming reductive 

elimination is facile at room temperature. In contrast, the boronate ester nucleophiles 1b and 1c 

showed low reactivity towards transmetalation with II-CHF2. In both cases, >99% of II-CHF2 

remained after 0.25 h at 25 ºC, and only traces of 1 were detected. These results indicate that 

transmetalation between the PdII–difluoroacetate intermediate II-CHF2 and aryl boronate esters is 

likely to be a key bottleneck in catalysis.  
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Figure 2.14. 19F NMR spectra associated with transmetalation and reductive elimination sequence 

of II-CHF2 with (B) boronic acid 1a, (C) boronic ester 1b, and (D) boronic ester 1c.  
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We hypothesized that this issue could be addressed by changing the X-type ligand on PdII 

from trifluoroacetate to a more reactive fluoride.19,20 Previous work20,21 has demonstrated that 

transition metal fluoride complexes exhibit high transmetalation activity towards various aryl 

boron nucleophiles. To generate a PdII–F intermediate, we treated a THF solution of II-CHF2 with 

anhydrous tetramethylammonium fluoride13c (Me4NF) for 0.5 h at 25 ºC (Figure 2.15, B). This 

resulted in complete consumption of II-CHF2 and the appearance of a broad 19F NMR resonance 

at –349.5 ppm, which is diagnostic for a metal-fluoride.19 While this intermediate could not be 

isolated cleanly, the addition of boronate ester 1b resulted in consumption of the Pd–F signal within 

15 min at 25 ºC and formation of the reductive elimination product 1 in 27% yield (Figure 2.15, 

C). Again, the putative intermediate III-CHF2 was not detected. Overall, this sequence 

demonstrates that a fluoride ligand enables the targeted transmetalation/reductive elimination 

sequence with 1b, thus closing the formal catalytic cycle in this system. 
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Figure 2.15 Generation of a Pd–F intermediate facilitates transmetalation with organoboron 

reagent 1b and subsequent reductive elimination (steps iii and iv in Scheme 2.2). 

 

2.5 Development of Catalytic Reaction  

The organometallic studies described above demonstrate that each individual step of the 

catalytic cycle (Scheme 2.2) can proceed at room temperature. As such, our initial catalysis 

attempts focused on the room temperature SPhos/Pd[P(o-Tol)3]2-catalyzed decarbonylative 

coupling of DFAAn with boronate ester 1b in the presence of metal fluoride (MF) sources. As 

summarized in Scheme 2.4, none of these reactions (with Me4NF, Bu4NF, or CsF) yielded the 

target difluoromethylated product 1. However, in the crude 19F NMR spectra of reactions that used 

CsF as the fluoride source, difluoroacetyl fluoride (DFAF) was observed as a major by-product. 

We noted that acid fluorides are significantly less electrophilic than their anhydride 

counterparts8j, which could result in slower oxidative addition. To address this potential issue, we 

next explored elevated temperatures (Scheme 2.4).  

 

Scheme 2.4 Initial attempts at catalysis using DFAAn and fluoride salts. 

Gratifyingly, at 130 ºC using excess CsF relative to DFAAn, the coupling product 1 was 

observed, albeit in modest (22%) yield (Scheme 2.4). The stoichiometric studies suggest that at 

130 ºC carbonyl de-insertion should also be feasible for the -CF3 and -CF2CF3 analogues as well. 
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As such, we explored the analogous catalytic reactions using TFAAn and PFPAn at 130 ºC. As 

shown in Figures 2.16 and 2.17, 4-trifluoromethylbenzonitrile and 4-

pentafluoroethylbenzonitrile5b were formed in these transformations, in modest yields of 5% and 

4%, respectively. In all three decarbonylative fluoroalkylation reactions a significant amount of 

the corresponding fluoroalkyl carboxylic acid was observed in the crude mixture, consistent with 

competing decomposition of the anhydrides with traces of water in the fluoride salts.   

 

Figure 2.16. (Top) 19F NMR of crude reaction with 4-fluorotoluene internal standard showing 4-

trifluoromethylbenzonitrile, 1-CF3 and (bottom) 19F NMR of crude reaction after spiking in an 

authentic sample of 1-CF3. 
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Figure 2.17. 19F NMR of crude reaction with 4-fluorotoluene internal standard indicating 

formation of 1-CF2CF3. 

 

Moving forward, we focused on optimizing catalytic decarbonylative difluoromethylation, 

since this was the highest yielding reaction among those in Scheme 2.4. We first synthesized a 

variety of neopentylglycol boronate esters using two different protocols. If the boronic acid was 

commercially available, the corresponding ester was synthesized via a condensation reaction with 

2,2-dimethyl-1,3-propanediol. If not, the aryl bromide precursor was subjected to a Miyaura 

borylation reaction with bis(neopentyl glycolato)diboron (see Experimental section for details). 

In addition, to eliminate the need for the hygroscopic fluoride additives, we independently 

synthesized anhydrous DFAF as a concentrated solution in THF and deployed it directly as the 

electrophile for cross-coupling (Figure 2.18).23,24 THF was identified to be the most suitable 

reaction solvent and distillation solvent due to its relatively low boiling point and the high 



 

36 

 

solubility of CsF in THF. While a higher boiling solvent, such as mesitylene or xylenes, could in 

principle enable higher temperatures in the catalytic reaction, the poor solubility of CsF in these 

solvents limited the acid fluoride generation step in these media. Further, there are additional 

challenges associated the co-distillation of low boiling DFAF in these high boiling aromatic 

solvents. 

 

Figure 2.18. Representative 19F NMR spectrum obtained after synthesis and distillation of DFAF 

containing 0.33 mmol of trifluoromethoxybenzene internal standard.  

 

With the boronate ester and DFAF coupling partners in hand, we began to screen reaction 

conditions. As shown in Table 2.2, entry 1, none of product 1 was detected at room temperature 

with DFAF as the electrophile and 1b as the nucleophile, consistent with slow oxidative addition. 
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However, upon heating this reaction to 130 °C, 1 was formed in 51% yield (Table 2.2, entry 3). 

The reaction was further optimized with respect to reagent stoichiometry, temperature, solvent, 

and reaction time. Under the optimized conditions (10 mol % Pd[P(o-Tol)3]2, 20 mol % of SPhos, 

5 equiv of DFAF, and 1 equiv of 1b in a mixture of THF:toluene at 150 ºC for 5 h), 1 was formed 

in 92-93% yield as determined by 19F NMR spectroscopic analysis and was isolated in 77% yield. 

 

Table 2.2. Optimization of difluoromethylation of 1a with DFAF. aYields determined by 19F NMR 

with 4-fluorotoluene internal standard. bReaction was run for 5 h. 
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Figure 2.18. Reaction solution in tall 10 mL vial before heating in THF/toluene.  

 

 

Table 2.3. Impact of catalyst, nucleophile, and ligand loading on reaction yields. 
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Table 2.4. Scope of aryl boronate esters for the catalytic electrophilic decarbonylative 

difluoromethylation using difluoroacetyl fluoride. a15 mol% Pd[P(o-tol)3]2/30 mol% SPhos used 

for catalysis. 

We next evaluated the scope of aryl boronate ester nucleophiles for this transformation. As 

summarized in Table 2.4, a variety of neopentylglycol boronate esters bearing electron 

withdrawing substituents (1-13) reacted to afford modest to excellent yields of 

difluoromethylarene products. Nitriles (1, 2), ketones (3-5), esters (6-8), sulfoxides (11), 

sulfonamides (12, 13) were well-tolerated under the reaction conditions. In addition, azole 

derivatives (9, 10) reacted in low to modest yields. Boronate esters bearing fluorinated substituents 
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also underwent difluoromethylation in good to excellent yields but proved too volatile for isolation 

(Table 2.5).  

 

Table 2.5. Scope of difluoromethylated arenes bearing fluorine or fluoroalkyl substituents. 

 

Interestingly, boronate ester derivatives bearing electron donating substituents, such as 

methyl, phenyl, or benzyl ethers, showed low reactivity under these conditions (typically <5% 

yield; Table 2.6).  

 

     Table 2.6. Other substrates explored for palladium-catalyzed difluoromethylation using 

difluoroacetyl fluoride. 

 

Given the poor reactivity of electron-rich aryl boronate nucleophiles in the catalytic 

reaction, we evaluated the fluoride-mediated transmetalation of II-CHF2 with the p-OCH3 

substituted substrate 19b (Figure 2.19). The difluoromethylated product 19 was formed in 26% 

yield (nearly identical to the 27% yield of 1 in Figure 2.15), suggesting that the transmetalation 

step is not the origin of the poor reactivity of electron-rich boronate esters in this system.  
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Figure 2.19. Scheme and 19F NMR spectra associated with fluoride-aided transmetalation of II-

CHF2 with substrates 1b, 19b, and 2-(4-fluorophenyl)-5,5-dimethyl-1,3,2-dioxaborinane.  
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19F NMR spectroscopic analysis of the low yielding reactions showed significant quantities 

of unreacted DFAF and no identifiable organic by-products. The mass balance in the catalytic 

reaction was evaluated via 19F NMR spectroscopy using 2-(4-fluorophenyl)-5,5-dimethyl-1,3,2-

dioxaborinane as the substrate (Figure 2.20). After 3 h, 17% of the difluoromethylated product [1-

(difluoromethyl)-4-fluorobenzene], 14% of the protodeboronation product (fluorobenzene), and 

43% of the aryl boron starting material were observed, accounting for 74% of the mass balance 

(Figure 2.21). Similar to the stoichiometric transmetalation experiment using 2-(4-fluorophenyl)-

5,5-dimethyl-1,3,2-dioxaborinane, 4-fluorophenyl boronic acid and 4,4’difluorobiphenyl were not 

observed.  

 

 

Figure 2.20. 19F NMR spectra obtained from spiking authentic samples into the crude reaction of 

2-(4-fluorophenyl)-5,5-dimethyl-1,3,2-dioxaborinane. 
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Figure 2.21. 19F NMR spectra obtained from spiking authentic samples into the crude reaction of 

2-(4-fluorophenyl)-5,5-dimethyl-1,3,2-dioxaborinane. 

 

2.6.    Conclusions 

In summary, this chapter presents a detailed investigation of decarbonylative cross-

couplings between fluoroalkyl carboxylic acid-derived electrophiles and aryl boron nucleophiles. 

The combination of stoichiometric organometallic and computational studies unveiled several key 

findings that ultimately enabled the development of a catalytic difluoromethylation reaction. First, 

unusually low barriers are observed for the key carbonyl de-insertion step at 

(SPhos)PdII(C(O)CHF2)(X) complexes relative to their trifluoromethyl and pentafluoroethyl 

analogues. Several attractive non-covalent interactions involving the acidic CHF2 hydrogen appear 

to play a crucial role in lowering this barrier, a finding that could prove more broadly useful in the 

future development of decarbonylative couplings with these electrophiles. 

The generation of a Pd–fluoride intermediate proved critical for promoting the challenging 

transmetalation step of the sequence. This finding led to the use of difluoroacetyl fluoride as the 
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electrophile in catalysis to directly access a ‘transmetalation-active’ Pd-fluoride intermediate in 

situ and enable base-free transmetalation. While similar effects have been observed at nickel 

centers, this report is rare example of base-free cross-coupling of an acid fluoride derivative at 

Pd.22i Overall, we expect this study to engender interest in the unique properties of fluoroalkyl 

groups and the reactivity of metal–fluoroalkyl complexes in the context of catalytic reaction 

development. 
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2.7.  Experimental Section 

General information. All manipulations were performed inside an N2-filled glovebox unless 

otherwise noted, and all glassware was oven-dried for a minimum of 24 h in an oven at 150 ºC 

before use. NMR spectra were obtained on a Varian VNMR 700 (699.76 MHz for 1 H; 175.95 

MHz for 13C), Varian VNMR 500 (500.09 MHz for 1H; 470.56 MHz for 19F; 125.75 MHz for 13C), 

or Varian VNMR 400 (401 MHz for 1H; 376 MHz for 19F; 123 MHz for 13C) spectrometer. 1H and 

13C NMR chemical shifts are reported in parts per million (ppm) relative to TMS, with the residual 

solvent peak used as an internal reference. 19F NMR chemical shifts are reported in ppm and are 

referenced to 4-fluorotoluene (–119.85 ppm) or trifluoromethoxybenzene (–58.00 ppm). 13C NMR 

spectra are referenced to the residual CHCl3 peak (77.16 ppm). Abbreviations used in the NMR 

data are as follows: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; br, broad signal. Yields 

of reactions that generated fluorinated products were determined by 19F NMR spectroscopic 

analysis using a relaxation delay of 5 s with a 90º pulse angle. Mass spectral data were obtained 

on a Micromass Magnetic Sector Mass Spectrometer. Automated flash chromatography was 

performed using a Biotage Isolera One system with cartridges containing high performance silica 

gel. 

Abbreviations: tetrahydrofuran (THF), dichloromethane (DCM), diethyl ether (Et2O), 

difluoroacetyl fluoride (DFAF), difluoroacetic anhydride (DFAAn), trifluoroacetic anhydride 

(TFAAn), difluoroacetic acid (DFA), trifluoroacetic acid (TFA), pentafluoropropionic anhydride 

(PFPAn), pentafluoropropionic acid (PFPA), tetramethyl ammonium fluoride (TMAF), 

tetrabutylammonium fluoride (TBAF), room temperature (RT). 

 

Compatibility experiment with trifluoroacetic anhydride and diphenyl zinc. A THF 

solution (0.5 M) of trifluoroacetic anhydride was prepared, and 0.1 mL of this solution was added 

to a pre-weighed vial containing a stir bar and Ph2Zn (11 mg, 0.05 mmol, 1.0 equiv). The solution 

was diluted to 0.4 mL with THF, sealed with a Teflon-lined cap, and stirred at room temperature 

for 1 h. 4-Fluorotoluene (0.025 mL, 2.0 M, 0.05 mmol, 1.0 equiv) was added as a 19F NMR 

standard, the solution was transferred to an NMR tube, and the reaction was analyzed via 19F NMR 
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spectroscopy. 2,2,2-trifluoromethyl acetophenone A was formed in 77% yield (signal at –72.4 

ppm) with no remaining anhydride. A broad signal attributed to a zinc trifluoromethyl acetate was 

also observed at –76.2 ppm as shown in Figure S1.  

Compatibility experiment with trifluoroacetic anhydride and phenyl boronic acid. A 

CDCl3 solution (1.0 M) of trifluoroacetic anhydride was prepared, and 0.3 mL was added to a pre-

weighed vial containing a stir bar and PhB(OH)2 (36 mg, 0.30 mmol, 1.0 equiv). The solution was 

diluted to 0.4 mL with CDCl3, sealed with a Teflon-lined cap, and stirred at room temperature for 

1 h. The reaction solution was transferred to an NMR tube and analyzed by 13C NMR spectroscopy. 

(13C rather than 19F NMR was used, because the former allows more clear differentiation of the 

CF3-containing products, vide infra.) As shown in Figure S2, trifluoroacetic acid (B) is the major 

CF3-containing product formed under these conditions. Conducting the experiment in THF or 

toluene with analysis by 19F NMR spectroscopy led to inconclusive results due to the poor 

resolution between TFAAn and TFA in the 19F NMR spectra. 

Compatibility experiment with trifluoroacetic anhydride and phenylboronic acid 

neopentylglycol ester. A CDCl3 solution (1.0 M) of trifluoroacetic anhydride was prepared, and 

0.3 mL was added to a pre-weighed vial containing a stir bar and phenylboronic acid 

neopentylglycol ester (54 mg, 0.30 mmol). The solution was diluted to 0.4 mL with CDCl3, sealed 

with a Teflon-lined cap, and stirred at room temperature for 1 h. The solution was transferred to 

an NMR tube, and 13C NMR analysis was conducted. After 1 h or 3 h, 13C NMR spectroscopic 

analysis showed that neither A nor B was formed (Figure S2). Conducting the experiment in THF 

or toluene followed by analysis via 19F NMR spectroscopy led to inconclusive results due to the 

poor resolution between TFAAn and TFA in the 19F NMR spectra. 

Compatibility experiment with trifluoroacetic anhydride and phenylboronic acid 

neopentylglycol ester at 50 ºC. A CDCl3 solution (1.0 M) of trifluoroacetic anhydride was 

prepared, and 0.3 mL was added to a pre-weighed vial containing a stir bar and phenylboronic acid 

neopentylglycol ester (54 mg, 0.30 mmol). The solution was diluted to 0.4 mL with CDCl3, sealed 

with a Teflon-lined cap, and stirred at 50 ºC for 1 h. The reaction was cooled to room temperature. 

The solution was transferred to an NMR tube and 13C NMR analysis was conducted, showing a 

small amount of trifluoroacetic acid B (Figure S3). 
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Compatibility experiment with trifluoroacetic anhydride and phenylboronic acid pinacol 

ester. A CDCl3 solution (1.0 M) of trifluoroacetic anhydride was prepared, and 0.3 mL was added 

to a pre-weighed vial containing a stir bar and phenylboronic acid pinacol ester (61 mg, 0.30 

mmol). The solution was diluted to 0.4 mL with CDCl3, sealed with a Teflon-lined cap, and stirred 

at room temperature for 1 h. The mixture was transferred to an NMR tube and 13C NMR 

spectroscopic analysis was conducted. Neither A nor B was detected. 

Compatibility experiment with difluoroacetic anhydride and phenyl boronic acid. A 

CDCl3 solution (1.0 M) of difluoroacetic anhydride was prepared, and 0.15 mL was added to a 

pre-weighed vial containing a stir bar and PhB(OH)2 (18 mg, 0.15 mmol, 1.0 equiv). The solution 

was diluted to 0.4 mL with CDCl3, sealed with a Teflon-lined cap, and stirred at room temperature 

for 1 h at room temperature. The solution was transferred to an NMR tube and 13C NMR analysis 

was conducted, which showed complete hydrolysis of DFAAn to form difluoroacetic acid (DFA). 

Compatibility experiment with difluoroacetic anhydride and phenylboronic acid 

neopentylglycol ester. A CDCl3 solution (1.0 M) of difluoroacetic anhydride was prepared, and 

0.15 mL was added to a pre-weighed vial containing a stir bar and phenyl boronate ester 1b (26 

mg, 0.15 mmol). The solution was diluted to 0.4 mL with CDCl3, sealed with a Teflon-lined cap, 

and stirred at room temperature for 1 h at room temperature. The solution was transferred to an 

NMR tube, and 13C NMR analysis was conducted, which showed no detectable DFA. 

Compatibility experiment with difluoroacetyl fluoride and phenyl boronic acid. A 

solution of PhB(OH)2 (12 mg, 0.10 mmol, 1.0 equiv) in 0.4 mL THF was prepared. To this was 

added a THF solution of DFAF (0.035 mL, 2.85 M, 0.10 mmol, 1.0 equiv), and the reaction was 

sealed with a Teflon-lined cap and stirred at room temperature for 1 h. 4-fluorotoluene (0.05 mL, 

2.0 M, 0.10 mmol, 1.0 equiv) was added as an internal standard, the solution was transferred to an 

NMR tube, and 19F NMR analysis was conducted. No DFAF was detected in solution; instead, a 

doublet at –128.45 ppm appeared, which corresponds to the hydrolysis product DFA. 

Compatibility experiment with difluoroacetyl fluoride and phenylboronic acid 

neopentylglycol ester. A solution of PhBneo (19 mg, 0.10 mmol, 1.0 equiv) in 0.4 mL THF was 

prepared. To this was added a THF solution of DFAF (0.035 mL, 2.85 M, 0.10 mmol, 1.0 equiv), 

and the reaction was sealed with a Teflon-lined cap and stirred at room temperature for 1 h. 4-
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fluorotoluene (0.05 mL, 2.0 M, 0.10 mmol, 1.0 equiv) was added as an internal standard, the 

solution was transferred to an NMR tube, and 19F NMR analysis was conducted. Less than 3% 

DFA was observed in solution. 

Stoichiometric reaction oxidative addition and carbonyl-deinsertion experiment of 

trifluoroacetic anhydride with Pd/SPhos. A solution of trifluoroacetic anhydride (0.4 mL, 0.04 

mmol, 0.1 M, 4 equiv) in anhydrous tetrahydrofuran was prepared. To this was added a THF-

solution of 4-fluorotoluene (0.4 mL, 0.04 mmol, 0.1 M, 4.0 equiv). Pd[P(o-Tol)3]2 (21.3 mg, 0.03 

mmol, 3 equiv) and SPhos (12.3 mg, 0.03 mmol, 3 equiv) were suspended in anhydrous THF (0.3 

mL), and this mixture was stirred vigorously for 5 min. To the THF-suspension of Pd and SPhos 

was added 0.6 mL of the anhydride solution to generate a solution with 0.9 mL of total volume. 

The remaining 0.2 mL of anhydride solution was diluted and used as a 19F NMR reference. The 

reaction mixture was stirred briefly to ensure homogeneity and was then portioned evenly into 

three vials (i, ii, iii). A 19F NMR spectrum of sample i was acquired after 15 min and showed 98% 

yield of I-COCF3. A 19F NMR spectrum of sample ii was acquired after 4 h and lacked the minor 

TFAAn peak still observed in the spectrum collected after 15 min, with no detectable II-CF3. 

Sample iii was heated to 90 ºC for 30 min and then analyzed by 19F NMR spectroscopy, which 

showed the formation of II-CF3 in 90% yield. The complexes were identified by 19F NMR 

spectroscopy based on the diagnostic locations of the observed peaks, which are in excellent 

agreement with our previous report1a of an analogous transformation at (RuPhos)Pd(0).  In situ 

NMR characterization: TFAAn: 19F NMR (376 MHz) δ -76.73 (s, 6F). I-COCF3: 
19F NMR (376 

MHz) δ -73.94 (s, 3F), -75.61 (s, 3F). II-CF3: 
19F NMR (376 MHz) δ -11.60 (bs, 3F), -75.69 (s, 

3F).  

Stoichiometric oxidative addition and carbonyl de-insertion experiment of difluoroacetic 

anhydride with Pd/SPhos. A solution of difluoroacetic anhydride (0.4 mL, 0.04 mmol, 0.1 M, 4 

equiv) in anhydrous tetrahydrofuran was prepared. To this was added a THF solution of 4-

fluorotoluene (0.4 mL, 0.04 mmol, 0.1 M, 4.0 equiv). Pd[P(o-Tol)3]2 (21.3 mg, 0.03 mmol, 3 

equiv) and SPhos (12.3 mg, 0.03 mmol, 3 equiv) were suspended in anhydrous THF (0.3 mL), and 

this mixture stirred vigorously for 5 min. To the THF suspension of Pd and SPhos was added 0.6 

mL of the anhydride solution. The remaining 0.2 mL of anhydride solution was diluted and used 
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as a 19F NMR reference (spectrum A in Figure S8). The Pd solution containing internal standard, 

ligand, and anhydride was stirred briefly to ensure homogeneity and then portioned evenly into 

three vials (i, ii, iii). A 19F NMR spectrum was acquired of sample i after 15 min at room 

temperature and showed 85% yield of I-COCHF2 and 13% yield of II-CF3. A 19F NMR spectrum 

was acquired of sample iii after 10 h at room temperature and showed 91% yield of II-CHF2 and 

6% remaining I-COCHF2.  The spectra show a dramatically lower barrier for carbonyl de-insertion 

at I-COCHF2 compared to I-COCF3. After 10 h stirring at room temperature, II-CHF2 is obtained 

in 91% yield with 6% acyl complex remaining based on the 19F NMR spectrum. This is in sharp 

contrast to the temperature requirement for carbonyl de-insertion of I-COCF3. Notably, reacting 

Pd[P(o-Tol)3]2/SPhos with difluoroacetic anhydride in an NMR tube without stirring led to 

significantly lower rates of carbonyl de-insertion.  

Stoichiometric oxidative addition and carbonyl de-insertion experiment of 

pentafluoropropionic anhydride (PFPAn) with Pd/SPhos. A THF-solution of 

pentafluoropropionic anhydride (0.4 mL, 0.05 mmol, 0.125 M, 5 equiv) was prepared. To this was 

added a THF-solution of 4-fluorotoluene (0.4 mL, 0.04 mmol, 0.1 M, 4 equiv). Pd[P(o-Tol)3]2 

(21.3 mg, 0.03 mmol, 3 equiv) and SPhos (12.3 mg, 0.03 mmol, 3 equiv) were weighed in a 

separate 4-mL vial with a stirbar, 0.6 mL THF were added, and the mixture was stirred. To the 

stirred mixture of Pd and SPhos in THF was added 0.6 mL of the anhydride/4-fluorotoluene 

solution to generate a solution with a total volume of 1.2 mL. The remaining 0.2 mL of 

anhydride/4-fluorotoluene solution was diluted with THF and used as a 19F NMR reference 

(spectrum A in Figure S9). The reaction mixture was stirred briefly to ensure homogeneity and 

was then portioned evenly (0.4 mL) into three vials (i, ii, iii). A 19F NMR spectrum of sample i 

was acquired after 0.25 h and shows conversion of PFPAn to I-COCF2CF3 (Figure S9, B). Sample 

ii was also analyzed by 31P NMR spectroscopy. A 19F NMR spectrum of sample ii was acquired 

after 4 h and showed no significant change to the 19F NMR spectrum obtained from sample i. 

Sample iii was heated to 90 ºC for 30 min and then analyzed by 19F NMR spectroscopy (Figure 

S9, D) and 31P spectroscopy, which support the quantitative conversion of I-COCF2CF3 to II-

CF2CF3. The complexes were characterized in situ by 19F NMR and 31P NMR spectroscopy based 

on the diagnostic locations of the observed peaks1a. In situ NMR characterization: PFPAn: 19F 
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NMR (376 MHz) δ -84.07 (s, 6F), -123.33 (s, 4F). I-COCF2CF3: 
19F NMR (376 MHz) δ -80.96 

(s, 3F), -83.28 (s, 3F), -112.00 (s, 2F), -119.25 (s, 2F). 31P NMR (162 MHz) δ 46.04 (s, 1P). II-

CF2CF3: 
19F NMR (376 MHz) δ -76.49 (bs, 2F), -79.14 (s, 3F), -88.48 (s, 3F), -119.91* (s, 2F). 

31P NMR (162 MHz) δ 52.98 (bs, 1P). The data in Figures S9 and S10 show that the reactivity of 

PFPAn nearly identical to that observed for TFAAn (i.e., fast oxidative addition and slow carbonyl 

de-insertion at room temperature). Notably, both TFAAn and PFPAn lack the acidic hydrogen 

found in DFAAn and thus require high temperatures for carbonyl de-insertion. 

Synthesis and analytical data for complex II-CHF2. A 20 mL vial 

equipped with a stir bar was charged with Pd[P(o-Tol)3]2 (340 mg, 

0.48 mmol, 1.0 equiv), SPhos (195 mg, 0.48 mmol, 1.0 equiv), and 

THF (4 mL). To this stirring suspension was added difluoroacetic 

anhydride (87 mg, 0.5 mmol, 1.05 equiv). The reaction was stirred 

for 18 h at room temperature, then concentrated to ca. 1 mL in vacuo to yield a dark yellow oil. 

The oil was loaded onto a 2 cm tall celite plug in a disposable fritted funnel and eluted with THF 

(8-10 mL). The yellow filtrate was concentrated in vacuo, yielding a yellow, oily residue. After 

addition of pentanes, a pale-yellow precipitate formed. The yellow suspension was loaded onto a 

2 cm tall celite plug in a disposable fritted funnel, and the solid was washed with diisopropyl ether 

(10 mL), then a minimal amount of cold anhydrous Et2O. The pale solid was eluted with 

tetrahydrofuran, and the resultant yellow filtrate was concentrated in vacuo, yielding II-CHF2 as 

an off-white solid (195 mg, 0.29 mmol, 61% yield) containing about 0.2 equiv of tetrahydrofuran, 

as determined by 1H NMR spectroscopy. 19F NMR (470 MHz, Methylene Chloride-d2) δ –75.29 

(t, J = 46.1 Hz), –124.38 (d, J = 57.0 Hz). 31P NMR (202 MHz, Methylene Chloride-d2) δ 46.05 

(t, J = 37.6 Hz). 1H NMR (700 MHz, Methylene Chloride-d2) δ 7.73 (t, J = 7.1 Hz, 1H), 7.58-7.38 

(multiple peaks, 3H), 6.78 (ddd, J = 7.6, 3.0, 1.4 Hz, 1H), 6.57 (d, J = 8.5 Hz, 2H), 6.26 (td, J = 

53.0, 5.1 Hz, 1H), 5.60 (t, J = 55.7 Hz, 1H), 3.80 (s, 6H), 2.33-2.23 (m, 2H), 2.13 (d, J = 8.1 Hz, 

2H), 1.95-1.76 (multiple peaks, 6H), 1.74-1.55 (multiple peaks, 4H), 1.41-1.16 (multiple peaks, 

6H). 13C NMR (176 MHz, Methylene Chloride-d2) δ 167.24 (t, J = 24.4 Hz), 161.94, 144.06 (d, J 

= 17.5 Hz), 137.15, 135.32 (d, J = 42.3 Hz), 132.58, 132.08, 132.01 (d, J = 3.0 Hz), 127.49 (d, J = 

6.0 Hz), 119.50 (td, J = 314.1, 14.1 Hz), 110.20 (t, J = 249.6 Hz), 56.38, 35.85 (d, J = 26.9 Hz), 
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29.50, 29.16 (d, J = 1.8 Hz), 27.87 (dd, J = 29.1, 12.8 Hz), 26.62 (d, J = 1.7 Hz). HRMS (ESI+) 

calcd. for C29H37F4O4PPd [M+H] m/z 662.1400. Parent – OCOCHF2 m/z 567.1456. Found 

567.1470. X-ray quality crystals of II-CHF2 were obtained by vapor diffusion of Et2O /pentanes 

into a THF solution of II-CHF2 at room temperature. An ORTEP diagram of II-CHF2 is shown 

with select hydrogen atoms are omitted for clarity. Selected bond lengths (Å) and angle (deg): O3–

Pd1 2.11, O4–Pd1 3.09, C29–Pd1 1.99, C1–Pd1 2.46; H29---O3 2.38; C29–Pd1–O3 81.7, C29–

H29---O3 96.9.  

 

 

Figure 2.22 ESI+ Scans for HRMS analysis of II-CHF2–OCOCHF2. 
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Structure determination of II-CHF2. Yellow blocks of II-CHF2 were grown via vapor 

diffusion of pentane/diethyl ether solution into tetrahydrofuran solution of the compound at 22 °C.  

A crystal of dimensions 0.22 x 0.20 x 0.16 mm was mounted on a Rigaku AFC10K Saturn 944+ 

CCD-based X-ray diffractometer equipped with a low temperature device and Micromax-007HF 

Cu-target micro-focus rotating anode (l = 1.54187 A) operated at 1.2 kW power (40 kV, 30 mA).  

The X-ray intensities were measured at 85(1) K with the detector placed at a distance 42.00 mm 

from the crystal.  A total of 2028 images were collected with an oscillation width of 1.0° in w.  

The exposure times were 1 sec. for the low angle images, 3 sec. for high angle.  Rigaku d*trek 

images were exported to CrysAlisPro for processing and corrected for absorption.  The integration 

of the data yielded a total of 42225 reflections to a maximum 2q value of 138.80° of which 5201 

were independent and 5166 were greater than 2s(I).  The final cell constants (Table S4) were based 
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on the xyz centroids of 29274 reflections above 10s(I).  Analysis of the data showed negligible 

decay during data collection.  The structure was solved and refined with the Bruker SHELXTL 

(version 2018/3) software package, using the space group P2(1)/c with Z = 4 for the formula 

C29H37O4F4PPd.  All non-hydrogen atoms were refined anisotropically with the hydrogen atoms 

placed in idealized positions.  The difluoroacetato group is rotationally disordered.  Full matrix 

least-squares refinement based on F2 converged at R1 = 0.0317 and wR2 = 0.0851 [based on I > 

2sigma(I)], R1 = 0.0319 and wR2 = 0.0853 for all data.  Additional details are presented in Table 

4 and are given as Supporting Information in a CIF file.  Acknowledgement is made for funding 

from NSF grant CHE-0840456 for X-ray instrumentation. 

 

G.M. Sheldrick (2015) "Crystal structure refinement with SHELXL", Acta Cryst., C71, 3-8 (Open 

Access). 

CrystalClear Expert 2.0 r16, Rigaku Americas and Rigaku Corporation (2014), Rigaku Americas, 

9009, TX, USA 77381-5209, Rigaku Tokyo, 196-8666, Japan. 

CrysAlisPro 1.171.38.41 (Rigaku Oxford Diffraction, 2015). 

   

Empirical formula                  C29H37F4O4PPd 

Formula weight                     662.95 

Temperature                        85(2) K 

Wavelength                         1.54184 A 

Crystal system Monoclinic 

space group        P2(1)/c 

Unit cell dimensions               

                                         

a = 9.68570(10) A        α = 90 °  

b = 18.93400(10) A      ß = 91.4640(10)°  

c = 15.37910(10) A      γ = 90 °  

Volume                             2819.44(4) A^3 

Z 4 

Calculated density              1.562 Mg/m^3 

Absorption coefficient             6.373 mm^-1 
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F(000)                             1360 

Crystal size                       0.220 x 0.200 x 0.160 mm 

Theta range for data collection    3.703 to 69.400 deg. 

Limiting indices                   -11<=h<=11, -22<=k<=22, -17<=l<=18 

Reflections collected / unique     42225 / 5201 [R(int) = 0.0734] 

Completeness to theta  67.684 (99.0 %) 

Absorption correction            Semi-empirical from equivalents 

Max. and min. transmission         1.00000 and 0.64949 

Refinement method                  Full-matrix least-squares on F2 

Data / restraints / parameters     5201 / 6 / 366 

Goodness-of-fit on F^2             1.054 

Final R indices [I>2σ(I)]    R1 = 0.0317, wR2 = 0.0851 

R indices (all data)               R1 = 0.0319, wR2 = 0.0853 

Largest diff. peak and hole        0.799 and -0.744 e.A-3 

Table 2.7. Addition details regarding crystals of II-CHF2.  

   

         ________________________________________________________________ 

                                x                y                  z          U(eq) 

        _______________________________________________________________  

   

          Pd(1)        7311(1)       3028(1)       3624(1)        8(1)  

          P(1)         7388(1)       2039(1)       4429(1)        8(1)  

          C(28)        5771(2)       4882(1)       2276(2)       16(1)  

          F(1)         6121(2)       4680(1)       1465(1)       35(1)  

          F(2)         6549(2)       5452(1)       2513(2)       29(1)  

          C(28A)       5771(2)       4882(1)       2276(2)       16(1)  

          F(1A)        6121(2)       4680(1)       1465(1)       35(1)  

          F(2A)        4496(7)       5092(4)       2254(5)       41(3)  

          F(3)         4813(1)       2651(1)       2780(1)       27(1)  

          F(4)         6393(2)       1893(1)       2465(1)       24(1)  

          O(1)         7084(2)       3752(1)       5572(1)       14(1)  

          O(2)        11039(2)       3195(1)       4036(1)       15(1)  

          O(3)         7094(2)       3928(1)       2821(1)       12(1)  

          O(4)         5151(2)       4229(1)       3515(1)       18(1)  
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          C(1)         8980(2)       3458(1)       4735(1)        9(1)  

          C(2)         7952(2)       3961(1)       4945(2)       12(1)  

          C(3)         7932(2)       4634(1)       4570(2)       15(1)  

          C(4)         8958(3)       4812(1)       4006(2)       16(1)  

          C(5)        10016(2)       4349(1)       3797(2)       14(1)  

          C(6)        10032(2)       3677(1)       4164(2)       11(1)  

          C(7)         5933(3)       4204(1)       5754(2)       23(1)  

          C(8)        12257(2)       3432(2)       3609(2)       21(1)  

          C(9)         9254(2)       2863(1)       5366(2)        9(1)  

          C(10)       10231(3)       2987(1)       6034(2)       12(1)  

          C(11)       10433(2)       2503(1)       6703(2)       12(1)  

          C(12)        9645(2)       1892(1)       6722(2)       12(1)  

          C(13)        8699(2)       1752(1)       6054(2)       10(1)  

          C(14)        8517(2)       2228(1)       5360(1)       10(1)  

          C(15)        8127(2)       1265(1)       3887(1)       10(1)  

          C(16)        9514(2)       1472(1)       3493(2)       13(1)  

          C(17)       10062(3)        870(1)       2934(2)       16(1)  

          C(18)       10177(2)        180(1)       3446(2)       14(1)  

          C(19)        8803(2)        -12(1)       3854(2)       15(1)  

          C(20)        8289(2)        589(1)       4429(2)       13(1)  

          C(21)        5768(2)       1750(1)       4915(2)       10(1)  

          C(22)        5028(2)       2390(1)       5298(2)       14(1)  

          C(23)        3699(3)       2168(2)       5742(2)       20(1)  

          C(24)        2745(2)       1758(1)       5123(2)       16(1)  

          C(25)        3488(2)       1120(1)       4752(2)       16(1)  

          C(26)        4802(2)       1337(1)       4293(2)       16(1)  

          C(27)        6002(2)       4288(1)       2941(2)       12(1)  

          C(29)        6200(2)       2589(1)       2656(2)       13(1)  

         ________________________________________________________________ 

Table 2.8 Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A2 x 

103) for II-CHF2. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.  

           _____________________________________________________________ 

            Pd(1)-C(29)                   1.995(2)  

            Pd(1)-O(3)                    2.1124(16)  

            Pd(1)-P(1)                    2.2440(6)  

            Pd(1)-C(1)                    2.461(2)  

            P(1)-C(14)                    1.816(2)  

            P(1)-C(15)                    1.839(2)  

            P(1)-C(21)                    1.839(2)  

            C(28)-F(1)                    1.355(3)  

            C(28)-F(2)                    1.361(3)  

            C(28)-C(27)                   1.532(3)  

            C(28)-H(28)                   1.0000  



 

56 

 

            C(28A)-F(2A)                  1.297(7)  

            C(28A)-F(1A)                  1.355(3)  

            C(28A)-C(27)                  1.532(3)  

            C(28A)-H(28A)                 1.0000  

            F(3)-C(29)                    1.367(3)  

            F(4)-C(29)                    1.365(3)  

            O(1)-C(2)                     1.355(3)  

            O(1)-C(7)                     1.439(3)  

            O(2)-C(6)                     1.354(3)  

            O(2)-C(8)                     1.437(3)  

            O(3)-C(27)                    1.276(3)  

            O(4)-C(27)                    1.228(3)  

            C(1)-C(2)                     1.421(3)  

            C(1)-C(6)                     1.424(3)  

            C(1)-C(9)                     1.506(3)  

            C(2)-C(3)                     1.398(3)  

            C(3)-C(4)                     1.378(3)  

            C(3)-H(3)                     0.9500  

            C(4)-C(5)                     1.393(4)  

            C(4)-H(4)                     0.9500  

            C(5)-C(6)                     1.391(3)  

            C(5)-H(5)                     0.9500  

            C(7)-H(7A)                    0.9800  

            C(7)-H(7B)                    0.9800  

            C(7)-H(7C)                    0.9800  

            C(8)-H(8A)                    0.9800  

            C(8)-H(8B)                    0.9800  

            C(8)-H(8C)                    0.9800  

            C(9)-C(14)                    1.397(3)  

            C(9)-C(10)                    1.399(4)  

            C(10)-C(11)                   1.386(3)  

            C(10)-H(10)                   0.9500  

            C(11)-C(12)                   1.387(3)  

            C(11)-H(11)                   0.9500  

            C(12)-C(13)                   1.385(3)  

            C(12)-H(12)                   0.9500  

            C(13)-C(14)                   1.405(3)  

            C(13)-H(13)                   0.9500  

            C(15)-C(20)                   1.534(3)  

            C(15)-C(16)                   1.539(3)  

            C(15)-H(15)                   1.0000  

            C(16)-C(17)                   1.531(3)  

            C(16)-H(16A)                  0.9900  

            C(16)-H(16B)                  0.9900  
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            C(17)-C(18)                   1.528(3)  

            C(17)-H(17A)                  0.9900  

            C(17)-H(17B)                  0.9900  

            C(18)-C(19)                   1.529(3)  

            C(18)-H(18A)                  0.9900  

            C(18)-H(18B)                  0.9900  

            C(19)-C(20)                   1.530(3)  

            C(19)-H(19A)                  0.9900  

            C(19)-H(19B)                  0.9900  

            C(20)-H(20A)                  0.9900  

            C(20)-H(20B)                  0.9900  

            C(21)-C(22)                   1.535(3)  

            C(21)-C(26)                   1.535(3)  

            C(21)-H(21)                   1.0000  

            C(22)-C(23)                   1.531(3)  

            C(22)-H(22A)                  0.9900  

            C(22)-H(22B)                  0.9900  

            C(23)-C(24)                   1.523(3)  

            C(23)-H(23A)                  0.9900  

            C(23)-H(23B)                  0.9900  

            C(24)-C(25)                   1.525(3)  

            C(24)-H(24A)                  0.9900  

            C(24)-H(24B)                  0.9900  

            C(25)-C(26)                   1.528(3)  

            C(25)-H(25A)                  0.9900  

            C(25)-H(25B)                  0.9900  

            C(26)-H(26A)                  0.9900  

            C(26)-H(26B)                  0.9900  

            C(29)-H(29)                   1.0000  

   

            C(29)-Pd(1)-O(3)             81.69(8)  

            C(29)-Pd(1)-P(1)             94.23(7)  

            O(3)-Pd(1)-P(1)             175.49(5)  

            C(29)-Pd(1)-C(1)            171.11(8)  

            O(3)-Pd(1)-C(1)             101.09(7)  

            P(1)-Pd(1)-C(1)              83.23(5)  

            C(14)-P(1)-C(15)            106.35(10)  

            C(14)-P(1)-C(21)            103.93(10)  

            C(15)-P(1)-C(21)            107.06(10)  

            C(14)-P(1)-Pd(1)            106.28(8)  

            C(15)-P(1)-Pd(1)            115.02(7)  

            C(21)-P(1)-Pd(1)            117.13(8)  

            F(1)-C(28)-F(2)             108.7(2)  

            F(1)-C(28)-C(27)            111.84(19)  
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            F(2)-C(28)-C(27)            109.5(2)  

            F(1)-C(28)-H(28)            108.9  

            F(2)-C(28)-H(28)            108.9  

            C(27)-C(28)-H(28)           108.9  

            F(2A)-C(28A)-F(1A)          108.9(4)  

            F(2A)-C(28A)-C(27)          111.4(4)  

            F(1A)-C(28A)-C(27)          111.84(19)  

            F(2A)-C(28A)-H(28A)         108.2  

            F(1A)-C(28A)-H(28A)         108.2  

            C(27)-C(28A)-H(28A)         108.2  

            C(2)-O(1)-C(7)              117.50(18)  

            C(6)-O(2)-C(8)              117.26(19)  

            C(27)-O(3)-Pd(1)            114.68(14)  

            C(2)-C(1)-C(6)              117.5(2)  

            C(2)-C(1)-C(9)              117.91(19)  

            C(6)-C(1)-C(9)              119.91(19)  

            C(2)-C(1)-Pd(1)              85.87(13)  

            C(6)-C(1)-Pd(1)              97.81(14)  

            C(9)-C(1)-Pd(1)             107.52(14)  

            O(1)-C(2)-C(3)              123.9(2)  

            O(1)-C(2)-C(1)              114.6(2)  

            C(3)-C(2)-C(1)              121.3(2)  

            C(4)-C(3)-C(2)              118.7(2)  

            C(4)-C(3)-H(3)              120.6  

            C(2)-C(3)-H(3)              120.6  

            C(3)-C(4)-C(5)              122.5(2)  

            C(3)-C(4)-H(4)              118.7  

            C(5)-C(4)-H(4)              118.7  

            C(6)-C(5)-C(4)              118.8(2)  

            C(6)-C(5)-H(5)              120.6  

            C(4)-C(5)-H(5)              120.6  

            O(2)-C(6)-C(5)              123.9(2)  

            O(2)-C(6)-C(1)              115.0(2)  

            C(5)-C(6)-C(1)              121.1(2)  

            O(1)-C(7)-H(7A)             109.5  

            O(1)-C(7)-H(7B)             109.5  

            H(7A)-C(7)-H(7B)            109.5  

            O(1)-C(7)-H(7C)             109.5  

            H(7A)-C(7)-H(7C)            109.5  

            H(7B)-C(7)-H(7C)            109.5  

            O(2)-C(8)-H(8A)             109.5  

            O(2)-C(8)-H(8B)             109.5  

            H(8A)-C(8)-H(8B)            109.5  

            O(2)-C(8)-H(8C)             109.5  
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            H(8A)-C(8)-H(8C)            109.5  

            H(8B)-C(8)-H(8C)            109.5  

            C(14)-C(9)-C(10)            119.0(2)  

            C(14)-C(9)-C(1)             123.9(2)  

            C(10)-C(9)-C(1)             116.9(2)  

            C(11)-C(10)-C(9)            120.9(2)  

            C(11)-C(10)-H(10)           119.5  

            C(9)-C(10)-H(10)            119.5  

            C(10)-C(11)-C(12)           120.0(2)  

            C(10)-C(11)-H(11)           120.0  

            C(12)-C(11)-H(11)           120.0  

            C(13)-C(12)-C(11)           119.8(2)  

            C(13)-C(12)-H(12)           120.1  

            C(11)-C(12)-H(12)           120.1  

            C(12)-C(13)-C(14)           120.6(2)  

            C(12)-C(13)-H(13)           119.7  

            C(14)-C(13)-H(13)           119.7  

            C(9)-C(14)-C(13)            119.5(2)  

            C(9)-C(14)-P(1)             118.22(17)  

            C(13)-C(14)-P(1)            122.25(17)  

            C(20)-C(15)-C(16)           110.35(18)  

            C(20)-C(15)-P(1)            117.05(15)  

            C(16)-C(15)-P(1)            109.21(15)  

            C(20)-C(15)-H(15)           106.5  

            C(16)-C(15)-H(15)           106.5  

            P(1)-C(15)-H(15)            106.5  

            C(17)-C(16)-C(15)           110.47(19)  

            C(17)-C(16)-H(16A)          109.6  

            C(15)-C(16)-H(16A)          109.6  

            C(17)-C(16)-H(16B)          109.6  

            C(15)-C(16)-H(16B)          109.6  

            H(16A)-C(16)-H(16B)         108.1  

            C(18)-C(17)-C(16)           111.67(19)  

            C(18)-C(17)-H(17A)          109.3  

            C(16)-C(17)-H(17A)          109.3  

            C(18)-C(17)-H(17B)          109.3  

            C(16)-C(17)-H(17B)          109.3  

            H(17A)-C(17)-H(17B)         107.9  

            C(17)-C(18)-C(19)           111.15(19)  

            C(17)-C(18)-H(18A)          109.4  

            C(19)-C(18)-H(18A)          109.4  

            C(17)-C(18)-H(18B)          109.4  

            C(19)-C(18)-H(18B)          109.4  

            H(18A)-C(18)-H(18B)         108.0  
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            C(18)-C(19)-C(20)           111.12(19)  

            C(18)-C(19)-H(19A)          109.4  

            C(20)-C(19)-H(19A)          109.4  

            C(18)-C(19)-H(19B)          109.4  

            C(20)-C(19)-H(19B)          109.4  

            H(19A)-C(19)-H(19B)         108.0  

            C(19)-C(20)-C(15)           109.68(19)  

            C(19)-C(20)-H(20A)          109.7  

            C(15)-C(20)-H(20A)          109.7  

            C(19)-C(20)-H(20B)          109.7  

            C(15)-C(20)-H(20B)          109.7  

            H(20A)-C(20)-H(20B)         108.2  

            C(22)-C(21)-C(26)           110.99(19)  

            C(22)-C(21)-P(1)            109.45(15)  

            C(26)-C(21)-P(1)            114.22(16)  

            C(22)-C(21)-H(21)           107.3  

            C(26)-C(21)-H(21)           107.3  

            P(1)-C(21)-H(21)            107.3  

            C(23)-C(22)-C(21)           111.12(19)  

            C(23)-C(22)-H(22A)          109.4  

            C(21)-C(22)-H(22A)          109.4  

            C(23)-C(22)-H(22B)          109.4  

            C(21)-C(22)-H(22B)          109.4  

            H(22A)-C(22)-H(22B)         108.0  

            C(24)-C(23)-C(22)           111.4(2)  

            C(24)-C(23)-H(23A)          109.4  

            C(22)-C(23)-H(23A)          109.4  

            C(24)-C(23)-H(23B)          109.4  

            C(22)-C(23)-H(23B)          109.4  

            H(23A)-C(23)-H(23B)         108.0  

            C(23)-C(24)-C(25)           110.7(2)  

            C(23)-C(24)-H(24A)          109.5  

            C(25)-C(24)-H(24A)          109.5  

            C(23)-C(24)-H(24B)          109.5  

            C(25)-C(24)-H(24B)          109.5  

            H(24A)-C(24)-H(24B)         108.1  

            C(24)-C(25)-C(26)           111.44(19)  

            C(24)-C(25)-H(25A)          109.3  

            C(26)-C(25)-H(25A)          109.3  

            C(24)-C(25)-H(25B)          109.3  

            C(26)-C(25)-H(25B)          109.3  

            H(25A)-C(25)-H(25B)         108.0  

            C(25)-C(26)-C(21)           110.50(19)  

            C(25)-C(26)-H(26A)          109.5  
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            C(21)-C(26)-H(26A)          109.5  

            C(25)-C(26)-H(26B)          109.5  

            C(21)-C(26)-H(26B)          109.5  

            H(26A)-C(26)-H(26B)         108.1  

            O(4)-C(27)-O(3)             129.0(2)  

            O(4)-C(27)-C(28)            117.2(2)  

            O(3)-C(27)-C(28)            113.78(19)  

            O(4)-C(27)-C(28A)           117.2(2)  

            O(3)-C(27)-C(28A)           113.78(19)  

            F(4)-C(29)-F(3)             104.67(19)  

            F(4)-C(29)-Pd(1)            119.26(16)  

            F(3)-C(29)-Pd(1)            111.95(15)  

            F(4)-C(29)-H(29)            106.8  

            F(3)-C(29)-H(29)            106.8  

            Pd(1)-C(29)-H(29)           106.8  

           __________________________________________________________ 

Table 2.9.  Bond lengths [Å] and angles [deg] for II-CHF2. 

 

General procedure A for the stoichiometric transmetalation of complex II-CHF2 with 

various aryl boron-based nucleophiles. A 4 mL vial equipped with a stir bar was charged with 

II-CHF2 (19.9 mg, 0.03 mmol, 3.0 equiv) and anhydrous tetrahydrofuran (0.6 mL). To the 

stirred solution, a THF solution of 4-fluorotoluene (0.3 mL, 0.1 M, 0.03 mmol, 3 equiv) was 

added. The solution was divided into three separate solutions (0.3 mL each), each in a 4 mL vial 

equipped with a stir bar. The first solution was transferred to a screw-cap NMR tube and used for 

19F NMR analysis (t = 0). To each of the remaining solutions was added one of the following 

nucleophiles: 4-phenyl boronic acid 1a, 4-(5,5-dimethyl-1,3,2-dioxaborinan-2-yl)benzonitrile, 1b 

(2.2 mg, 0.01 mmol, 1.0 equiv) or 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzonitrile, 

1c (2.3 mg, 0.01 mmol, 1.0 equiv). Each solution was stirred for 0.25 h, transferred to a screw 

cap NMR tube, and analyzed via 19F NMR spectroscopy. The spectra are shown in Figure S12. 

After 0.25 h, 40% of product 1 was observed with the reaction with 45% of II-CHF2 remaining. 

Trace product 1 was observed using neopentyl boronate ester 1b, whereas no detectable product 

was observed in the reaction between II-CHF2 and pinacol boronate ester 1c. Notably, the Pd–

aryl intermediate is not observed, only the organic product 1 was observed at -114.2 ppm (d, J = 

56.4 Hz) by 19F NMR spectroscopy as result of transmetalation and reductive elimination at 

room temperature.  
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General procedure B for the stoichiometric transmetalation at II-CHF2 with added 

NMe4F. A 4 mL vial equipped with a stir bar was charged with II-CHF2 (6.6 mg, 0.01 mmol, 

0.5 equiv) and anhydrous tetrahydrofuran (0.2 mL). To this was added a THF solution of 4-

fluorotoluene (0.1 mL, 0.1 M, 0.01 mmol, 1.0 equiv) then solid NMe4F•tAmylOH (3.6 mg, 0.02 

mmol, 2.0 equiv).13c The suspension was stirred for 0.5 h, filtered through a syringe filter, then 

transferred to a screw cap NMR tube, sealed with a Teflon-lined cap, and analyzed by 19F NMR 

spectroscopy. The formation of a distinct Pd-F intermediate in 12% yield is observed, based on a 

diagnostic resonance at –349.5 ppm.19 Moreover, several new peaks appear in the Pd-CHF2 

region (–86 to –93 ppm). Upon addition of substrate 1b (2.2 mg, 0.01 mmol, 1.0 equiv) to this 

sample, the Pd–F intermediate disappears, and organic product 1 was formed in 27% yield 

Procedure for transmetalation of II-CHF2 with 19b. The general procedure B was 

followed resulting in 4% of Pd–F observed by 19F NMR with 4-fluorotoluene internal standard. 

After addition of substrate 19b (2.2 mg, 0.01 mmol, 1.0 equiv) to this sample, the Pd–F signal 

was consumed and organic product 19 was formed in 26% yield by 19F NMR (Figure S14, D). 

Characterized product 19 in situ: 19F NMR (376 MHz) δ -108.96 (d, J = 56.7 Hz, 2F). 

Procedure for transmetalation with 2-(4-fluorophenyl)-5,5-dimethyl-1,3,2-

dioxaborinane. The general procedure B was followed resulting in 4% of Pd–F observed by 19F 

NMR with 4-fluorotoluene internal standard. After addition of 2-(4-fluorophenyl)-5,5-dimethyl-

1,3,2-dioxaborinane (2.0 mg, 0.01 mmol, 1.0 equiv) to this sample, the Pd–F signal was 

consumed and 1-(difluoromethyl)-4-fluorobenzene was formed in 30% yield by 19F NMR. The 

remaining mass balance is 2-(4-fluorophenyl)-5,5-dimethyl-1,3,2-dioxaborinane (70%) observed 

at -111.47 ppm in the 19F NMR. Characterized 1-(difluoromethyl)-4-fluorobenzene in situ: 19F 

NMR (376 MHz) δ -110.47 (d, J = 56.4 Hz, 2F), -111.35 (m, 1F). 

 

 

General procedure for the synthesis of aryl neopentyl boronate esters from aryl boronic 

acids (Method A)16b: Under ambient conditions, the respective aryl boronic acid (2.0 mmol, 1.0 

equiv), 2,2-dimethyl-1,3-propanediol (208 mg, 2.0 mmol, 1.0 equiv), and anhydrous magnesium 
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sulfate (240 mg, 2.0 mmol, 1.0 equiv) were weighed into a 20 mL vial. The vial was equipped 

with a magnetic stirbar, and Et2O (10 mL) was added. The vial was sealed with a Teflon-lined 

screw cap, and the resulting suspension was stirred under ambient conditions for 18 h. The 

reaction mixture was then filtered through a 3 cm x 3 cm x 3 cm celite plug set with Et2O. The 

celite plug was washed with Et2O (100 mL). Solvent was removed in vacuo to afford the 

corresponding aryl neopentyl boronate ester as a white solid for use in catalysis without further 

purification, unless stated otherwise.16b  

 

General procedure for synthesis of aryl neopentyl boronate esters from aryl bromides 

(Method B) 16c: To a 20 mL vial equipped with a magnetic stirbar was added PdCl2(DPPF) (58 

mg, 0.08 mmol, 0.04 equiv), anhydrous potassium acetate (589 mg, 6.0 mmol, 3.0 equiv), 

bis(neopentyl glycolato)diboron (542 mg, 2.4 mmol, 1.2 equiv), and aryl bromide (2.0 mmol, 1.0 

equiv). To these solids was added anhydrous dimethyl sulfoxide (14 mL), forming a red-orange 

suspension. The reaction was sealed with a Telfon-lined cap, removed from the glovebox, and 

heated at 80 ºC for 18 h. The reaction mixture was allowed to cool to room temperature, then 

poured into ice-cold deionized water (75 mL). The mixture was extracted with ethyl acetate (3 x 

40 mL), and the combined organic extracts were washed with saturated solution of aqueous NaCl 

(50 mL), dried over anhydrous sodium sulfate, and concenrated in vacuo. The crude residue was 

dissolved in minimal dichloromethane and purified via flash chromatography on silica gel using 

ethyl acetate/hexanes gradient elution (5-50%). Removal of solvent afforded the aryl neopentyl 

boronate ester as a white solid to be used in catalysis without further purification, unless 

otherwise stated.16c   

The 13C NMR signal corresponding to the carbon of the C–B bond for all boronate esters 

below is not observed due to broadening.16d 
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Preparation of 5,5-dimethyl-1,3,2-dioxaborinan-2-yl)benzonitrile (1b). 

Method A was followed and yielded a white solid (427 mg, 99% yield). 

1H NMR (700 MHz, CDCl3) δ 7.87 (d, J = 7.7 Hz, 2H), 7.62 (d, J = 7.7 

Hz, 2H), 3.78 (s, 4H), 1.03 (s, 6H). 13C NMR (176 MHz, CDCl3) δ 

134.36, 131.16, 119.26, 114.07, 72.57, 32.05, 21.98. HRMS (positive ion GC-APCI) calcd. for 

C12H14BNO2 [M+H] m/z 216.1190. Found 216.1194. 

 

Preparation of 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)benzonitrile (1c). Method A was followed, except 2,3-dimethylbutane-

2,3-diol (1.0 equiv) was used instead of 2,2-dimethyl-1,3-propanediol. The 

aryl pinacol boronate ester was obtained as white solid (455 mg, 99% 

yield). 1H NMR (700 MHz, CDCl3) δ 7.88 (d, J = 7.9 Hz, 2H), 7.63 (d, J = 7.9 Hz, 2H), 1.35 (s, 

12H). 13C NMR (176 MHz, CDCl3) δ 135.22, 131.25, 118.99, 114.67, 84.62, 25.00. HRMS 

(positive ion GC-APCI) calcd. for C13H16BNO2 [M+H] m/z 230.1347. Found 230.1354. 

 

Preparation of 4-(5,5-dimethyl-1,3,2-dioxaborinan-2-yl)-2-

methylbenzonitrile (2b). Method B was followed and yielded a white 

solid (302 mg, 66% yield). 1H NMR (401 MHz, CDCl3) δ 7.73 (s, 1H), 

7.66 (d, J = 7.7 Hz, 1H), 7.56 (d, J = 7.7 Hz, 1H), 3.78 (s, 4H), 2.54 (s, 

3H), 1.02 (s, 6H). 13C NMR (176 MHz, CDCl3) δ 140.73, 135.52, 131.60, 131.44, 118.55, 114.49, 

72.57, 32.05, 21.99, 20.49. HRMS (positive ion GC-APCI) calcd. for C13H16BNO2 [M+H] m/z 

230.1374. Found 230.1352. 

 

Preparation of (4-(5,5-dimethyl-1,3,2-dioxaborinan-2-

yl)phenyl)(phenyl)methanone (3b). Method A was followed and 

yielded a white solid (560 mg, 95% yield). 1H NMR (401 MHz, CDCl3) 

δ 7.91 (d, J = 8.2 Hz, 2H), 7.85-7.72 (multiple peaks, 4H), 7.62-7.55 (m, 

1H), 7.48 (t, J = 7.6 Hz, 2H), 3.80 (s, 4H), 1.05 (s, 6H). 13C NMR (176 MHz, CDCl3) δ 197.22, 
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139.42, 137.83, 133.80, 132.54, 130.25, 129.12, 128.39, 72.56, 32.07, 22.05. HRMS (ESI+) calcd. 

for C18H19BO3 [M+H] m/z 295.1500. Found 295.1503. 

 

Preparation of 1-(4-(5,5-dimethyl-1,3,2-dioxaborinan-2-

yl)phenyl)butan-1-one (4b). Method B was followed and yielded a 

white solid (422.6 mg, 81% yield). 1H NMR (500 MHz, CDCl3) δ 

8.13-7.76 (multiple peaks, 4H), 3.78 (s, 4H), 2.95 (t, J = 7.3 Hz, 2H), 

1.81-1.72 (m, 2H), 1.08-0.98 (multiple peaks, 9H). 13C NMR (126 MHz, CDCl3) δ 201.00, 138.77, 

134.13, 127.09, 72.53, 40.84, 32.05, 22.03, 17.93, 14.04. HRMS (positive ion GC-APCI) calcd. 

for C15H21BO3 [M+H] m/z 261.1657. Found 261.1661. 

 

Preparation of 2-(5,5-dimethyl-1,3,2-dioxaborinan-2-

yl)anthracene-9,10-dione (5b). Method B was followed and yielded 

a yellow solid (419 mg, 65% yield). 1H NMR (500 MHz, CDCl3) δ 

8.77-8.71 (m, 1H), 8.37-8.28 (multiple peaks, 2H), 8.27 (d, J = 7.6 

Hz, 1H), 8.20 (dd, J = 7.7, 1.3 Hz, 1H), 7.83-7.75 (multiple peaks, 2H), 3.83 (s, 4H), 1.05 (s, 6H). 

13C NMR (176 MHz, CDCl3) δ 183.71, 183.51, 139.44, 134.91, 134.20, 134.07, 133.82, 133.78, 

133.06, 132.54, 127.38, 127.29, 126.20, 72.62, 32.10, 22.04. HRMS (ESI+) calcd. for C19H17BO4 

[M+H] m/z 321.1293. Found 321.1306. 

Preparation of ethyl 4-(5,5-dimethyl-1,3,2-dioxaborinan-2-

yl)benzoate (6b). Method A was followed and yielded a white solid 

(471 mg, 90% yield). 1H NMR (401 MHz, CDCl3) δ 8.01 (d, J = 8.2 

Hz, 2H), 7.86 (d, J = 8.2 Hz, 2H), 4.38 (q, J = 7.1 Hz, 2H), 3.78 (s, 

4H), 1.40 (t, J = 7.1 Hz, 3H), 1.03 (s, 6H). 13C NMR (176 MHz, CDCl3) δ 166.99, 133.86, 132.32, 

128.60, 72.53, 61.08, 32.05, 22.05, 14.49. HRMS (positive ion GC-APCI) calcd. for C14H19BO4 

[M+] m/z 263.1449. Found 263.1454. 
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Preparation of methyl 4-(5,5-dimethyl-1,3,2-dioxaborinan-2-

yl)benzoate (7b). Method A was followed and yielded a white solid 

(468 mg, 94% yield). 1H NMR (401 MHz, CDCl3) δ 8.01 (d, J = 8.2 

Hz, 2H), 7.86 (d, J = 8.2 Hz, 2H), 3.91 (s, 3H), 3.78 (s, 4H), 1.03 (s, 

6H). 13C NMR (126 MHz, CDCl3) δ 167.46, 133.90, 131.95, 128.64, 72.53, 52.22, 32.04, 22.04. 

HRMS (positive ion GC-APCI) calcd. for C13H17BO4 [M+H] m/z 249.1293. Found 249.1298. 

 

Preparation of diethyl 5-(5,5-dimethyl-1,3,2-dioxaborinan-2-

yl)isophthalate (8b). Method A was followed and yielded a white 

solid (662 mg, 99% yield). 1H NMR (500 MHz, CDCl3) δ 8.73 (s, 

1H), 8.62 (s, 2H), 4.41 (q, J = 7.4 Hz, 4H), 3.80 (s, 4H), 1.41 (t, J = 

7.5 Hz, 6H), 1.03 (s, 6H). 13C NMR (176 MHz, CDCl3) δ 166.27, 139.11, 132.89, 130.33, 72.54, 

61.31, 32.08, 22.01, 14.52. HRMS (positive ion GC-APCI) calcd. for C17H23BO6 [M+H] m/z 

335.166. Found 335.1164. 

Preparation of 2-(4-(5,5-dimethyl-1,3,2-dioxaborinan-2-

yl)phenyl)benzo[d]thiazole (9b). Method B was followed and 

yielded a white solid (595 mg, 91% yield). 1H NMR (500 MHz, 

CDCl3) δ 8.08-7.90 (multiple peaks, 3H), 7.95-7.87 (multiple 

peaks, 3H), 7.49 (m, J = 7.7 Hz, 1H), 7.39 (t, J = 8.1 Hz, 1H), 3.80 

(s, 4H), 1.05 (s, 6H). 13C NMR (126 MHz, CDCl3) δ 168.42, 154.33, 135.48, 135.27, 134.62, 

126.75, 126.45, 125.36, 123.43, 121.77, 72.55, 32.08, 22.08. HRMS (positive ion GC-APCI) 

calcd. for C18H18BNO2S [M+H] m/z 324.1224. Found 324.1234.   

Preparation of 3-(4-(5,5-dimethyl-1,3,2-dioxaborinan-2-yl)phenyl)-

5-methyl-1,2,4-oxadiazole (10b). Method B was followed and yielded 

a white solid (418 mg, 77% yield). 1H NMR (401 MHz, CDCl3) δ 8.04 

(d, J = 8.1 Hz, 2H), 7.90 (d, J = 8.1 Hz, 2H), 3.79 (s, 4H), 2.65 (s, 3H), 

1.04 (s, 6H). 13C NMR (176 MHz, CDCl3) δ 176.63, 168.68, 134.42, 

128.71, 126.51, 72.52, 32.06, 22.06, 12.56. HRMS (positive ion GC-APCI) calcd. for 

C14H17BN2O3 [M+H] m/z 273.1405. Found 273.1408. 
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Preparation of 2-(4-(isopropylsulfonyl)phenyl)-5,5-dimethyl-1,3,2-

dioxaborinane (11b). Method A was followed and yielded a white 

solid (569 mg, 96% yield). 1H NMR (401 MHz, CDCl3) δ 7.96 (d, J = 

8.3 Hz, 2H), 7.82 (d, J = 8.3 Hz, 2H), 3.78 (s, 4H), 3.17 (hept, J = 6.9 

Hz, 1H), 1.26 (d, J = 6.9 Hz, 6H), 1.02 (s, 6H). 13C NMR (176 MHz, CDCl3) δ 138.59, 134.42, 

127.97, 72.54, 55.61, 32.01, 21.95, 15.78. HRMS (positive ion GC-APCI) calcd. for C14H21BO4S 

[M+NH4] m/z 342.1592. Found 342.1909. 

Preparation of 4-(5,5-dimethyl-1,3,2-dioxaborinan-2-yl)-N,N-

dimethylbenzenesulfonamide (12b). Method A was followed and 

yielded a white solid (517 mg, 87% yield). 1H NMR (500 MHz, CDCl3) 

δ 7.95 (d, J = 8.1 Hz, 2H), 7.81-7.69 (m, 2H), 3.79 (s, 4H), 2.68 (s, 6H), 

1.03 (s, 6H). 13C NMR (176 MHz, CDCl3) δ 137.09, 134.46, 126.75, 72.57, 38.08, 32.05, 21.99. 

HRMS (positive ion GC-APCI) calcd. for C13H20BNO4S [M+H] m/z 298.1279. Found 298.1292. 

 

Preparation of 4-(5,5-dimethyl-1,3,2-dioxaborinan-2-yl)-N,N-

dipropylbenzenesulfonamide (13b). Substrate was synthesized 

and isolated according to a previously reported procedure20e and 

yielded a white solid (80.5 mg, 76% yield). 1H NMR (401 MHz, 

CDCl3) δ 7.90 (d, J = 8.3 Hz, 2H), 7.76 (d, J = 8.3 Hz, 2H), 3.78 (s, 4H), 3.10-3.03 (m, 4H), 1.58-

1.48 (m, 4H), 1.03 (s, 6H), 0.86 (t, J = 7.4 Hz, 6H). 13C NMR (176 MHz, CDCl3) δ 141.92, 134.46, 

126.08, 72.57, 50.12, 32.06, 22.11, 22.03, 11.34. HRMS (positive ion GC-APCI) calcd. for 

C17H28BNO4S [M+H] m/z 354.1905. Found 354.1905. 

Preparation of 5,5-dimethyl-2-(3-(methylsulfonyl)-5-

(trifluoromethyl)phenyl)-1,3,2-dioxaborinane (14b). Method B was 

followed and yielded a white solid (544 mg, 81% yield). 1H NMR (500 

MHz, CDCl3) δ 8.54 (s, 1H), 8.31 (s, 1H), 8.25 (s, 1H), 3.81 (s, 4H), 3.09 

(s, 3H), 1.04 (s, 6H). 19F NMR (377 MHz, CDCl3) δ –62.90. 13C NMR 

(176 MHz, CDCl3) δ 140.98, 135.97, 135.69 (q, J = 3.3 Hz), 131.40 (q, J = 33.3 Hz), 126.35 (q, J 
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= 3.7 Hz), 123.50 (q, J = 273.0 Hz), 72.66, 44.55, 32.14, 21.95. HRMS (positive ion GC-APCI) 

calcd. for C13H16BF3O4S [M+H] m/z 337.0887. Found 337.0898. 

Preparation of 2-(3,5-bis(trifluoromethyl)phenyl)-5,5-dimethyl-

1,3,2-dioxaborinane (15b). Method A was followed and yielded a white 

solid (639 mg, 98% yield). 1H NMR (500 MHz, CDCl3) δ 8.24 (s, 2H), 

7.91 (s, 1H), 3.81 (s, 4H), 1.04 (s, 6H). 19F NMR (377 MHz, CDCl3) δ –

62.87. 13C NMR (176 MHz, CDCl3) δ 133.99, 130.79 (q, J = 32.9 Hz), 124.30, 123.82 (q, J = 

272.5 Hz), 72.64, 32.13, 21.96. HRMS (positive ion GC-APCI) calcd. for C13H13BF6O2 [M+H] 

m/z 327.0986. Found 327.0985. 

Preparation of 5,5-dimethyl-2-(4-(trifluoromethyl)phenyl)-1,3,2-

dioxaborinane (16b). Method A was followed and yielded a white solid 

(485 mg, 94% yield). 1H NMR (500 MHz, CDCl3) δ 7.90 (d, J = 7.7 Hz, 

2H), 7.60 (d, J = 7.6 Hz, 2H), 3.79 (s, 4H), 1.03 (s, 6H). 19F NMR (377 

MHz, CDCl3) δ –62.93. 13C NMR (176 MHz, CDCl3) δ 134.24, 132.41 (q, J = 31.9 Hz), 124.44 

(q, J = 272.2 Hz), 124.31 (q, J = 3.7 Hz), 72.54, 32.05, 22.00. HRMS (positive ion GC-APCI) 

calcd. for C12H14BF3O2 [M+H] m/z 259.1112. Found 259.1120. 

Preparation of 2-(3,4-difluorophenyl)-5,5-dimethyl-1,3,2-

dioxaborinane (17b). Method A was followed and yielded a yellow solid 

(408 mg, 90% yield). 1H NMR (500 MHz, CDCl3) δ 7.62-7.49 (multiple 

peaks, 2H), 7.12 (dt, J = 10.5, 7.9 Hz, 1H), 3.76 (s, 4H), 1.02 (s, 6H). 19F 

NMR (471 MHz, CDCl3) δ –135.53 (dtd, J = 20.0, 9.5, 4.8 Hz), –140.35 (ddd, J = 19.8, 11.1, 7.7 

Hz). 13C NMR (176 MHz, CDCl3) δ 152.43 (dd, J = 251.1, 12.7 Hz), 150.31 (dd, J = 248.0, 11.9 

Hz), 130.45 (dd, J = 6.6, 3.7 Hz), 122.54 (d, J = 15.2 Hz), 116.76 (d, J = 16.2 Hz), 72.50, 32.04, 

22.00. HRMS (positive ion GC-APCI) calcd. for C11H13BF2O2 [M+H] m/z 227.1049. Found 

227.1043. 

Preparation of 5,5-dimethyl-2-(4-(trifluoromethoxy)phenyl)-1,3,2-

dioxaborinane (18b). Method A was followed and yielded a white solid 

(521 mg, 95% yield). 1H NMR (500 MHz, CDCl3) δ 7.83 (d, J = 8.5 Hz, 

2H), 7.18 (d, J = 7.9 Hz, 2H), 3.77 (s, 4H), 1.02 (s, 6H). 19F NMR (471 
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MHz, CDCl3) δ –57.84. 13C NMR (176 MHz, CDCl3) δ 151.46, 135.71, 120.62 (q, J = 257.1 Hz), 

119.86, 72.49, 32.03, 21.99. HRMS (positive ion GC-APCI) calcd. for C12H14BF3O3 [M+H] m/z 

275.1061. Found 275.1066. 

 

Preparation of 2-(4-methoxyphenyl)-5,5-dimethyl-1,3,2-

dioxaborinane (19b). Method A was followed and yielded a white solid 

(406 mg, 93%). 1H NMR (500 MHz, CDCl3) δ 7.74 (d, J = 8.5 Hz, 2H), 

6.89 (d, J = 8.6 Hz, 2H), 3.82 (s, 3H), 3.75 (s, 4H), 1.02 (s, 6H). 13C NMR 

(126 MHz, CDCl3) δ 161.89, 135.65, 113.29, 72.41, 55.20, 32.05, 22.08. HRMS (positive ion GC-

APCI) calcd. for C12H17BO3 [M+] m/z 220.1271. Found 220.1277. 

 

General procedure for the catalytic reaction with DFAAn and fluoride salts. Pd[P(o-

Tol)3]2 (4.1 mg, 0.005 mmol, 0.1 equiv, 3.6 mg) and SPhos (4.1 mg, 0.01 mmol, 0.2 equiv) were 

combined in THF (0.15 mL). The yellow suspension was stirred vigorously in a tall 10 mL vial 

for 15 min. To this solution was added a toluene-solution of DFAAn (0.2 mL, 0.75 M, 0.15 mmol, 

3 equiv), then 1b (10.8 mg, 0.05 mmol, 1 equiv), and finally CsF, NMe4F, or NBu4F (0.175 mmol, 

3.5 equiv). The vial was sealed with a Teflon-lined screw cap with a septum, removed from the 

glovebox, and heated to the appropriate temperature for 3 h. After 3 h, the reaction mixture was 

allowed to cool to room temperature, and then 4-fluorotoluene (25 µL, 2.0 M in DCM, 1.0 equiv) 

was added as an internal standard, followed by dichloromethane (1.0 mL). The mixture was filtered 

through a plug of celite, and an aliquot of the solution was transferred to an NMR tube and 

analyzed by 19F NMR spectroscopy to determine the yield of 1 as well as the identity of major by-

products. Conducting the reaction at room temperature with 3 equiv of DFAAn and 3.6 equiv of 

CsF produced no observable quantity of 1. However, in the crude 19F NMR spectra of these 

reactions, DFAF was observed as a major side product. In the reactions with NMe4F or NBu4F, 

DFAF was not observed, and DFA was a major side product.  

Reactions conducted at 130 ºC using 3 equiv of DFAAn and 3.6 equiv CsF produced modest 

but variable yields of 1 (17-31%). The range of 17-31% represents four reactions set up under 

identical conditions, with yields of 15%, 17%, 24%, and 31%, respectively, emphasizing the poor 
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reproducibility of this transformation. Using equimolar amounts of CsF to DFAAn under 

otherwise analogous conditions resulted in significantly lower yields of 1 (4-9%). Reactions 

conducted using NMe4F or NBu4F produced no observable quantity of 1 or DFAF in these 

experiments, as determined by 19F NMR spectroscopy. 

General procedure for the catalytic reaction with TFAAn and CsF. Pd[P(o-Tol)3]2 (4.1 

mg, 0.005 mmol, 0.1 equiv, 3.6 mg) and SPhos (4.1 mg, 0.01 mmol, 0.2 equiv) were combined in 

THF (0.15 mL). The yellow suspension was stirred vigorously in a tall 10 mL vial for 15 min. To 

this solution was added a toluene-solution of TFAAn (0.2 mL, 0.75 M, 0.15 mmol, 3 equiv), then 

1b (10.8 mg, 0.05 mmol, 1 equiv), and finally CsF, (26.6 mg, 0.175 mmol, 3.5 equiv). The vial 

was sealed with a Teflon-lined screw cap with a septum, removed from the glovebox, and heated 

to the appropriate temperature for 3 h. After 3 h, the reaction mixture was allowed to cool to room 

temperature, and then 4-fluorotoluene (25 µL, 2.0 M in DCM, 1.0 equiv) was added as an internal 

standard, followed by dichloromethane (1.0 mL). The mixture was filtered through a plug of celite, 

and an aliquot of the solution was transferred to an NMR tube and analyzed by 19F NMR 

spectroscopy to determine the yield of 4-trifluoromethylbenzonitrile, 1-CF3. Spiking in an 

authentic sample of 1-CF3 to the crude reaction mixture confirmed its presence in the crude 

reaction mixture. The associated 19F NMR spectra are shown below in Figure S15.  

General procedure for the catalytic reaction with PFPAn and CsF. Pd[P(o-Tol)3]2 (4.1 mg, 

0.005 mmol, 0.1 equiv, 3.6 mg) and SPhos (4.1 mg, 0.01 mmol, 0.2 equiv) were combined in THF 

(0.15 mL) and toluene (0.2 mL). The yellow suspension was stirred vigorously in a tall 10 mL vial 

for 15 min. To this solution was added a PFPAn (46.5 mg, 0.15 mmol, 3 equiv), then 1b (10.8 mg, 

0.05 mmol, 1 equiv), and finally CsF, (26.6 mg, 0.175 mmol, 3.5 equiv). The vial was sealed with 

a Teflon-lined screw cap with a septum, removed from the glovebox, and heated to the appropriate 

temperature for 3 h. After 3 h, the reaction mixture was allowed to cool to room temperature, and 

then 4-fluorotoluene (25 µL, 2.0 M in DCM, 1.0 equiv) was added as an internal standard, followed 

by dichloromethane (1.0 mL). The mixture was filtered through a plug of celite, and an aliquot of 

the solution was transferred to an NMR tube and analyzed by 19F NMR spectroscopy (Figure S16) 

to determine the yield of 1-CF2CF3. Spectral data for this product in this reaction (19F NMR: -
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85.51 ppm (s, 3F), -116.55 ppm (s, 2F)) are consistent with our previous report5b and other reports5c 

in the literature. Pentafluoropropionic acid (PFPA) was observed (55%) in the crude reaction. 

General procedure for the distillation of difluoroacetyl fluoride. A 20 mL vial containing 

THF (7 mL) was placed in the freezer at –36 ºC and cooled for 15 min. In a 4 mL vial, a solution 

of difluoroacetic anhydride (4.35 g, 25 mmol, 1.0 equiv) in tetrahydrofuran (1 mL) was prepared 

and cooled to –36 ºC in the glovebox freezer for 15 min. While cooling, solid cesium fluoride (5.32 

g, 35 mmol, 1.4 equiv) was added to a 25 mL round bottom flask equipped with a medium-sized 

stirbar. Cooled THF (5 mL) was added to the reaction flask. The cooled solution of anhydride in 

THF was then added to the flask containing CsF. The flask was quickly sealed with a rubber 

septum, removed from the glovebox, and allowed to stir at room temperature for 15 min. A short-

path distillation apparatus equipped with nitrogen flow, water circulation, and a thermoprobe was 

fitted to a 25 mL round bottom collection flask cooled to 0 ºC in an ice water bath. The reaction 

flask was quickly connected to the distillation apparatus and heated from 25 ºC to 80 ºC in a water 

bath over a period of 30-45 min. The distillation was determined complete when minimal solvent 

remained in the reaction flask, the temperature of the gas in the apparatus as determined by the 

thermoprobe dropped below 45 ºC, and condensation into the collection flask slowed dramatically. 

Once complete, the collection flask containing the product in tetrahydrofuran was quickly sealed 

with a rubber septum, wrapped securely with black electrical tape, and short-cycled into the 

glovebox. In a 20 mL vial, trifluoromethoxybenzene (54 mg, 0.33 mmol, 1 equiv in F) was 

weighed as an internal standard, and a portion of the DFAF solution was added via syringe to the 

vial with total volume recorded. The trifluoromethoxybenzene was treated as approximately 0.05 

mL in volume. After determining the total volume to be 5.4 mL and ensuring homogeneity, a 

sample of this solution was transferred to a screw cap NMR tube, diluted with 0.5 mL 

tetrahydrofuran, and analyzed via 19F NMR spectroscopy. The bulk solution was sealed with a 

Teflon-lined screw cap and stored in the glovebox freezer. The spectrum is shown in Figure S19 

with DFAF characterized in situ. Trace difluoroacetic acid is observed in all cases. The 

concentration of DFAF was calculated as mmol DFAF divided by the volume (mL) of solution as 

determined by 19F NMR spectroscopy (Figure S17). A sample calculation is shown under Figure 

S12. In some cases, 4-fluorotoluene (110 mg, 1 mmol, treated as 0.11 mL in volume) or 
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fluorobenzene (96 mg, 1 mmol, treated at 0.095 mL in volume) was used as the internal standard 

to assess the yield from DFAF synthesis. Characterized in situ: 19F NMR (377 MHz, THF) δ 

18.82 (m), –128.89 (dd, J = 51.9, 8.9 Hz). 

General procedure for the optimization of catalytic decarbonylative aryl 

difluoromethylation. A Pd0 source (0.005 mmol, 0.1 equiv) was dissolved with a phosphine 

ligand (0.01 mmol, 0.2 equiv) in 0.2 mL of anhydrous co-solvent and 0.05 mL THF. The yellow 

suspension was stirred in a tall 10 mL vial until homogenous, then 1b (10.8 mg, 0.05 mmol, 1 

equiv) was added. To the resulting mixture was added a cold (–36 °C) solution of DFAF (0.085 

mL, 0.25 mmol, 2.96 M) in anhydrous THF. The reaction mixture was then diluted with THF to a 

total volume of 0.35 mL. The vial was sealed with a Teflon-lined screw cap with a septum (Figure 

S18), removed from the glovebox, and heated to a given temperature for 3 h. After 3 h, the reaction 

mixture was allowed to cool to room temperature. To it was added 4-fluorotoluene (25 µL, 2.0 M 

in DCM, 1.0 equiv) as an internal standard, followed by dichloromethane (1.0 mL). An aliquot of 

the solution was transferred to an NMR tube and analyzed by 19F NMR spectroscopy.  

Procedure for determining mass balance of catalytic reaction using 2-(4-fluorophenyl)-

5,5-dimethyl-1,3,2-dioxaborinane. In a 4-mL vial with stirbar, Pd[P(o-Tol)3]2 (21.5 mg, 0.03 

mmol, 0.6 equiv) and SPhos (24.6 mg, 0.06 mmol, 1.2 equiv) were combined with 1.2 mL toluene 

and 0.3 mL THF. The mixture was stirred for fifteen minutes. In each of five tall 10 mL vials 

equipped with a stir bar, 2-(4-fluorophenyl)-5,5-dimethyl-1,3,2-dioxaborinane (10 mg, 0.05 mmol, 

1.0 equiv) was added. To each vial containing substrate was added an aliquot (0.25 mL) of the 

Pd/SPhos mixture. A THF solution of difluoroacetyl fluoride (0.095 mL, 0.25 mmol, 5 equiv) was 

added via syringe to each vial, and the vials were sealed with Teflon-lined screw caps. The vials 

were removed from the glovebox and heated at 150 ºC for 3 h. The reaction mixtures were allowed 

to cool to room temperature and then were combined. To the combined reaction mixture was added 

4-fluorotoluene (125 µL, 2.0 M in DCM, 5.0 equiv) as an internal standard. An aliquot (0.4 mL) 

of the solution was transferred to an NMR tube and analyzed via 19F NMR spectroscopy (Figure 

S19). The crude NMR yield of 1-(difluoromethyl)-4-fluorobenzene after 3 h was 17% as 

determined by 19F NMR. After initial analysis, five additional NMR samples were prepared (0.4 

mL each), and the following authentic standards were spiked in: 4-fluorophenyl boronic acid, 2-
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(4-fluorophenyl)-5,5-dimethyl-1,3,2-dioxaborinane, 4-fluorobenzene and 4,4’difluorobiphenyl. 

Then, 19F NMR analysis was conducted. 

General procedure for the Pd-catalyzed decarbonylative difluoromethylation of aryl 

neopentyl boronate esters with difluoroacetyl fluoride. In a tall 10 mL vial equipped with a stir 

bar, Pd[P(o-Tol)3]2 (3.6 mg, 0.005 mmol, 0.1 equiv) and SPhos (4.2 mg, 0.01 mmol, 0.2 equiv) 

were combined in toluene (~0.2 mL) and THF (0.05 mL), and the resulting mixture was stirred 

vigorously for fifteen minutes at room temperature. A THF solution of difluoroacetyl fluoride 

(0.25 mmol, 5 equiv) was added via syringe, and the vial was sealed with a Teflon-lined screw cap 

and shaken gently to ensure homogeneity (total 0.35 mL volume). To this solution was added aryl 

neopentyl boronate ester 1b-19b (0.05 mmol, 1.0 equiv). The vial was sealed with a Teflon-lined 

screw cap, removed from the glovebox, and heated at 150 ºC for 4-10 h. The reaction mixture was 

allowed to cool to room temperature. To it was added 4-fluorotoluene (25 µL, 2.0 M in DCM, 1.0 

equiv) as an internal standard, followed by dichloromethane (1.0 mL). An aliquot of the solution 

was transferred to an NMR tube and analyzed via 19F NMR spectroscopy. These reactions were 

observed to be highly sensitive to the purity of all components as well as the reaction vessel used. 

Efforts to scale the reaction using reaction vials, Schlenk glassware, pressure tubes, and microwave 

tubes of various volumes resulted in significantly diminished yields. For isolation of products 1-

13, six reactions were conducted in parallel to total 0.3 mmol scale. After the reaction time, the 

reaction mixtures were allowed to cool to room temperature and diluted with DCM and Et2O. The 

mixture was filtered through a pad of silica and concentrated in vacuo. The crude material was 

then purified via silica gel chromatography using a gradient elution with solvent mixture A/B (%); 

A = 15% chloroform in diethyl ether and B = hexanes, unless otherwise stated. Fractions 

containing product were collected and carefully concentrated in vacuo to yield pure difluoromethyl 

arene product.  

  

Preparation of 4-(difluoromethyl)benzonitrile (1). Reaction was conducted 

for isolation scale (6 reactions in parallel, 0.05 mmol scale each) using substrate 

1b. Reactions were run for 5 h. Reactions were carefully concentrated to due to the volatity of the 

product. Purification by flash chromatography on silica gel (0-10% A/B; B = pentanes) afforded 
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the product as a low-melting white solid (35 mg, 77% yield). 1H NMR (500 MHz, CDCl3) δ 7.77 

(d, J = 7.9 Hz, 2H), 7.64 (d, J = 7.9 Hz, 2H), 6.69 (t, J = 55.8 Hz, 1H). 19F NMR (471 MHz, 

CDCl3) δ –113.26 (d, J = 55.8 Hz). 13C NMR (176 MHz, CDCl3) δ 138.69 (t, J = 22.9 Hz), 132.73, 

126.54 (t, J = 6.1 Hz), 118.02, 114.93 (t, J = 2.0 Hz), 113.45 (t, J = 240.7 Hz). HRMS (positive 

ion GC-APCI) calcd. for C8H5F2N [M+H] m/z 154.0463. Found 154.0457. 

 

Preparation of 4-(difluoromethyl)-2-methylbenzonitrile (2). Reaction was 

conducted for isolation scale (6 reactions in parallel, 0.05 mmol scale each) 

using substrate 2b. Reactions were run for 5 h. Purification by flash chromatography on silica gel 

(0-10% A/B; B = pentanes) afforded the purified product as a colorless oil (34 mg, 68% yield). 1H 

NMR (500 MHz, CDCl3) δ 7.69 (d, J = 8.0 Hz, 1H), 7.47 (s, 1H), 7.42 (d, J = 8.0 Hz, 1H), 6.64 

(t, J = 55.9 Hz, 1H), 2.60 (s, 3H). 19F NMR (377 MHz, CDCl3) δ –113.12 (d, J = 55.9 Hz). 13C 

NMR (126 MHz, CDCl3) δ 142.90, 138.48 (t, J = 22.6 Hz), 133.09, 127.46 (t, J = 6.1 Hz), 123.59 

(t, J = 6.1 Hz), 117.36, 115.26 (t, J = 2.1 Hz), 113.58 (t, J = 240.3 Hz), 20.65. HRMS (positive 

ion GC-APCI) calcd. for C9H7F2N [M+H] m/z 168.0619. Found 168.0623. 

 

Preparation of (4-(difluoromethyl)phenyl)(phenyl)methanone (3). 

Reaction was conducted for isolation scale (6 reactions in parallel, 0.05 

mmol scale each) using substrate 3b. Reactions were run for 8 h. 

Purification by flash chromatography on silica gel (0-10% A/B) afforded the purified product as a 

white solid (36 mg, 51% yield). 1H NMR (500 MHz, CDCl3) δ 7.88 (d, J = 7.0 Hz, 2H), 7.81 (d, 

J = 7.7 Hz, 2H), 7.71-7.59 (multiple peaks, 3H), 7.51 (t, J = 6.9 Hz, 2H), 6.73 (t, J = 56.1 Hz, 1H). 

19F NMR (471 MHz, CDCl3) δ –112.12 (d, J = 56.1 Hz). 13C NMR (176 MHz, CDCl3) δ 196.04, 

139.88, 137.95 (t, J = 22.5 Hz), 137.17, 133.02, 130.37, 130.23, 114.18 (t, J = 239.7 Hz). HRMS 

(positive ion GC-APCI) calcd. for C14H10F2O [M+H] m/z 233.0772. Found 233.0777. 

 

Preparation of 1-(4-(difluoromethyl)phenyl)butan-1-one (4). 

Reaction was conducted for isolation scale (6 reactions in parallel, 0.05 

mmol scale each) using substrate 4b and 15 mol % Pd[P(o-Tol)3]2 and 30 
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mol % SPhos. Reactions were run for 10 h. Purification by flash chromatography on silica gel (0-

10% A/B) afforded the purified product as a white solid (30 mg, 50% yield). Small amounts of 

grease were present in the purified product but could not be successfully removed via washing 

with HPLC-grade hexanes. Under the optimized conditions (Entry 1, Table S2), the 19F NMR yield 

of product 4 as determined with 4-fluorotoluene internal standard is 37% after 3 h. 1H NMR (500 

MHz, CDCl3) δ 8.03 (d, J = 8.2 Hz, 2H), 7.60 (d, J = 8.1 Hz, 2H), 6.69 (t, J = 56.1 Hz, 1H), 2.96 

(t, J = 7.3 Hz, 2H), 1.78 (m, 2H), 1.01 (t, J = 7.4 Hz, 3H). 19F NMR (471 MHz, CDCl3) δ –112.52 

(d, J = 56.1 Hz). 13C NMR (176 MHz, CDCl3) δ 199.79, 139.05, 138.41 (t, J = 22.4 Hz), 128.50, 

126.00 (t, J = 6.0 Hz), 114.14 (t, J = 239.7 Hz), 40.88, 17.77, 13.97. HRMS (positive ion GC-

APCI) calcd. for C11H12F2O [M+H] m/z 199.0929. Found 199.0931. 

 

Preparation of 2-(difluoromethyl)anthracene-9,10-dione (5). 

Reaction was conducted for isolation scale (6 reactions in parallel, 0.05 

mmol scale each) using substrate 5b. Reactions were run for 6 h. 

Purification by flash chromatography on silica gel (0-10% A/B) afforded 

the purified product as a pale yellow solid (55 mg, 72% yield). Small amounts of grease were 

present in the purified product but could not be successfully removed via washing with HPLC-

grade hexanes.  1H NMR (500 MHz, CDCl3) δ 8.46-8.37 (multiple peaks, 2H), 8.32 (dt, J = 6.0, 

3.1 Hz, 2H), 7.94 (d, J = 8.0 Hz, 1H), 7.83 (dt, J = 5.7, 2.4 Hz, 2H), 6.79 (t, J = 55.8 Hz, 1H). 19F 

NMR (377 MHz, CDCl3) δ –112.97 (d, J = 55.8 Hz). 13C NMR (176 MHz, CDCl3) δ 182.51, 

182.38, 139.87 (t, J = 23.0 Hz), 135.04 (t, J = 1.7 Hz), 134.60, 133.94, 133.45, 133.44, 130.90 (t, 

J = 5.6 Hz), 128.12, 127.57, 127.55, 124.97 (t, J = 6.4 Hz), 113.60 (t, J = 240.8 Hz). HRMS 

(positive ion GC-APCI) calcd. for C15H8F2O2 [M+H] m/z 259.0565. Found 259.0571. 

 

Preparation of ethyl 4-(difluoromethyl)benzoate (6). Reaction was 

conducted for isolation scale (6 reactions in parallel, 0.05 mmol scale 

each) using substrate 6b. Reactions were run for 6 h. Reaction was 

carefully concentrated to due to volatity of product. Purification by flash chromatography on silica 

gel (0-20% A/B; B = pentanes) afforded the purified product as a white solid (35 mg, 58% yield). 
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1H NMR (500 MHz, CDCl3) δ 8.13 (d, J = 7.9 Hz, 2H), 7.59 (d, J = 7.9 Hz, 2H), 6.69 (t, J = 55.8 

Hz, 1H), 4.41 (q, J = 7.1, 2H), 1.41 (t J = 7.1, 3H). 19F NMR (471 MHz, CDCl3) δ –112.27 (d, J 

= 55.8 Hz). 13C NMR (176 MHz, CDCl3) δ 165.88, 138.47 (t, J = 22.4 Hz), 132.81 (t, J = 2.0 Hz), 

130.03, 125.71 (t, J = 6.0 Hz), 114.16 (t, J = 239.6 Hz), 61.47, 14.39. HRMS (positive ion GC-

APCI) calcd. for C10H10F2O2 [M+H] m/z 201.0722. Found 201.0727. 

 

Preparation of methyl 4-(difluoromethyl)benzoate (7). Reaction was 

conducted for isolation scale (6 reactions in parallel, 0.05 mmol scale each) 

using substrate 7b. Reactions were run for 6 h. Reactions were carefully 

concentrated to due to the volatity of the product. Purification by flash chromatography on silica 

gel (0-20% A/B; B = pentanes) afforded the purified product as a white solid (27 mg, 49% yield). 

1H NMR (500 MHz, CDCl3) δ 8.13 (d, J = 7.9 Hz, 2H), 7.59 (d, J = 7.9 Hz, 2H), 6.69 (t, J = 56.1 

Hz, 1H), 3.95 (s, 3H). 19F NMR (471 MHz, CDCl3) δ –112.36 (d, J = 56.1 Hz). 13C NMR (176 

MHz, CDCl3) δ 166.37, 138.59 (t, J = 22.4 Hz), 132.46, 130.09, 125.77 (t, J = 6.0 Hz), 114.14 (t, 

J = 239.8 Hz), 52.52. HRMS (positive ion GC-APCI) calcd. for C9H8F2O2 [M+H] m/z 187.0565. 

Found 187.0569.  

 

 

Preparation of diethyl 5-(difluoromethyl)isophthalate (8). Reaction 

was conducted for isolation scale (6 reactions in parallel, 0.05 mmol scale 

each) using substrate 8b. Reactions were run for 6 h. Purification by flash 

chromatography on silica gel (0-10% A/B) afforded the purified product 

as a white solid (41 mg, 51% yield). 1H NMR (401 MHz, CDCl3) δ 8.78 (s, 1H), 8.48-8.07 

(multiple peaks, 2H), 6.73 (t, J = 55.4 Hz, 1H), 4.43 (q, J = 7.1 Hz, 4H), 1.42 (t, J = 7.1 Hz, 6H). 

19F NMR (377 MHz, CDCl3) δ –111.73 (d, J = 55.4 Hz). 13C NMR (176 MHz, CDCl3) δ 165.05, 

135.34 (t, J = 23.3 Hz), 132.77 (t, J = 1.7 Hz), 131.89, 130.86 (t, J = 6.0 Hz), 113.69 (t, J = 240.3 

Hz), 61.89, 14.43. HRMS (positive ion GC-APCI) calcd. for C13H14F2O4 [M+H] m/z 273.0933. 

Found 273.0935.  
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Preparation of 2-(4-(difluoromethyl)phenyl)benzo[d]thiazole (9). 

Reaction was conducted for isolation scale (6 reactions in parallel, 0.05 

mmol scale each) using substrate 9b. Reactions were run for 8 h. 

Purification by flash chromatography on silica gel (0-10% A/B) 

afforded the purified product as a white solid (36 mg, 46% yield). Small amounts of grease were 

present in the purified product but could not be successfully removed via washing with HPLC-

grade hexanes. 1H NMR (401 MHz, CDCl3) δ 8.19 (d, J = 8.2 Hz, 2H), 8.10 (d, J = 8.2 Hz, 1H), 

7.93 (d, J = 7.9 Hz, 1H), 7.65 (d, J = 8.2 Hz, 2H), 7.52 (ddd, J = 8.4, 7.2, 1.3 Hz, 1H), 7.42 (ddd, 

J = 8.3, 7.2, 1.2 Hz, 1H), 6.72 (t, J = 56.2 Hz, 1H). 19F NMR (377 MHz, CDCl3) δ –111.85 (d, J 

= 56.2 Hz). 13C NMR (176 MHz, CDCl3) δ 166.80, 154.22, 136.68 (t, J = 22.5 Hz), 135.94, 135.31, 

127.97, 126.71, 126.45 (t, J = 6.1 Hz), 125.76, 123.66, 121.86, 114.32 (t, J = 239.4 Hz). HRMS 

(positive ion GC-APCI) calcd. for C14H9F2NS [M+H] m/z 262.0497. Found 262.0503. 

 

Preparation of 3-(4-(difluoromethyl)phenyl)-5-methyl-1,2,4-

oxadiazole (10). Reaction was conducted for isolation scale (6 reactions 

in parallel, 0.05 mmol scale each) using substrate 10b. Reactions were run 

for 10 h. Purification by flash chromatography on silica gel (0-10% A/B) 

afforded the purified product as a white solid (10 mg, 15% yield). 1H NMR (500 MHz, CDCl3) δ 

8.16 (d, J = 8.0 Hz, 2H), 7.63 (d, J = 8.1 Hz, 2H), 6.70 (t, J = 56.2 Hz, 1H), 2.67 (s, 3H). 19F NMR 

(471 MHz, CDCl3) δ –111.78 (d, J = 56.2 Hz). 13C NMR (176 MHz, CDCl3) δ 177.02, 167.85, 

136.96 (t, J = 22.5 Hz), 129.30 (t, J = 1.8 Hz), 127.83, 126.27 (t, J = 6.1 Hz), 114.30 (t, J = 239.5 

Hz), 12.56. HRMS (positive ion GC-APCI) calcd. for C10H8F2N2O [M+H] m/z 211.0677. Found 

211.0680. 

 

 

Preparation of 1-(difluoromethyl)-4-(isopropylsulfonyl)benzene (11). 

Reaction was conducted for isolation scale (6 reactions in parallel, 0.05 

mmol scale each) using substrate 11b. Reactions were run for 6 h. 

Purification by flash chromatography on silica gel (0-20% A/B) afforded the purified product as a 
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white solid (41 mg, 58% yield). 1H NMR (500 MHz, CDCl3) δ 7.99 (d, J = 8.1, 2H), 7.72 (d, J = 

8.1 Hz, 2H), 6.73 (t, J = 55.9 Hz, 1H), 3.21 (hept, J = 6.8 Hz, 1H), 1.31 (d, J = 6.8 Hz, 6H). 19F 

NMR (471 MHz, CDCl3) δ –113.19 (d, J = 55.9 Hz). 13C NMR (176 MHz, CDCl3) δ 139.57 (t, J 

= 1.7 Hz), 139.53 (t, J = 22.7 Hz), 129.75, 126.55 (t, J = 6.0 Hz), 113.56 (t, J = 240.6 Hz), 55.81, 

15.80. HRMS (positive ion GC-APCI) calcd. for C10H12F2O2S [M+H] m/z 235.0599. Found 

235.0607. 

 

Preparation of 4-(difluoromethyl)-N,N-dimethylbenzenesulfonamide 

(12). Reaction was conducted for isolation scale (6 reactions in parallel, 0.05 

mmol scale each) using substrate 12b. Reactions were run for 6 h. 

Purification by flash chromatography on silica gel (0-50% A/B) afforded the purified product as a 

colorless oil (36 mg, 51% yield). 1H NMR (500 MHz, CDCl3) δ 7.88 (d, J = 8.0 Hz, 2H), 7.70 (d, 

J = 8.0 Hz, 2H), 6.72 (t, J = 55.9 Hz, 1H), 2.74 (s, 6H). 19F NMR (471 MHz, CDCl3) δ –112.68 

(d, J = 55.9 Hz). 13C NMR (176 MHz, CDCl3) δ 138.54 (t, J = 22.8 Hz), 138.21 (t, J = 2.0 Hz), 

128.24, 126.53 (t, J = 6.0 Hz), 113.67 (t, J = 240.3 Hz), 37.97. HRMS (positive ion GC-APCI) 

calcd. for C9H11F2NO2S [M+H] m/z 236.0551. Found 236.0556. 

 

Preparation of 4-(difluoromethyl)-N,N-

dipropylbenzenesulfonamide (13). Reaction was conducted for 

isolation scale (6 reactions in parallel, 0.05 mmol scale each) using 

substrate 13b. Reactions were run for 6 h. Purification by flash 

chromatography on silica gel (0-20% A/B) afforded the purified product as a white solid (45 mg, 

52% yield). 1H NMR (500 MHz, CDCl3) δ 7.90 (d, J = 7.9 Hz, 2H), 7.65 (d, J = 7.9 Hz, 2H), 6.70 

(t, J = 56.0 Hz, 1H), 3.10 (t J = 7.6, 4H), 1.61-1.51 (m, 4H), 0.88 (t, J = 7.4, 6H).19F NMR (471 

MHz, CDCl3) δ –112.51 (d, J = 56.0 Hz). 13C NMR (176 MHz, CDCl3) δ 142.60, 137.90 (t, J = 

22.7 Hz), 127.40, 126.29 (t, J = 6.0 Hz), 113.57 (t, J = 240.2 Hz), 49.98, 21.97, 11.12. HRMS 

(positive ion GC-APCI) calcd. for C13H19F2NO2S [M+H] m/z 292.1177. Found 292.1182. 
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Fluorine- and fluoroalky-substituted ArBneo substrates 14b-18b were also explored. 19F NMR 

spectroscopic analysis of the crude reaction mixtures implicates the formation of the ArCHF2 

products 14-18. The 19F NMR chemical shifts that are assigned as -CHF2 resonance for each 

product are listed below, along with a 19F NMR yields (versus 4-fluorotoluene as an internal 

standard). None of these products were isolated due to their volatility.  

 

Preparation of 1-(difluoromethyl)-3-(methylsulfonyl)-5-

(trifluoromethyl)benzene (14). The reaction was conducted as a single run 

using 14b, and the yield of 14 was determined by 19F NMR spectroscopy with 

4-fluorotoluene as an internal standard. Reaction time: 4 h; yield: 65%. 19F 

NMR (377 MHz) δ –113.77 (d, J = 56.4 Hz).  

 

Preparation of 1-(difluoromethyl)-3,5-bis(trifluoromethyl)benzene (15). 

The reaction was conducted as a single run using 15b, and the yield of 15 was 

determined by 19F NMR spectroscopy with 4-fluorotoluene as an internal 

standard. Reaction time: 4 h; yield: 94%. A second trial using substrate 15b yielded 86% of 15.19F 

NMR (471 MHz) δ –113.64 (d, J = 55.5 Hz).  

 

Preparation of 1-(difluoromethyl)-4-(trifluoromethyl)benzene (16). The 

reaction was conducted as a single run using 16b, and the yield of 16 was 

determined by 19F NMR spectroscopy with trifluoromethoxybenzene as an 

internal standard. Reaction time: 4 h; yield: 58%. A second trial using substrate 16b yielded 50% 

of 16. 19F NMR (471 MHz) δ –113.13 (d, J = 56.1 Hz).  

 

Preparation of 1-(difluoromethyl)-4-(trifluoromethyl)benzene (17). The 

reaction was conducted as a single run using 17b, and the yield of 17 was 

determined by 19F NMR trifluoromethoxybenzene as an internal standard. Reaction time: 4 h; 

yield: 60%. 19F NMR (377 MHz) δ –110.39 (d, J = 55.9 Hz).  
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Preparation of 1-(difluoromethyl)-4-(trifluoromethyl)benzene (18). The 

reaction was conducted as a single run using 18b, and the yield of 18 was 

determined 19F NMR spectroscopy with 4-fluorotoluene as an internal standard. Reaction time: 4 

h; yield: 69%. 19F NMR (471 MHz) δ –117.08 (d, J = 55.6 Hz).  
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Chapter 3 – Further Developments in Fluoroalkylation Catalysis at 

Palladium 

3.1   Introduction 

 

Chapter 2 focused on the development of a palladium-catalyzed decarbonylative 

difluoromethylation reaction involving cross-coupling between difluoroacetyl fluoride and aryl 

boronate neopentylglycol esters (Scheme 3.1).1a  

 

Scheme 3.1. Reaction scheme for decarbonylative difluoromethylation using DFAF.1a 

 

 The proposed catalytic cycle for this transformation is shown in Figure 3.1 and involves (i) 

oxidative addition of gaseous DFAF into Pd0, (ii) carbonyl de-insertion at the PdII-acyl 

intermediate, (iii) transmetalation between the PdII(CF2H)(F) and an aryl boronate ester, and (iv) 

Ar–CHF2 bond-forming reductive elimination to release the product and regenerate the Pd0 

catalyst. 
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Figure 3.1. Catalytic cycle proposed from ref. 1a with focus on the coupling partners. 

 

A key limitation of the developed cross-coupling reaction is that it has a limited substrate 

scope: it requires gaseous DFAF as the electrophile and only works with electron-deficient aryl 

boronate neopentylglycol esters.1a Moving forward, we aimed to expand the scope of this 

transformation by changing the identity of the electrophile and the nucleophile. This chapter 

presents our efforts to achieve this goal through the development of two new transformations: (1) 

a Pd-catalyzed decarbonylative aryl difluoromethylation of C–H substrates and (2) a Pd-catalyzed 

decarbonylative difluorobenzylation of aryl boron organometallics. 

 

3.2   Motivations Towards Decarbonylative C–H Difluoromethylation 

 

In our Chapter 2,1a we studied the room temperature oxidative addition and carbonyl de-

insertion reactions of DFAAn that led to the formation of complex II-CHF2. However, this PdII 

intermediate was not transmetalation-active with aryl boronate esters. Utilization of DFAF as an 

electrophile enabled transmetalation with these nucleophiles because it generates a reactive PdII- 

fluoride (rather than a PdII-carboxylate) intermediate. However, the developed cross-coupling 

reaction1a is only effective using DFAF and with a limited a subset of electron-deficient aryl 
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boronate neopentylglycol esters (despite the compatibility between both electron-rich and -

deficient organoboronate esters with DFAF).1a To expand the scope of the reaction while 

circumventing issues related to the compatibility of the organometallic and electrophile, we first 

focused on developing a Pd-catalyzed decarbonylative C–H difluoromethylation reaction of 

arenes. Compared to other C–H activation methods2c, this strategy would be advantageous, as pre-

functionalization of the arene nucleophile should not be required. Instead, simple arenes, activated 

arenes, and arenes with directing groups could be leveraged in this process. 

 

Scheme 3.2. Proposed reaction and catalytic cycle for decarbonylative C–H difluoromethylation. 

 

The general reaction scheme and proposed catalytic for this reaction is shown in Scheme 

3.2. It involves initial oxidative addition of a difluoroacyl electrophile (CHF2C(O)X) at Pd0 to 

form a (X)PdII–COCHF2 intermediate (step i). Subsequent carbonyl de-insertion (step ii) forms a 

(X)PdII–CHF2 complex, which that could undergo C–H activation (step iii) and then reductive 

elimination (step iv) to afford the ArCHF2 product 

This reaction would involve replacing the pre-functionalized aryl boronate ester in our 

previous system1a with an unfunctionalized arene, Ar–H. However, we also posited that this 

change in arene may require a concomitant change in the identity of the difluoroacyl electrophile 
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in order to facilitate the C–H activation step (Figure 3.2). A variety of mixed anhydrides, amides, 

and other similar structures could be tested for their efficacy in the proposed C–H activation.  

 

Figure 3.2. Potential structures for difluoroacyl electrophiles and arenes in C–H activation. 

 

We first investigated the difluoroacetate intermediate (CHF2)Pd–OCOCHF2 (which is 

analogous to complex II-CHF2 in ref. 1a). We reasoned that the difluoroacetate could plausibly 

serve as a base to facilitate a C–H activation of arenes via a concerted-metalation-deprotonation 

(CMD-type) mechanism.  

 

Scheme 3.3. Proposed C–H activation utilizing complex II-CHF2 from ref. 1a. 
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 There are several examples of decarbonylative processes that use a C–H substrate as a 

nucleophile, although most feature Rh or Ir complexes as catalysts.2 A recent report from the 

Tobisu lab demonstrates an Ir-catalyzed decarbonylative coupling reaction of acyl fluorides and 

arenes via C–H activation.2a In this report (Scheme 3.4), solvent quantities of benzene are required 

to promote its C–H activation and obtain a modest yield of 40%.2a 

 

Scheme 3.4. Reaction scheme for Ir-catalyzed decarbonylative arylation using solvent quantities 

of benzene. 

 

In general, these systems often require solvent quantities of arene, high temperature, high 

catalyst loadings, and exogenous base to promote reactivity.2c As such, the activation of simple 

arenes, such as benzene, remains challenging and ineffecient.2c 

Moving forward, we selected benzoxazole as a model substrate for our C–H activation due 

to its novel biological activity3a and precedent in C–H activation reactions3b-k. Benzoxazole, a 

planar heterocycle, is found in biologically-active compounds and organic materials (Figure 3.3). 

As such, a variety of methods exist for the preparation of these compounds, and there has been 

large increase in the number of 2-substituted benzoxazoles that have been pharmacologically 

characterized from 1990 to 2014.3l 

 

Figure 3.3. Examples of benzoxazole-containing pharmaceuticals.3 
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3.3   Optimization of Decarbonylative C–H Difluoromethylation of Arenes 

To get a baseline for the desired reactivity, we first evaluated the efficacy of DFAF as the 

electrophile in a C–H difluoromethylation reaction of benzoxazole under the optimized conditions 

from our previous report (using Pd0/SPhos as the catalyst).1a Under these preliminary conditions, 

only 6% of the desired product was observed and characterized in situ by 19F NMR spectroscopic 

analysis (Scheme 3.5). The mass balance of the fluorinated by-products showed a significant 

amount of DFAF remaining and minor amounts of difluoroacetic acid as a by-product. 

 

Scheme 3.5. Initial attempt at decarbonylative C–H difluoromethylation of benzoxazole under 

conditions from ref. 1a. 

 

We next attempted the reaction between excess DFAAn and benzoxazole catalyzed by our 

Pd0/SPhos system. Under similar conditions to our previous report1a (albeit with 20 mol% Pd[P(o-

Tol)3]2 and 40 mol% SPhos), we were pleased to see 23% of the C–H difluoromethylation product, 

as determined by 19F NMR spectroscopy with trifluoromethoxybenzene as an internal standard. 

Conducting the same experiment with Pd(OAc)2, which is a common palladium precatalyst used 

in C–H activation reactions resulted in a lower yield of 12%. Overall, the results in Scheme 3.6 

suggest that the X-type ligand that derives from the electrophile (F for DFAF vs difluoroacetate 

for DFAAn) plays a key role in the reaction. 

 

Scheme 3.6. Viability of DFAAn as an electrophile for decarbonylative C–H difluoromethylation 

under preliminary conditions from ref. 1a. 
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After demonstrating the feasibility of the decarbonylative difluoromethylation of 

benzoxazole, we moved to optimize the reaction conditions. Working with a first-year rotation 

student (Emily Wearing), the catalyst, solvent, and temperature were optimized (Table 3.1). By 

changing the ligand from the hemilabile bidentate SPhos to symmetrical wide bite angle bidentate 

ligand XantPhos4, we observed a significant improvement in reactivity. Under optimized 

conditions using a Pd0/Xantphos as the catalyst in toluene, we observed nearly quantitative yield 

of 2-difluoromethylbenzoxazole (see Experimental Section for full details).  
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Table 3.1. Optimization of decarbonylative C–H difluoromethylation of benzoxazole using 

DFAAn. 
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 As shown in Table 3.1, increasing the equivalents of either DFAAn or benzoxazole resulted 

in improved yields (entries 2 and 3 compared to entry 1). Solvent screening using SPhos showed 

that the reaction works comparably in toluene, mixture of THF and toluene, and in 1,4-dioxane. In 

contrast, DMSO was not a viable solvent (entry 6). Selecting toluene moving forward, we screened 

a variety of Buchwald-type phosphine ligands (RuPhos – entry 8, BrettPhos – entry 9, XPhos – 

entry 10) in addition to other ligands commonly used in palladium catalysis.4 These screens 

uncovered XantPhos as a uniquely effective ligand for this transformation (entry 13 and 14). 

XantPhos, a bidentate phosphine ligand, is known4 for having a particularly wide bite angle of 

108°; a variety of cis-chelated Xantphos derivatives synthesized by the van Leeuwen group have 

natural bite angles ranging from 102° to 123°.4 Additionally, XantPhos has been demonstrated in 

a trans configuration at palladium (Figure 3.3).4g There is extensive precedent for XantPhos as the 

ligand in a variety of carbonylative processes, including Rh-catalyzed hydroformylation, Pt-

catalyzed alkene hydroformylation, and Pd-catalyzed CO/ethene polymerization.4a The efficacy of 

Xantphos in C–H activation reactions is supported by previous work by Blackmond and co-

workers.4e However, in this report, a mono-oxidized XantPhos is reported to form in situ and act 

as the active catalyst for C–H functionalization (Figure 3.4).4e 

 

Figure 3.4. Potential binding modes for XantPhos at Pd.4 

 

Having identified a reactive Pd(dba)2/Xantphos catalyst system, we moved to screen other 

azoles and (hetero)arenes in the C–H activation reaction. Ultimately, we targeted a C–H activation 

reaction that could functionalize a variety of arenes and was not limited to a particular class of 

arene (azoles). We tested a small subset of azoles and other arenes using the Pd0/XantPhos catalyst. 
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However, as shown in Scheme 3.7, only benzoxazole and its sulfur analogue, benzathiazole, 

afforded detectable yields under these conditions, giving 99% and 70% of the difluoromethylated 

product, respectively.  

 

Scheme 3.7. Substrate screen for C–H difluoromethylation under preliminary Pd/XantPhos 

conditions 

 

We hypothesized that the (XantPhos)PdII–difluoroacetate intermediate that formed after 

oxidative addition and carbonyl de-insertion with DFAAn might not be sufficiently basic to 

participate in a CMD-type C–H activation with substrates that are less acidic than benzoxazole. 

We hypothesized that the incorporation of a more basic carboxylate into the electrophile (such that 

it ultimately ended up as the X-type ligand at PdII) could have a beneficial impact on reactivity and 

substrate scope (Scheme 3.8).  
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Scheme 3.8. Potential for more basic endogenous base incorporated into structure of the 

difluoroacyl electrophile. 

 

To test this hypothesis, Frances Gu (a graduate student under my mentorship) synthesized 

the mixed difluoromethyl pivalyl anhydride DFMPA. Below in Scheme 3/9, a small summary of 

this work is presented that compares the efficacy of DFAF, DFAAn, and DFMPA as electrophiles 

for our C–H activation system. The full extent of this work will be described in her thesis. Overall, 

these studies demonstrate the impact of electrophile structure on product yield, with notable 

effectiveness of DFMPA for imidazole substrates (entries 3, 6, 9, and 12) that did not show any 

reactivity with the symmetric anhydride DFAAn. Frances was also able to functionalize not only 

fused azoles but also aryl substituted azoles. Ongoing work in this area is focused on expanding 

the arene scope beyond fused and substituted azoles to simple arenes. 
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Scheme 3.9. Substrate scope for C–H difluoromethylation obtained by Frances Gu using three 

different difluoroacyl electrophiles. 

 

In addition to the entries above, we conducted a small set of catalytic reactions using 

DFAAn and Ni(COD)2 as the precatalyst. The inspiration for this work was based on related work 

from Itami and co-workers from 2012 in which they demonstrated the feasibility of a 

decarbonylative C–H arylation of benzoxazole with O-aryl esters using Ni0(COD)2/dcype as the 

catalyst.5 
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Scheme 3.10. Decarbonylative C–H arylation of benzoxazole conducted by Itami and co-workers.5 

 

We initially tested the reactivity of DCyPE in our reaction and observed very little of the 

C–H difluoromethylated product (entry 1, 5%). Moving forward, we screened a variety of other 

ligands and found that XantPhos was still the most effective ligand under these conditions. Key 

differences between our conditions and those reported by Itami5 are the presence of base for an 

arylation reaction rather than a difluoromethylation reaction.  

 

Scheme 3.11. Screen of Ni-catalyzed conditions for decarbonylative C–H difluoromethylation 

showing XantPhos as the most effective ligand. 

 

3.4    Synthesis of (XantPhos)Pd(CHF2)(OCOCHF2) [Xant-II-CHF2] 

 To better understand the substrate effects and mechanistic impacts of a (XantPhos)Pd 

catalyst, we aimed to synthesize one of the proposed catalytic intermediates in the reaction, Xant-

II-CHF2 (Scheme 3.12) Due to the unique ability of Xantphos to bind the metal in a cis or trans 

configuration4, we were interested in characterizing the coordination geometry of this proposed 

intermediate. In addition, we sought to test its stoichiometric reactions with a variety of arenes to 

assess the feasibility, mechanism, and relative rates of the C–H activation step as a function of 
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carboxylate ligand structure. This could then inform the design of news electrophiles that are even 

more effective in this transformation.  

 

 

Scheme 3.12. Proposed catalytic cycle for decarbonylative C–H difluoromethylation with targeted 

complex Xant-II-CHF2. 

  

To begin, we took inspiration from our previous work synthesizing an analogous 

(SPhos)Pd complex1a and reacted DFAAn with 1 equiv of Pd0 and 1 equiv of Xantphos in THF at 

room temperature (see Experimental Section for complete details). We anticipated that oxidative 

addition and subsequent carbonyl de-insertion would generate the target complex Xant-II-CHF2. 

Purification of the crude reaction via precipitation and subsequent recrystallization afforded a 

crystalline orange solid. Subsequent 19F NMR spectroscopy however showed only one resonance 

(d, -124.8 ppm, J = 54.1 Hz, unreferenced), which is indicative of a single type of CF2H group 

within the molecule. Only one phosphorus signal was observed in the 31P NMR (s, 6.78 ppm) and 
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one difluoromethyl signal was observed in the 1H NMR (t, 4.92 ppm, J = 55.2 Hz, 2H). This is 

inconsistent with the proposed catalytic intermediate, which should have two unique -CHF2 

signals. Based on our previous work1a, we hypothesized that this complex was likely the 

symmetrical (XantPhos)Pd(OCOCHF2)2 complex Xant-sym (Scheme 3.13).  

 

Scheme 3.13. Attempted one-step synthesis of Xant-II-CHF2. 

 

Single crystal growth of the isolated solid was attempted via vapor diffusion using a 

mixture of DCM and THF in a jacket solution of diisopropylether (see Experimental Section for 

details). Structure elucidation via X-ray diffraction of this single crystal was conducted by Dr. Jeff 

W. Kampf and an ORTEP diagram is shown below in Figure 3.5. 
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Figure 3.5. ORTEP diagram of Xant-sym. Hydrogen atoms are omitted for clarity. Selected bond 

lengths (Å) and angles (deg): Pd1–P1 2.32, Pd1–P2 2.30, Pd1–O1 2.09, Pd1–O3 2.09, Pd1---O2 

2.97, P1–Pd1–P2 103.0. 

 Complex Xant-sym features XantPhos in a cis geometry with a P–Pd–P bite angle of 103°. 

This complex was characterized via NMR spectroscopy 19F, 31P, and 1H NMR spectroscopy. 

Complex Xant-sym has similar Pd–P bond lengths (2.32, 2.30 Å) to other (XantPhos)Pd 

complexes4f that feature a cis-chelated XantPhos (2.44, 2.40 Å). The calculated bite angle of this 

complex (103°) is slightly smaller than that of reported (XantPhos)Pd complexes (111°).4f  

We were surprised to find that the one-step synthesis attempted above was not effective for 

generating the proposed catalytically-relevant metal intermediate Xant-II-CHF2. Based on 

precedents from our lab6, we proposed an alternative, two-step synthesis to obtain the desired 

complex (Scheme 3.14). We first reacted Pd[P(o-Tol)3]2 with excess DFAAn in THF at room 

temperature for 24 h to afford the trans-[P(o-Tol)3]2Pd(CHF2)(OCOCHF2) complex 1 via 

oxidative addition and carbonyl de-insertion. Complex 1 was not isolated but was characterized in 
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situ based on its diagnostic broad 19F NMR resonances for the difluoromethyl (bs, -86.10 ppm, 2F) 

and difluoroacetate (d, -124.0 ppm, J = 48.5 Hz) ligands.  

 

 

Scheme 3.14. Two-step synthesis of Xant-II-CHF2. 

 

The subsequent addition of XantPhos to this crude residue led to the formation of a yellow 

solid that was isolated via precipitation and subsequent recrystallization (Scheme 3.14). 

Subsequent 1NMR spectroscopy of this yellow solid showed two distinct signals in the 19F NMR 

(q, -71.8 ppm, J = 48.7 Hz and d, -124.0, J = 56.2 Hz) and an associated signal in the 31P NMR (t, 

12.89, J = 50.4 Hz). This information suggested that two unique CHF2 signals existed for the 

complex with only one associated phosphorus signal of XantPhos. Single crystal growth of the 

yellow solid was attempted via vapor diffusion using a mixture of DCM and THF in a jacket 

solution of diisopropylether. We obtained the crystal structure of Xant-II-CHF2 and isolated the 

complex in 50% yield from this recrystallization. The ORTEP diagram for Xant-II-CHF2 is 

shown in Figure 3.6. 
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Figure 3.6. ORTEP diagram of Xant-II-CHF2. Hydrogen atoms are omitted for clarity. Selected 

bond lengths (Å) and angles (deg): Pd1–P2 2.32, Pd1–P2 2.32, Pd1–O2 2.16, Pd1---O3 3.12, Pd1–

C78 1.98, P2–Pd1–P3 132.6, O2–Pd1–C78 171.6. 

 

 As shown in in Figure 3.6, the geometry of this complex is a four-coordinate “see-saw” 

featuring XantPhos with a 132.6° bite angle. Notably, the -CFH2 and -OCOCHF2 ligands are trans 

to one other, with an O2–Pd1–C78 angle of 171.6°. The 4-coordinate see-saw geometry of Xant-

II-CHF2 is most closely related to the 5-coordinate trigonal bipyramidal geometry, except with 

one of the equatorial ligands removed. Notably, this complex has a unique geometry relative to 

other (XantPhos)PdII complexes that are known in the literature.4 In complexes that feature a cis-

ligated XantPhos (and related bisphosphines, including DPEPhos) on PdII, the P–Pd–Pd bite angles 

range from 102 to 120.6°.4 Indeed, the bite angle in Xant-sym (Figure 3.5) is 103°. Known 

complexes that feature trans-chelated Xantphos at PdII have bite angles of 150.7° in a report by 

Buchwald4g and 153° in a report by van Leeuwen.4f In contrast, Xant-II-CHF2 has a significantly 
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contracted P–Pd–P bite angle of 132.6°, which lies between the observed ranges for cis and trans-

chelated (XantPhos)PdII complexes.4 We hypothesize that the open coordination site of Xant-II-

CHF2 could be ligated by an arene to form a catalytically-relevant intermediate to undergoes C–

H activation. The reactivity of these complexes is currently being studied by Frances Gu and will 

be detailed in her thesis.  

 

3.5   Future Directions for Decarbonylative C–H Difluoromethylation of Arenes 

The initial goal in this area will be to isolate complex Xant-II-CHF2 in high purity and 

yield. With this complex in hand, we can study its reactivity with a variety of arene substrates to 

understand the mechanism, chemoselectivity, and regioselectivity of C–H activation. Further, 

kinetic data could be generated that would elucidate on the possible mechanistic pathways for the 

C–H activation process.  

 

Scheme 3.15. Proposed stoichiometric C–H activation study conducted with complex Xant-II-

CHF2. 

Our ultimate goal is to develop a decarbonylative C–H difluoromethylation that has a broad 

scope with respect to the C–H substrate. We propose that we can synthesize a variety of a 

complexes via the exchange of different basic X-type ligands (Y, shown in Scheme 3.16). This 

will then enable the identification of a palladium complex that is sufficiently activated to react 

with C–H bonds of a more diverse array of arenes. 
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Scheme 3.16. Stoichiometric identification of other reactive X-type ligands (Y) for 

decarbonylative C–H difluoromethylation. 

 

In addition to the above stoichiometric experiments, we aim to assess the efficiency of the 

isolated Xant-II-CHF2 as a catalyst (Scheme 3.17) for this decarbonylative C–H activation 

reaction. In many cases, the utilization of an on-cycle catalytic intermediate as the catalyst leads 

to improved catalytic efficiency and product yield.  

 

Scheme 3.17. Proposed utilization of Xant-II-CHF2 as a precatalyst for decarbonylative C–H 

difluoromethylation.  
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3.6 Decarbonylative Cross-Coupling of Chiral Acid Derivatives 

 In the studies in Section 2.5 and in Section 3.3, we developed two different catalytic 

decarbonylative difluoromethylation reactions that utilized difluoromethyl-containing 

electrophiles (Scheme 3.18). We observed significant ligand effects in both systems, with the 

optimized ligands displayed unique activity for the desired reaction. 

 

Scheme 3.18.  Developed methods for decarbonylative difluoromethylation catalyzed by Pd.1a 

 

Our first system Pd-catalyzed system (described in Chapter 2) generated the 

difluoromethylated product via cross-coupling using aryl boronate esters and DFAF.1a This system 

was uniquely effective with SPhos and other Buchwald ligands, including RuPhos and DavePhos. 

When initially attempting the C–H difluoromethylation of benzoxazole under similar conditions, 

we found that SPhos was largely ineffective for promoting the desired transformation. We also 

found that alternative electrophiles (DFAAn, DFMPA) generally displayed superior reactivity to 

DFAF in these C–H activation reactions. The system was uniquely enabled by wide bite angle bis-

phosphines, such as DPEPhos and particularly XantPhos.  

One of the ultimate goals in our work is to develop the decarbonylative cross-coupling of 

chiral acid derivatives. This approach would enable the coupling of the chiral alkyl groups of the 

electrophile with organometallic reagents to form chiral products, thereby leveraging these 
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abundant chiral pool reagents. The proposed catalytic cycle for this process is shown in Scheme 

3.19. 

 

Scheme 3.19. Proposed catalytic cycle for decarbonylative chiral acid coupling. 

 

However, this proposed system presents many challenges regarding the individual steps of 

the catalytic cycle. These challenges include: 

(1) The oxidative addition of an acid derivative to form complex I* may be challenging. As 

such, we anticipated that Ni-based catalysts might be preferable to then Pd analogues7. 

(2) The rate of carbonyl de-insertion of a bulky, chiral alkyl group to generate complex II* and 

extrude CO will be likely be slow7. 

(3) If carbonyl de-insertion is slow relative to transmetalation, transmetalation could occur at 

intermediate I*. The subsequent C(sp2)-C(sp2) reductive elimination to form a ketone product 

will likely to be faster than the desired C(sp2)–C(sp3) reductive elimination, 

(4) C(sp2)–C(sp3) reductive elimination, which has been demonstrated from Ni(III) complexes, 

would likely be challenging from more electron-rich Ni(II)7, 



 

112 

 

(5) The organometallic intermediates II* and III* are likely susceptible to ß-hydride elimination, 

leading to decomposition of substrate and catalyst. This is expected to be be particularly 

problematic at PdII.7 

 

We initially sought to assess the feasibility of the target transformation using a 

commercially available chiral acid derivative. We selected Mosher’s acid8 as a starting material 

due to its commercial availability and the -CF3 substituent it contains. Generally, the presence of 

fluorine and fluoroalkyl groups enables a fast and highly sensitive method for chemical analysis 

in 19F NMR spectroscopy. This technique allowed us to readily analyze the difluoromethylation 

reactions in Section 2.3 (and detect the room temperature carbonyl de-insertion of difluoroacetic 

anhydride at a (SPhos)Pd complex1a) via diagnostic resonances in the 19F NMR spectrum. 

Accordingly, the decarbonylative coupling of acid derivatives that are absent of fluorine atoms 

presents a challenge regarding rapid and sensitive chemical analysis of intermediates related to 

oxidative addition, carbonyl de-insertion, subsequent reaction pathways, and/or decomposition 

modes. We synthesized the phenyl ester of Mosher’s acid via reaction of the acid chloride and 

phenol. This reaction was afforded ester 1 in 69% yield.  

 

Scheme 3.20. Synthesis of Mosher’s ester 1 via the acyl chloride intermediate. 

 

A 19F NMR-scale stoichiometric reaction was conducted to probe the reaction of ester 1 

with 1 equiv of Ni0(COD)2 and 2 equiv of P(nBu)3. We reasoned that Ni would be a good strating 

point because it undergoes more facile oxidative additon and CO de-insertion compared to the Pd 

analogues. Further, the metal intermediates of this acid may be susceptible to ß-fluoride 

elimination, a process that is generally slower at Ni.7 Tri-n-butylphosphine, P(nBu)3, was selected 

based on preliminary results from our lab that suggested its efficacy in decarbonylative processes.1 

As shown in Scheme 3.21, after 2.5 h at 80 °C, we observed oxidative addition of 1 to form a new 

species tentatively assigned as NiII-acyl complex A in 38% yield. This complex shows a singlet at 
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-71.7 ppm by 19F NMR spectroscopy (referenced to 4-fluorotoluene) and a singlet at 13.87 ppm in 

the 31P NMR. Minimal changes to the NMR spectrum were observed after heating the reaction 

mixture at 80 °C for a total of 18 h.  

 

 

Scheme 3.21. Oxidative addition and carbonyl de-insertion study of Mosher’s ester 1.  

 

Having observed oxidative addition of 1 at 80 °C in THF, our next goal was to observe the 

carbonyl de-insertion event that follows in the proposed catalytic cycle (Scheme 3.19). Therefore, 

we conducted a related experiment reacting 1 with Ni(0COD)2/P(nBu)3 at higher temperature (120 

°C) in THF. After 18 h, we did not observe either complex A or B by 19F NMR sectroscopy. 

Instead, the 19F NMR spectrum showed remaining ester 1 along the formation of a single by-

product with a pair of doublets at -100.4 ppm and -110.3 ppm (J = 60 Hz in both cases). The 

chemical shift and coupling constants are consistent with the difluorinated alkene product (2,2-
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difluoro-1-methoxyvinyl)benzene (X), which could form by ß-fluoride elimination from NiII 

complex B (Scheme 3.22).9  

 

 

Scheme 3.22. Observation of alkene X in the crude NMR spectrum after heated reaction of 1 

with Ni catalyst. 

 

Given that neither A or B were observed after 18 h, we concluded that under these 

conditions, ß-fluoride elimination consumes B and drives the reaction to form (2,2-difluoro-1-
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methoxyvinyl)benzene, X. Indeed, the literature values for the 19F spectrum of this fluorinated 

alkene9 are nearly identical to what we observed in the experiment shown in Scheme 3.22. 

Due to these challenges, we re-evaluated our transition from decarbonylative 

difluoromethylation to decarbonylative chiral acid coupling. We posited that a systematic set of 

decarbonylative transformations increasing in complexity and similarity to chiral acids could be 

informative about the relationship between electrophile structure and reactivity in our 

decarbonylative coupling reactions.  

 

3.7 Preliminary Results in Decarbonylative Difluorobenzylation of Arenes 

Having already developed a variety of difluoromethylation reactions (continued in Chapter 

4) we selected the set of electrophiles shown in Figure 3.7 in order to iteratively change one atom 

or group at a time. We posited that this systematic study would inform us about the span of 

decarbonylative reactivity over a set of comparable electrophiles. Ultimately, the data collected 

would inform on the variety of challenges posed by our targeted decarbonylative chiral acid 

coupling. 

 

Figure 3.7. Proposed systematic study for bridging previous studies with targeted chiral acid 

coupling. 

Moving from difluoromethyl (-CHF2), we noted that the difluorobenzyl (-CF2Ph) group 

would be of interest, as it replaces the proton of the difluoromethyl group with a phenyl substituent. 

As we previously reported1a, the acidic hydrogen of the difluoromethyl group participates in a 

stabilizing C–Hδ+---Oδ- interaction that facilitates the carbonyl de-insertion reaction at PdII, both 

thermodynamically and kinetically. The trifluoromethyl group, which lacks this acidic proton and 
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has a third fluorine atom, showed a significantly higher barrier to carbonyl de-insertion at PdII.1a 

Shown in Figure 3.8 are the electrostatic potential maps associated transition states for the carbonyl 

de-insertion.1a  

 

Figure 3.8. Electrostatic potential surfaces associated with the transition states for the carbonyl 

de-insertion process.1a 

 

Due to the large impact of this change on carbonyl de-insertion, we were interested in the 

impact of a phenyl substituent in -CF2Ph, compared to -CF2H and -CF3 on the catalytic process. 

Overall, we hoped to learn about the differences in reactivity moving from decarbonylative 

difluoromethylation to decarbonylative difluorobenzylation, the impact of the change on the 

relative barriers of the elementary steps of the catalytic cycle, and the impact of the change on the 

ligand and conditions. 

We desired to develop a palladium-catalyzed decarbonylative difluorobenzylation using a 

difluorobenzyl acid derivative and an aryl organometallic to form difluorodiarylmethane (Ar–CF2–

Ar) products.  
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Scheme 3.23. Reaction scheme for the proposed decarbonylative difluorobenzylation reaction 

using a difluorobenzyl acid derivative. 

 

While benzylic methylene linkages (Ar–CH2–R) are common structural motifs in a variety 

of molecules, doubly benylic Ar–CH2–Ar linkages are less stable and only found in a small number 

of drugs.9,10 Replacement of the methylene protons in these linkages (Ar–CF2–Ar) is expected to 

impart unique properties, such as enhanced metabolic stability and lipophilicity.11-13 At present, 

limited examples of this linkage exist in pharmaceuticals.9,10 As such, the development of an 

efficient reaction to form this Ar–CF2–Ar linkage would likely promote the inclusion of this motif 

into pharmaceuticals, agrochemicals, and materials.13 

Given the commercial availability of α,α-difluorophenyl acetic acid, we posited that we 

could synthesize the Ar–CF2–Ar motif via a decarbonylative cross-coupling reaction between an 

α,α-difluoroacetic acid derivative and suitable organometallic nucleophile. We propose that this 

reaction could occur via an analogous catalytic cycle to those previously reported herein (Scheme 

3.24). Oxidative addition into a Pd0 species (step i) would generate acyl complex I-COCF2Ph. 

Carbonyl de-insertion (step ii) to extrude CO would generate Pd–CF2Ph complex II-CF2Ph. 

Subsequent transmetalation with a compatible organometallic Ar–M’ (step iii) would generate 

intermediate III-CF2Ph that undergoes reductive elimination (step iv) to give the desired 

difluorobenzylated product.  
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Scheme 3.24. Catalytic cycle for the proposed decarbonylative difluorobenzylation reaction using 

a difluorobenzyl acid derivative. 

 

We sought to identify a suitable α,α-difluorophenyl carboxylic acid derivative to serve as 

the electrophile for the process. We were excited to find precedent for the cross-coupling of a α,α-

difluorophenyl acyl electrophile with aryl boronic acids catalyzed by Pd.14 In this report by 

Amgoune and co-workers, the authors conducted a base-free Suzuki-Miyaura cross-coupling 

reaction between the 2,2-difluorophenyl acetamide glut-COCF2Ph with aryl boronic acids to form 

ketone products, as shown in Scheme 3.X.  
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Scheme 3.25. Proposed catalytic cycle for synthesis of difluorophenyl ketones reported by 

Amgoune and co-workers.14  

 

The proposed catalytic cycle of the process involves initial oxidative addition of glut-

COCF2Ph into a Pd(PCy3)2 catalyst to form a Pd–COCF2Ph complex (step i).14 This intermediate 

then undergoes transmetalation with an aryl boronic acid (step ii) and subsequent reductive 

elimination (step iii) to yield the α,α-difluorobenzyl ketone product. The above reaction14 

establishes precedent for a number of steps in our proposed catalytic cycle.  

First, the authors are able to readily synthesize compound glut-COCF2Ph, which is 

reactive towards oxidative addition at Pd. Notably, this imide electrophile is reactive at Pd0 due to 

ground-state destabilization because of its twisted amide bond.15 Seminal work by Szostak has 

elucidated the properties and reactivity of these twisted amides (Scheme 3.26).15 It is generally 

concluded that the distortion of planarity in the twisted amides labilizes the C–N bond towards 

oxidative addition.15 In addition to this, Szostak has previously demonstrated the efficacy of 

glutarimide electrophiles in decarbonylative transformations (Scheme 3.26).15d This was 

particularly exciting as there were no known reports of a catalytic transformation involving 

carbonyl de-insertion of a M–COCF2Ph. 
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Scheme 3.26. Twisted glutarimide-based amides and decarbonylative arylation reaction catalyzed 

by palladium.15d 

 

The report by Amgoune and co-workers14 (Scheme 3.25) also demonstrates the 

compatibility of organoboronic acids and esters with glut-COCF2Ph. Great effort was spent in 

our previous work optimizing the pair of electrophile and nucleophile to be compatible and 

selectively reactive with the metal catalyst.1a Thus, we were excited to have a set of compatible 

reagents in hand that are also reactive with the Pd catalyst towards cross-coupling. 

We began our studies with the synthesis of compound glut-COCF2Ph. The literature 

protocol was generally followed,14 although the material obtained after chromatographic 

purification was a yellow oil (literature report suggests that this should be a colorless crystalline 

solid). Thus, we developed a recrystallization method for the obtained oil using a two-solvent 

system of diethyl ether and heptanes to afford colorless crystalline glut-COCF2Ph in 72% yield 

and purity (Scheme 3.27). 
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Scheme 3.27. Synthesis of glut-COCF2Ph and colorless crystalline product shown. 

 

With glut-COCF2Ph in hand, we sought to optimize the reaction for the desired 

decarbonylative transformation. We initially attempted the reaction of our glutarimide electrophile 

with 4-cyanophenylboronic acid using Pd[P(o-Tol)3]2 in combination with either PCy3 (the ligand 

used by Amgoune and co-workers)14 and SPhos (the ligand used in our decarbonylative 

difluoromethylation).1a As expected based on the literature report,14 the PCy3 reaction formed 

ketone in 53% yield in high selectivity over the decarbonylated product ArCF2Ph (entry 1). In 

contrast with SPhos, very little reactivity was observed, with 2% of ArCOCF2Ph and no detectable 

ArCF2Ph (entry 3). 

 

Table 3.2. Ligand and nucleophile optimization of decarbonylative difluorobenzylation reaction. 

 

We next changed the organoboron reagent from the boronic acid to the neopentyl boronate 

ester. With PCy3 as the ligand this resulted in a change in selectivity, affording selective formation 
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of the decarbonylative coupling product, albeit in low (8%) yield. Changing the from PCy3 to 

SPhos resulted in similar selectivity for the decarbonylation product, but similarly low yield (7%, 

entry 4).  We next tested a variety of Buchwald ligands (DavePhos, BrettPhos, AlPhos, 

moreDalPhos) but did not observe significant reactivity. Out of many ligand tried under these 

conditions, ultimately, it was observed that a bulky monophosphine in CataCXium A was uniquely 

effective for the desired decarbonylative difluorobenzylation reaction. This ligand in combination 

with neopentyl boronate esters (entry 6) yielded the highest yield (25% of ArCF2Ph) and selectivity 

against the ketone by-product (4%). The utilization of the analogous boronic acid under these 

conditions (entry 5) yielded the opposite selectivity (25% ArCOCF2Ph and 4% of ArCF2Ph). 

Using the Pd0/CataCXium catalyst identified in the ligand screen, we next explored a small 

scope of boronate ester and tributyltin nucleophiles. Under these conditions, we observed a range 

in yields of the desired product (2-45%), as well as varying amounts of undesired ketone product 

(0-25%) depending on the organometallic used. The results are summarized in Scheme 3.28. 

 

Scheme 3.28. Initial substrate screen of boron and tin nucleophiles under Pd/CataCXium A 

difluorobenzylation conditions. 

 

 The data in Scheme 3.28 shows that both boron and tin organometallics are effective in the 

reaction. As shown in Table 3.3, 2-tributylstannylthiophene displayed superior reactivity with 
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lower loadings of catalyst. For instance, with this substrate and 1 mol% of Pd and 4 mol% of 

ligand, we observed a 28% yield of ketone and 65% yield of the desired decarbonylated product 

(entry 3). This compares favorably to the 18% and 44% respectively obtained when using 10 mol 

% of Pd0 and 40 mol % of phosphine (entry 2). However, unfortunately this result was not general 

for other nucleophiles. 

 

Table 3.3. Superior reactivity of tributyl(2-thiophenyl)stannane with low loadings of catalyst and 

ligand. 

 With the reaction working in modest yields under preliminary conditions (2 equiv A, 1 

equivalent of organometallic reagent, 10 mol% Pd[P(o-Tol)3]2, 40 mol% CataCXium A, toluene 

(c = 0.17 M), 80 °C, 18 h), the project was turned over to a first-year student in the lab, Alexander 

Bunnell. Under my mentorship, Alex optimized the reaction conditions further, expanded the 

scope of organometallics used in the reaction, and isolated the Ar–CF2–Ar products. This work 

will be detailed in full in his thesis, but a small summary of his work is presented in Scheme 3.29, 

below. 
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Scheme 3.29. Substrate scope for decarbonylative difluorobenzylation obtained by Alexander W. 

Bunnell. 

 As Alex demonstrated, the decarbonylative difluorobenzylation reaction is effective for a 

variety of aryl boronate ester substrates. All yields above are isolated yields of pure product. 

Notably, this system works for both electron-rich (e.g., 14) and electron-deficient aryl boronate 

esters (e.g., 1), whereas our decarbonylative difluoromethylation reaction was only effective for 

electron-poor aryl boronate esters.1a Alex will be working to understand these substrate effects 

through a systematic assessment of compatible organometallics.  

 

3.8 Conclusions and Future Directions 

 This chapter delineates our preliminary results regarding the development of a Pd-

catalyzed decarbonylative C–H difluoromethylation reaction. We observed that a variety of 

difluoroacyl electrophiles are in reactive towards the C–H functionalization of azole derivatives 

using a (XantPhos)Pd catalyst system. Preliminary stoichiometric investigations in this area were 

conducted and led to the synthesis of catalytically-relevant complex Xant-II-CHF2. This complex 

features a unique P–Pd–P bite angle that is not included in the known ranges for (XantPhos)Pd 
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complexes. Further investigation to be conducted by Frances Gu will elucidate the reactivity of 

this complex towards stoichiometric C–H activation and as a precatalyst in the catalytic reaction.  

 We also observed ß–F elimination in our attempts to develop the Ni-catalyzed 

decarbonylative coupling of a chiral, -CF3-bearing ester derivative. Future work will focus on 

quelling this undesired reactivity through the design of a model chiral substrate. Possible chiral 

acids include (1S)-(+)-ketopinic acid, which should not be as susceptible to such decomposition 

modes. We also proposed a systematic set of decarbonylative transformations that would enable 

us to slowly build in complexity, ultimately reaching chiral acid derivatives absent of fluorine 

atoms. Based on a recent report by Amgoune and co-workers14, we developed the Pd-catalyzed 

decarbonylative difluorobenzylation reaction of aryl boron and tin organometallics. This project is 

being continued by Alexander W. Bunnell and will focus on the comparison of different 

organometallics in the reaction and the subsequent impact on product selectivity. 
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3.9 Experimental Section 

General information. All manipulations were performed inside an N2-filled glovebox unless 

otherwise noted, and all glassware was oven-dried for a minimum of 24 h in an oven at 150 ºC 

before use. NMR spectra were obtained on a Varian VNMR 700 (699.76 MHz for 1 H; 175.95 

MHz for 13C), Varian VNMR 500 (500.09 MHz for 1H; 470.56 MHz for 19F; 125.75 MHz for 13C), 

or Varian VNMR 400 (401 MHz for 1H; 376 MHz for 19F; 123 MHz for 13C) spectrometer. 1H and 

13C NMR chemical shifts are reported in parts per million (ppm) relative to TMS, with the residual 

solvent peak used as an internal reference. 19F NMR chemical shifts are reported in ppm and are 

referenced to 4-fluorotoluene (–119.85 ppm) or trifluoromethoxybenzene (–58.00 ppm). 13C NMR 

spectra are referenced to the residual CHCl3 peak (77.16 ppm). Abbreviations used in the NMR 

data are as follows: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; br, broad signal. Yields 

of reactions that generated fluorinated products were determined by 19F NMR spectroscopic 

analysis. Mass spectral data were obtained on a Micromass Magnetic Sector Mass Spectrometer. 

Automated flash chromatography was performed using a Biotage Isolera One system with 

cartridges containing high performance silica gel. 

Abbreviations: tetrahydrofuran (THF), dichloromethane (DCM), diethyl ether (Et2O), 

difluoroacetyl fluoride (DFAF), difluoroacetic anhydride (DFAAn), trifluoroacetic anhydride 

(TFAAn), difluoroacetic acid (DFA), trifluoroacetic acid (TFA), room temperature (RT). 

General procedure for the catalytic optimization of C–H difluoromethylation using 

DFAAn. A Pd0 source (0.005 mmol, 0.1 equiv) was dissolved with a phosphine ligand (0.01 mmol, 

0.2 equiv) in 0.3 mL of anhydrous solvent and pre-stirred for five minutes in a tall 10 mL vial.  

DFAAn was added as a toluene-solution (0.15 mmol, 3 equiv, 1.5 M, 0.1 mL) and the solution 

was stirred. To the solution was added arene substrate (0.05 mmol, 1 equiv). The vial was sealed 

with a Teflon-lined screw cap with a septum, removed from the glovebox, and heated to a given 

temperature for 18 h. After the reaction time, the reaction mixture was allowed to cool to room 

temperature. To it was added hexafluorobenzene (25 µL, 2.0 M in DCM, 1.0 equiv) as an internal 

standard, followed by dichloromethane (1.0 mL). An aliquot of the solution was transferred to an 
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NMR tube and analyzed by 19F NMR spectroscopy. The results of a selection of these optimization 

reactions are shown in Table 3.X. 

 

Synthesis of complex Xant-sym. A 20 mL vial equipped with a stir bar 

was charged with Pd(dba)2 (288 mg, 0.5 mmol, 1.0 equiv), XantPhos (295 

mg, 0.51 mmol, 1.02 equiv), and THF (8 mL). To this stirring suspension 

was added difluoroacetic anhydride (180 mg, 1.02 mmol, 2.04 equiv). The 

dark red suspension was stirred for 18 h at room temperature. After 18 h, 

a greenish solid was observed to precipitate out of the dark red reaction 

mixture. The mixture was filtered through a 2 cm tall celite plug (set with Et2O) in a disposable 

fritted funnel the solid was washed with a mixture of Et2O/pentanes. The red/orange filtrate was 

collected as an initial fraction. The green solid was eluted through with DCM (15 mL) into a 

second, orange fraction, leaving Pd0 remaining on the celite. The orange solution was concentrated 

en vacuo to yield a crude orange solid (363 mg, 0.42 mmol, 83%). This solid was not fully 

characterized by NMR but was structurally elucidated via X-ray crystallography. 19F NMR (470 

MHz, CD2Cl2) δ -124.8 ppm, (d, J = 54.1 Hz). 31P NMR (202 MHz, CD2Cl2) δ 6.78 (s). 1H NMR 

(500 MHz, Methylene Chloride-d2) δ 7.71 (d, J = 7.7 Hz, 2H), 7.47 – 7.35 (multiple peaks, 12H), 

7.25 (td, J = 7.7, 2.2 Hz, 8H), 7.15 (tt, J = 7.9, 1.9 Hz, 2H), 6.58 (t, J = 8.4 Hz, 2H), 4.92 (t, J = 

55.2 Hz, 2H), 1.73 (s, 6H).  
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Structure Determination of Xant-sym. Orange prisms of Xant-sym were grown from a 

tetrahydrofuran/di-isopropyl ether/pentane solution of the compound at 25 deg. C.  A crystal of 

dimensions 0.22 x 0.20 x 0.20 mm was mounted on a Rigaku AFC10K Saturn 944+ CCD-based 

X-ray diffractometer equipped with a low temperature device and Micromax-007HF Cu-target 

micro-focus rotating anode (l = 1.54187 A) operated at 1.2 kW power (40 kV, 30 mA).  The X-

ray intensities were measured at 225(1) K with the detector placed at a distance 42.00 mm from 

the crystal.  A destructive phase change precluded collection at lower temperature.  A total of 2028 

images were collected with an oscillation width of 1.0° in w.  The exposure times were 1 sec. for 

the low angle images, 3 sec. for high angle.  Rigaku d*trek images were exported to CrysAlisPro 

for processing and corrected for absorption.  The integration of the data yielded a total of 35047 

reflections to a maximum 2q value of 138.81° of which 8464 were independent and 8334 were 
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greater than 2s(I).  The final cell constants (Table 1) were based on the xyz centroids of 24891 

reflections above 10s(I).  Analysis of the data showed negligible decay during data collection.  The 

structure was solved and refined with the Bruker SHELXTL (version 2018/3) software package, 

using the space group P-1 with Z = 2 for the formula C48.5H45O6F4Cl3Pd.  All non-hydrogen 

atoms were refined anisotropically with the hydrogen atoms placed in idealized positions.  The 

difluoroacetato ligand is disordered over two rotationally related orientations.  Full matrix least-

squares refinement based on F2 converged at R1 = 0.0618 and wR2 = 0.1728 [based on I > 

2sigma(I)], R1 = 0.0629 and wR2 = 0.1735 for all data.  Additional details are presented in Table 

1 and are given as Supporting Information in a CIF file.  Acknowledgement is made for funding 

from NSF grant CHE-0840456 for X-ray instrumentation. 

G.M. Sheldrick (2015) "Crystal structure refinement with SHELXL", Acta Cryst., C71, 3-8 (Open 

Access). 

CrystalClear Expert 2.0 r16, Rigaku Americas and Rigaku Corporation (2014), Rigaku Americas, 

9009, TX, USA 77381-5209, Rigaku Tokyo, 196-8666, Japan. 

CrysAlisPro 1.171.40.53 (Rigaku Oxford Diffraction, 2019). 

 

Empirical formula                  C43H34F4O5P2Pd 

Formula weight                     875.09 

Temperature                        85(2) K 

Wavelength                         1.54184 A 

Crystal system Triclinic 

space group        P-1 

Unit cell dimensions               

                                         

a = 11.8332(2) Å        α = 91.0831(13)°  

b = 12.1836(2) Å      ß = 107.8232(14)°  

c = 17.8663(2) Å      γ = 105.8668(16)°  

Volume                             2343.89(7) Å3 

Z 2 

Calculated density              1.523 Mg/m3 

Absorption coefficient             5.963 mm-1 
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F(000)                             1094 

Crystal size                       0.220 x 0.200 x 0.200 mm 

Theta range for data collection    2.614 to 69.403° 

Limiting indices                   -14<=h<=14, -14<=k<=14, -21<=l<=21 

Reflections collected / unique     35047 / 8468 [R(int) = 0.0481]  

Completeness to theta  67.684    97.5 % 

Absorption correction            Semi-empirical from equivalents 

Max. and min. transmission         1.00000 and 0.66585 

Refinement method                  Full-matrix least-squares on F2 

Data / restraints / parameters     8468 / 504 / 661 

Goodness-of-fit on F2             1.059 

Final R indices [I>2σ(I)]    R1 = 0.0618, wR2 = 0.1728 

R indices (all data)               R1 = 0.0629, wR2 = 0.1735 

Largest diff. peak and hole        1.766 and -1.801 e.A^-3  

Table 3.4. Addition details regarding crystals of Xant-sym. 

         

_______________________________________________________________  

                    x             y             z           U(eq)  

 _______________________________________________________________  
          Pd(1)        3352(1)       2722(1)       2672(1)       24(1)  

          P(1)         3922(1)       1498(1)       3598(1)       22(1)  

          P(2)         1876(1)       1485(1)       1623(1)       22(1)  

          O(1)         1629(3)       -115(3)       2745(2)       21(1)  

          O(2)         4797(3)       4040(3)       3418(2)       29(1)  

          O(3)         6004(4)       3584(3)       2783(3)       56(1)  

          O(6)         9201(8)       6604(7)       5319(4)      106(3)  

          F(1)         7851(3)       5385(3)       3549(3)       66(1)  

          F(2)         6508(3)       6110(3)       3809(3)       64(1)  

          C(1)         2821(4)        670(4)       4045(3)       22(1)  

          C(2)         2994(4)        684(4)       4858(3)       25(1)  

          C(3)         2066(4)         -6(4)       5118(3)       26(1)  

          C(4)          972(4)       -706(4)       4583(3)       24(1)  

          C(5)          776(4)       -773(4)       3772(3)       22(1)  

          C(6)         -350(4)      -1529(4)       3132(3)       22(1)  
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          C(7)         -578(4)       -859(4)       2417(3)       22(1)  

          C(8)        -1740(4)       -872(4)       1891(3)       24(1)  

          C(9)        -1822(4)       -223(4)       1256(3)       28(1)  

          C(10)        -765(4)        481(4)       1129(3)       26(1)  

          C(11)         409(4)        530(4)       1655(3)       23(1)  

          C(12)         452(4)       -157(4)       2261(2)       21(1)  

          C(13)        1731(4)        -80(4)       3538(2)       21(1)  

          C(14)         -51(4)      -2622(4)       2897(3)       26(1)  

          C(15)       -1482(4)      -1892(4)       3409(3)       27(1)  

          C(16)        5161(4)       2334(4)       4463(3)       25(1)  

          C(17)        4939(4)       3182(4)       4895(3)       27(1)  

          C(18)        5867(5)       3831(4)       5554(3)       31(1)  

          C(19)        7038(5)       3657(4)       5790(3)       34(1)  

          C(20)        7258(5)       2821(4)       5364(3)       34(1)  

          C(21)        6339(4)       2167(4)       4709(3)       28(1)  

          C(22)        4544(4)        441(4)       3267(3)       23(1)  

          C(23)        4188(4)       -710(4)       3410(3)       29(1)  

          C(24)        4704(4)      -1482(4)       3158(3)       32(1)  

          C(25)        5575(4)      -1123(4)       2783(3)       30(1)  

          C(26)        5946(4)         22(4)       2651(3)       30(1)  

          C(27)        5433(4)        799(4)       2886(3)       27(1)  

          C(28)        1336(4)       2295(4)        808(3)       26(1)  

          C(29)        1602(4)       2229(4)        104(3)       28(1)  

          C(30)        1121(5)       2825(4)       -510(3)       34(1)  

          C(31)         354(5)       3480(4)       -436(3)       36(1)  

          C(32)          81(5)       3542(4)        263(3)       36(1)  

          C(33)         577(5)       2962(4)        887(3)       30(1)  

          C(34)        2628(4)        595(4)       1252(2)       25(1)  

          C(35)        3770(5)       1139(4)       1145(3)       31(1)  

          C(36)        4373(5)        508(5)        846(3)       35(1)  

          C(37)        3864(5)       -676(5)        665(3)       36(1)  

          C(38)        2749(5)      -1233(5)        779(3)       34(1)  

          C(39)        2122(5)       -590(4)       1071(3)       29(1)  

          C(40)        5803(5)       4163(4)       3268(3)       38(1)  

          C(41)        6860(5)       5151(5)       3815(4)       49(2)  

          O(4)         3093(8)       4059(6)       1983(4)       35(2)  

          C(42)        2610(15)      4688(11)      2230(8)       43(2)  

          O(5)         2028(8)       4485(6)       2708(4)       48(2)  

          C(43)        2818(11)      5878(9)       1905(6)       57(2)  

          F(3)         2447(7)       5729(6)       1072(4)       66(2)  

          F(4)         2120(6)       6468(5)       2097(4)       64(2)  

          O(4A)        3500(19)      3911(12)      1898(9)       47(3)  

          C(42A)       3120(20)      4715(15)      1980(11)      52(3)  

          O(5A)        2520(20)      4810(20)      2444(12)      57(4)  
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          C(43A)       3310(20)      5607(15)      1405(12)      66(4)  

          F(3A)        3450(30)      5680(30)       633(13)      79(7)  

          F(4A)        2585(18)      6289(15)      1427(12)      97(5)  

          O(4B)        3500(19)      3911(12)      1898(9)       47(3)  

          C(42B)       3120(20)      4715(15)      1980(11)      52(3)  

          O(5B)        2520(20)      4810(20)      2444(12)      57(4)  

          C(43B)       3310(20)      5607(15)      1405(12)      66(4)  

          F(4B)        2585(18)      6289(15)      1427(12)      97(5)  

          F(3B)        4494(19)      6279(13)      1696(9)       61(4)  

          C(44)       10101(9)       6282(7)       5678(6)       68(2)  

          C(45)       11031(7)       7289(7)       6264(5)       64(2)  

          C(46)       10228(9)       7980(9)       6530(5)       78(2)  

          C(47)        8918(8)       7212(10)      5896(7)       92(3)  

          C(48)        7903(9)       4090(8)       1739(7)       89(3)  

          Cl(2)        9468(2)       4561(2)       2120(1)       77(1)  

          Cl(1)        7447(3)       2612(3)       1311(3)      141(2)  

          C(49)        4920(20)      4760(20)       933(13)     112(8)  

          Cl(3)        5941(6)       6113(6)       1382(5)      116(2)  

          Cl(4)        5050(8)       4058(9)        110(5)      155(3)  

Table 3.5 Atomic coordinates (x 104) and equivalent isotropic displacement parameters (A2 x 103) 

for Xant-sym. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.  

 

           _____________________________________________________________  

            Pd(1)-C(40)                   1.979(3)  

            Pd(1)-O(2A)                   2.129(11)  

            Pd(1)-O(2)                    2.164(7)  

            Pd(1)-P(2)                    2.3177(7)  

            Pd(1)-P(1)                    2.3245(7)  

            P(1)-C(22)                    1.813(4)  

            P(1)-C(16)                    1.818(3)  

            P(1)-C(1)                     1.825(3)  

            P(2)-C(34)                    1.815(3)  

            P(2)-C(28)                    1.816(3)  

            P(2)-C(12)                    1.829(3)  

            O(1)-C(13)                    1.385(3)  

            O(1)-C(6)                     1.388(3)  

            F(1)-C(40)                    1.377(4)  

            F(2)-C(40)                    1.374(4)  

            C(1)-C(6)                     1.388(4)  

            C(1)-C(2)                     1.398(4)  

            C(2)-C(3)                     1.381(5)  

            C(2)-H(2)                     0.9400  
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            C(3)-C(4)                     1.376(6)  

            C(3)-H(3)                     0.9400  

            C(4)-C(5)                     1.389(5)  

            C(4)-H(4)                     0.9400  

            C(5)-C(6)                     1.399(3)  

            C(5)-C(7)                     1.511(6)  

            C(7)-C(8)                     1.525(5)  

            C(7)-C(15)                    1.526(5)  

            C(7)-C(14)                    1.568(6)  

            C(8)-C(9)                     1.386(5)  

            C(8)-C(13)                    1.394(4)  

            C(9)-C(10)                    1.370(6)  

            C(9)-H(9)                     0.9400  

            C(10)-C(11)                   1.382(5)  

            C(10)-H(10)                   0.9400  

            C(11)-C(12)                   1.393(4)  

            C(11)-H(11)                   0.9400  

            C(12)-C(13)                   1.403(4)  

            C(14)-H(14A)                  0.9700  

            C(14)-H(14B)                  0.9700  

            C(14)-H(14C)                  0.9700  

            C(15)-H(15A)                  0.9700  

            C(15)-H(15B)                  0.9700  

            C(15)-H(15C)                  0.9700  

            C(16)-C(17)                   1.378(6)  

            C(16)-C(21)                   1.382(5)  

            C(17)-C(18)                   1.386(6)  

            C(17)-H(17)                   0.9400  

            C(18)-C(19)                   1.336(10)  

            C(18)-H(18)                   0.9400  

            C(19)-C(20)                   1.362(10)  

            C(19)-H(19)                   0.9400  

            C(20)-C(21)                   1.401(8)  

            C(20)-H(20)                   0.9400  

            C(21)-H(21)                   0.9400  

            C(22)-C(23)                   1.380(6)  

            C(22)-C(27)                   1.389(5)  

            C(23)-C(24)                   1.433(8)  

            C(23)-H(23)                   0.9400  

            C(24)-C(25)                   1.387(8)  

            C(24)-H(24)                   0.9400  

            C(25)-C(26)                   1.299(8)  

            C(25)-H(25)                   0.9400  

            C(26)-C(27)                   1.366(6)  
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            C(26)-H(26)                   0.9400  

            C(27)-H(27)                   0.9400  

            C(28)-C(29)                   1.389(4)  

            C(28)-C(33)                   1.391(4)  

            C(29)-C(30)                   1.380(4)  

            C(29)-H(29)                   0.9400  

            C(30)-C(31)                   1.371(5)  

            C(30)-H(30)                   0.9400  

            C(31)-C(32)                   1.371(5)  

            C(31)-H(31)                   0.9400  

            C(32)-C(33)                   1.381(5)  

            C(32)-H(32)                   0.9400  

            C(33)-H(33)                   0.9400  

            C(34)-C(39)                   1.381(4)  

            C(34)-C(35)                   1.385(5)  

            C(35)-C(36)                   1.394(6)  

            C(35)-H(35)                   0.9400  

            C(36)-C(37)                   1.375(7)  

            C(36)-H(36)                   0.9400  

            C(37)-C(38)                   1.349(6)  

            C(37)-H(37)                   0.9400  

            C(38)-C(39)                   1.389(4)  

            C(38)-H(38)                   0.9400  

            C(39)-H(39)                   0.9400  

            C(40)-H(40)                   0.9900  

            O(2)-C(41)                    1.221(11)  

            C(41)-O(3)                    1.170(11)  

            C(41)-C(42)                   1.540(11)  

            C(42)-F(3)                    1.154(11)  

            C(42)-F(4)                    1.239(11)  

            C(42)-H(42)                   0.9900  

            O(2A)-C(41A)                  1.232(12)  

            C(41A)-O(3A)                  1.204(11)  

            C(41A)-C(42A)                 1.563(10)  

            C(42A)-F(3A)                  1.194(15)  

            C(42A)-F(4A)                  1.229(14)  

            C(42A)-H(42A)                 0.9900  

            F(3A)-F(4A)                   1.824(13)  

   

            C(40)-Pd(1)-O(2A)           165.8(4)  

            C(40)-Pd(1)-O(2)            171.6(3)  

            C(40)-Pd(1)-P(2)             90.99(9)  

            O(2A)-Pd(1)-P(2)            101.3(4)  

            O(2)-Pd(1)-P(2)              89.7(3)  
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            C(40)-Pd(1)-P(1)             91.93(9)  

            O(2A)-Pd(1)-P(1)             84.9(3)  

            O(2)-Pd(1)-P(1)              93.7(2)  

            P(2)-Pd(1)-P(1)             132.67(3)  

            C(22)-P(1)-C(16)            108.09(16)  

            C(22)-P(1)-C(1)             103.61(13)  

            C(16)-P(1)-C(1)             104.95(14)  

            C(22)-P(1)-Pd(1)            120.80(12)  

            C(16)-P(1)-Pd(1)            112.05(10)  

            C(1)-P(1)-Pd(1)             105.85(10)  

            C(34)-P(2)-C(28)            105.69(13)  

            C(34)-P(2)-C(12)            106.29(14)  

            C(28)-P(2)-C(12)            105.86(12)  

            C(34)-P(2)-Pd(1)            123.84(10)  

            C(28)-P(2)-Pd(1)            108.85(9)  

            C(12)-P(2)-Pd(1)            105.06(10)  

            C(13)-O(1)-C(6)             117.2(2)  

            C(6)-C(1)-C(2)              118.2(3)  

            C(6)-C(1)-P(1)              120.8(2)  

            C(2)-C(1)-P(1)              120.9(3)  

            C(3)-C(2)-C(1)              120.3(4)  

            C(3)-C(2)-H(2)              119.8  

            C(1)-C(2)-H(2)              119.8  

            C(4)-C(3)-C(2)              120.1(3)  

            C(4)-C(3)-H(3)              119.9  

            C(2)-C(3)-H(3)              119.9  

            C(3)-C(4)-C(5)              121.8(3)  

            C(3)-C(4)-H(4)              119.1  

            C(5)-C(4)-H(4)              119.1  

            C(4)-C(5)-C(6)              117.0(3)  

            C(4)-C(5)-C(7)              124.1(3)  

            C(6)-C(5)-C(7)              118.8(3)  

            C(1)-C(6)-O(1)              117.8(2)  

            C(1)-C(6)-C(5)              122.6(3)  

            O(1)-C(6)-C(5)              119.6(3)  

            C(5)-C(7)-C(8)              109.1(3)  

            C(5)-C(7)-C(15)             110.7(4)  

            C(8)-C(7)-C(15)             112.3(4)  

            C(5)-C(7)-C(14)             107.8(3)  

            C(8)-C(7)-C(14)             107.6(3)  

            C(15)-C(7)-C(14)            109.2(4)  

            C(9)-C(8)-C(13)             116.9(3)  

            C(9)-C(8)-C(7)              124.1(3)  

            C(13)-C(8)-C(7)             118.9(3)  
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            C(10)-C(9)-C(8)             121.7(3)  

            C(10)-C(9)-H(9)             119.2  

            C(8)-C(9)-H(9)              119.2  

            C(9)-C(10)-C(11)            120.6(4)  

            C(9)-C(10)-H(10)            119.7  

            C(11)-C(10)-H(10)           119.7  

            C(10)-C(11)-C(12)           120.5(4)  

            C(10)-C(11)-H(11)           119.7  

            C(12)-C(11)-H(11)           119.7  

            C(11)-C(12)-C(13)           117.2(3)  

            C(11)-C(12)-P(2)            120.9(3)  

            C(13)-C(12)-P(2)            121.5(2)  

            O(1)-C(13)-C(8)             119.5(3)  

            O(1)-C(13)-C(12)            117.4(2)  

            C(8)-C(13)-C(12)            123.1(3)  

            C(7)-C(14)-H(14A)           109.5  

            C(7)-C(14)-H(14B)           109.5  

            H(14A)-C(14)-H(14B)         109.5  

            C(7)-C(14)-H(14C)           109.5  

            H(14A)-C(14)-H(14C)         109.5  

            H(14B)-C(14)-H(14C)         109.5  

            C(7)-C(15)-H(15A)           109.5  

            C(7)-C(15)-H(15B)           109.5  

            H(15A)-C(15)-H(15B)         109.5  

            C(7)-C(15)-H(15C)           109.5  

            H(15A)-C(15)-H(15C)         109.5  

            H(15B)-C(15)-H(15C)         109.5  

            C(17)-C(16)-C(21)           118.0(4)  

            C(17)-C(16)-P(1)            120.9(3)  

            C(21)-C(16)-P(1)            120.7(3)  

            C(16)-C(17)-C(18)           121.1(5)  

            C(16)-C(17)-H(17)           119.5  

            C(18)-C(17)-H(17)           119.5  

            C(19)-C(18)-C(17)           120.6(6)  

            C(19)-C(18)-H(18)           119.7  

            C(17)-C(18)-H(18)           119.7  

            C(18)-C(19)-C(20)           120.2(5)  

            C(18)-C(19)-H(19)           119.9  

            C(20)-C(19)-H(19)           119.9  

            C(19)-C(20)-C(21)           120.3(5)  

            C(19)-C(20)-H(20)           119.9  

            C(21)-C(20)-H(20)           119.9  

            C(16)-C(21)-C(20)           119.9(6)  

            C(16)-C(21)-H(21)           120.1  
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            C(20)-C(21)-H(21)           120.1  

            C(23)-C(22)-C(27)           120.0(4)  

            C(23)-C(22)-P(1)            123.8(3)  

            C(27)-C(22)-P(1)            116.0(3)  

            C(22)-C(23)-C(24)           117.0(5)  

            C(22)-C(23)-H(23)           121.5  

            C(24)-C(23)-H(23)           121.5  

            C(25)-C(24)-C(23)           119.5(5)  

            C(25)-C(24)-H(24)           120.3  

            C(23)-C(24)-H(24)           120.3  

            C(26)-C(25)-C(24)           121.9(5)  

            C(26)-C(25)-H(25)           119.0  

            C(24)-C(25)-H(25)           119.0  

            C(25)-C(26)-C(27)           120.5(6)  

            C(25)-C(26)-H(26)           119.8  

            C(27)-C(26)-H(26)           119.8  

            C(26)-C(27)-C(22)           121.0(5)  

            C(26)-C(27)-H(27)           119.5  

            C(22)-C(27)-H(27)           119.5  

            C(29)-C(28)-C(33)           118.6(3)  

            C(29)-C(28)-P(2)            121.1(2)  

            C(33)-C(28)-P(2)            119.7(2)  

            C(30)-C(29)-C(28)           120.7(3)  

            C(30)-C(29)-H(29)           119.7  

            C(28)-C(29)-H(29)           119.7  

            C(31)-C(30)-C(29)           119.8(3)  

            C(31)-C(30)-H(30)           120.1  

            C(29)-C(30)-H(30)           120.1  

            C(32)-C(31)-C(30)           120.4(3)  

            C(32)-C(31)-H(31)           119.8  

            C(30)-C(31)-H(31)           119.8  

            C(31)-C(32)-C(33)           120.2(3)  

            C(31)-C(32)-H(32)           119.9  

            C(33)-C(32)-H(32)           119.9  

            C(32)-C(33)-C(28)           120.2(3)  

            C(32)-C(33)-H(33)           119.9  

            C(28)-C(33)-H(33)           119.9  

            C(39)-C(34)-C(35)           119.4(3)  

            C(39)-C(34)-P(2)            117.8(2)  

            C(35)-C(34)-P(2)            122.8(3)  

            C(34)-C(35)-C(36)           119.1(4)  

            C(34)-C(35)-H(35)           120.4  

            C(36)-C(35)-H(35)           120.4  

            C(37)-C(36)-C(35)           120.5(4)  
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            C(37)-C(36)-H(36)           119.7  

            C(35)-C(36)-H(36)           119.7  

            C(38)-C(37)-C(36)           120.3(4)  

            C(38)-C(37)-H(37)           119.8  

            C(36)-C(37)-H(37)           119.8  

            C(37)-C(38)-C(39)           120.2(4)  

            C(37)-C(38)-H(38)           119.9  

            C(39)-C(38)-H(38)           119.9  

            C(34)-C(39)-C(38)           120.4(3)  

            C(34)-C(39)-H(39)           119.8  

            C(38)-C(39)-H(39)           119.8  

            F(2)-C(40)-F(1)             104.0(3)  

            F(2)-C(40)-Pd(1)            109.0(2)  

            F(1)-C(40)-Pd(1)            108.8(2)  

            F(2)-C(40)-H(40)            111.5  

            F(1)-C(40)-H(40)            111.5  

            Pd(1)-C(40)-H(40)           111.5  

            C(41)-O(2)-Pd(1)            118.1(8)  

            O(3)-C(41)-O(2)             127.9(11)  

            O(3)-C(41)-C(42)            118.9(12)  

            O(2)-C(41)-C(42)            113.2(11)  

            F(3)-C(42)-F(4)             107.9(11)  

            F(3)-C(42)-C(41)            117.7(12)  

            F(4)-C(42)-C(41)            121.3(10)  

            F(3)-C(42)-H(42)            102.2  

            F(4)-C(42)-H(42)            102.2  

            C(41)-C(42)-H(42)           102.2  

            C(41A)-O(2A)-Pd(1)          121.2(10)  

            O(3A)-C(41A)-O(2A)          128.6(11)  

            O(3A)-C(41A)-C(42A)         120.0(11)  

            O(2A)-C(41A)-C(42A)         111.3(11)  

            F(3A)-C(42A)-F(4A)           97.7(13)  

            F(3A)-C(42A)-C(41A)         117.5(13)  

            F(4A)-C(42A)-C(41A)         111.5(13)  

            F(3A)-C(42A)-H(42A)         109.8  

            F(4A)-C(42A)-H(42A)         109.8  

            C(41A)-C(42A)-H(42A)        109.8  

            C(42A)-F(3A)-F(4A)           41.9(7)  

           C(42A)-F(4A)-F(3A)           40.4(8)  

          _________________________________________________________ 

Table 3.6 Bond lengths [Å] and angles [deg] for Xant-sym. 
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 Two-step synthesis of complex Xant-II-CHF2. A 20 mL vial 

equipped with a stir bar was charged with Pd[P(o-Tol)3]2 (358 mg, 0.5 

mmol, 1.0 equiv) in THF (5 mL). To this stirring suspension was added 

difluoroacetic anhydride (96 mg, 0.55 mmol, 1.1 equiv). The dark 

suspension was stirred for 18 h at room temperature. After 18 h, 

XantPhos was added (0.55 equiv, 1.1 equiv) and the reaction was stirred for 15 minutes at room 

temperature. After this, the dark colored solution was concentrated to ca. 1 mL in THF. After 

sitting for five minutes, a green solid has precipitated. The suspension was filtered through 2 cm 

tall celite plug (set with pentanes) 

in a disposable fritted funnel. The solid was washed with pentanes/diisopropyl ether. However, 

during this wash, a green band eluted through the plug and was collected as F1. An orange band 

remained adsorbed to the celite and some green solid remained on top. The orange band was eluted 

through with diisopropyl ether to give a strongly orange colored solution (F2). Attempts to elute 

the green solid through with THF and Et2O were unsuccessful. Interestingly, upon addition of 

DCM, the green solid eluted through as an orange band (F3). F2 was concentrated and NMR was 

taken in CD2Cl2, which confirmed the presence of the desired complex Xant-II-CHF2. Single 

crystal growth was attempted and was successful. Due to the issues related to the unusual solubility 

and precipitation of the components in the reaction mixture, this complex was not isolated as a 

pure complex but was subjected to X-ray crystallography. 19F NMR (471 MHz, Methylene 

Chloride-d2) δ –71.79 (q, J = 48.7 Hz, 2F), –123.96 (d, J = 56.2 Hz). Minor impurity observed at 

-79.68 (dd, J = 50.4 Hz). 31P NMR (202 MHz, Methylene Chloride-d2) δ 12.89 (t, J = 50.4 Hz, 

2P). Minor impurity (P(o-Tol)3) observed at -29.06 (s). 1H NMR (500 MHz, Methylene Chloride-

d2) δ 7.71 (dd, J = 7.8 Hz, 1.5 Hz, 2H), 7.68-7.58 (multiple peaks, 8H), 7.51 (t, J = 7.4, 4H), 7.44 

(multiple peaks, 8H), 7.24 (t, J = 7.8 2H), 5.86 (tt, J = 52.1 Hz, 13.3 Hz, 1H), 4.85 (t, J = 55.9 Hz, 

1H), 1.78 (s, 6H).  
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Structure Determination of Xant-II-CHF2. Orange prisms of Xant-II-CHF2 were grown from 

a dichloromethane/di-isopropyl ether/pentane solution of the compound at 25 deg. C.  A crystal of 

dimensions 0.14 x 0.14 x 0.14 mm was mounted on a Rigaku AFC10K Saturn 944+ CCD-based 

X-ray diffractometer equipped with a low temperature device and Micromax-007HF Cu-target 

micro-focus rotating anode (l = 1.54187 A) operated at 1.2 kW power (40 kV, 30 mA).  The X-

ray intensities were measured at 225(1) K with the detector placed at a distance 42.00 mm from 

the crystal.  A destructive phase change precluded collection at lower temperature.  A total of 2028 

images were collected with an oscillation width of 1.0° in w.  The exposure times were 1 sec. for 
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the low angle images, 5 sec. for high angle.  Rigaku d*trek images were exported to CrysAlisPro 

for processing and corrected for absorption.  The integration of the data yielded a total of 56484 

reflections to a maximum 2q value of 139.24° of which 6959 were independent and 6640 were 

greater than 2s(I).  The final cell constants (Table 1) were based on the xyz centroids of 29316 

reflections above 10s(I).  Analysis of the data showed negligible decay during data collection.  The 

structure was solved and refined with the Bruker SHELXTL (version 2018/3) software package, 

using the space group P2(1)/n with Z = 4 for the formula C42H34O3F4P2Pd.  All non-hydrogen 

atoms were refined anisotropically with the hydrogen atoms placed in idealized positions.  The 

difluoroacetato ligand is disordered over two rotationally related orientations.  Full matrix least-

squares refinement based on F2 converged at R1 = 0.0388 and wR2 = 0.1063 [based on I > 

2sigma(I)], R1 = 0.0401 and wR2 = 0.1082 for all data.  Additional details are presented in Table 

1 and are given as Supporting Information in a CIF file.  Acknowledgement is made for funding 

from NSF grant CHE-0840456 for X-ray instrumentation. 

G.M. Sheldrick (2015) "Crystal structure refinement with SHELXL", Acta Cryst., C71, 3-8 (Open 

Access). 

CrystalClear Expert 2.0 r16, Rigaku Americas and Rigaku Corporation (2014), Rigaku Americas, 

9009, TX, USA 77381-5209, Rigaku Tokyo, 196-8666, Japan. 

 

CrysAlisPro 1.171.40.53 (Rigaku Oxford Diffraction, 2019). 

   

Empirical formula                  C42H34F4O3P2Pd 

Formula weight                     831.03 

Temperature                        225(2) K 

Wavelength                         1.54184 A 

Crystal system Monoclinic 

space group        P2(1)/n 
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Unit cell dimensions               

                                         

a = 9.82100(17) Å        α = 90 °  

b = 18.93400(10) Å      ß = 97.7498(14)°  

c = 19.6452(3) Å      γ = 90 °  

Volume                             3753.87(10) Å3 

Z 4 

Calculated density              1.470 Mg/m3 

Absorption coefficient             5.292 mm-1 

F(000)                             1688 

Crystal size                       0.140 x 0.140 x 0.140 mm 

Theta range for data collection    3.197 to 69.619° 

Limiting indices                   -11<=h<=11, -23<=k<=23, -23<=l<=23 

Reflections collected / unique     56484 / 6959 [R(int) = 0.0525] 

Completeness to theta  67.684    99.5 % 

Absorption correction            Semi-empirical from equivalents 

Max. and min. transmission         1.00000 and 0.70315 

Refinement method                  Full-matrix least-squares on F2 

Data / restraints / parameters     6959 / 79 / 526 

Goodness-of-fit on F2             1.027  

Final R indices [I>2σ(I)]    R1 = 0.0388, wR2 = 0.1063 

R indices (all data)               R1 = 0.0401, wR2 = 0.1082 

Largest diff. peak and hole        0.414 and -1.023 e.A^-3 

Table 3.7. Addition details regarding crystals of Xant-II-CHF2.  

 

         _______________________________________________  

                         x             y             z           U(eq) 

          ______________________________________________ 

   

          Pd(1)        4699(1)       6398(1)       1856(1)       51(1)  

          P(1)         5778(1)       7446(1)       2063(1)       54(1)  
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          P(2)         5505(1)       5288(1)       1929(1)       49(1)  

          O(1)         6910(2)       6290(1)       2959(1)       50(1)  

          F(1)         4325(3)       7032(1)        595(1)       99(1)  

          F(2)         4112(3)       5934(1)        527(1)       91(1)  

          C(1)         6373(3)       7469(2)       2984(1)       56(1)  

          C(2)         6311(4)       8071(2)       3359(2)       74(1)  

          C(3)         6652(4)       8069(2)       4064(2)       86(1)  

          C(4)         7054(3)       7474(2)       4402(2)       80(1)  

          C(5)         7150(3)       6864(2)       4053(1)       64(1)  

          C(6)         6803(3)       6879(2)       3339(1)       53(1)  

          C(7)         7661(4)       6205(2)       4392(2)       78(1)  

          C(8)         6982(3)       5609(2)       3978(1)       68(1)  

          C(9)         6716(4)       4983(3)       4259(2)       90(1)  

          C(10)        6160(5)       4455(2)       3858(2)       95(1)  

          C(11)        5855(4)       4530(2)       3155(2)       77(1)  

          C(12)        6088(3)       5149(2)       2842(1)       56(1)  

          C(13)        6656(3)       5678(2)       3269(1)       54(1)  

          C(14)        9246(4)       6160(3)       4363(3)      114(2)  

          C(15)        7403(7)       6190(3)       5140(2)      132(2)  

          C(16)        7330(4)       7511(2)       1657(2)       67(1)  

          C(17)        8595(4)       7343(2)       2010(2)       92(1)  

          C(18)        9756(6)       7316(3)       1681(4)      130(2)  

          C(19)        9674(9)       7456(3)       1011(4)      144(3)  

          C(20)        8445(9)       7626(3)        643(3)      136(3)  

          C(21)        7257(6)       7658(2)        965(2)       99(1)  

          C(22)        4824(4)       8233(2)       1907(2)       71(1)  

          C(23)        5420(6)       8851(2)       1789(2)      101(1)  

          C(24)        4548(8)       9439(2)       1747(2)      121(2)  

          C(25)        3167(8)       9363(3)       1813(2)      120(2)  

          C(26)        2631(7)       8771(3)       1906(2)      113(2)  

          C(27)        3427(4)       8198(2)       1955(2)       83(1)  

          C(28)        7034(3)       5234(1)       1504(1)       51(1)  

          C(29)        8312(3)       5429(2)       1838(2)       65(1)  

          C(30)        9429(3)       5480(2)       1483(2)       80(1)  

          C(31)        9282(4)       5329(2)        796(2)       81(1)  

          C(32)        8034(4)       5127(2)        458(2)       79(1)  

          C(33)        6908(3)       5080(2)        807(2)       67(1)  

          C(34)        4469(3)       4552(2)       1636(2)       58(1)  

          C(35)        5035(4)       3934(2)       1482(3)       94(1)  

          C(36)        4165(6)       3396(2)       1253(3)      114(2)  

          C(37)        2762(5)       3477(2)       1184(2)       94(1)  

          C(38)        2211(4)       4078(2)       1337(2)       75(1)  

          C(39)        3058(3)       4623(2)       1558(1)       60(1)  

          C(40)        4904(4)       6436(2)        868(2)       67(1)  
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          O(2)         4165(9)       6315(5)       2886(4)       64(2)  

          C(41)        2952(11)      6346(9)       2960(6)       84(3)  

          O(3)         2000(10)      6353(7)       2533(7)      200(6)  

          C(42)        2720(20)      6358(5)       3719(7)      133(4)  

          F(3)         2063(8)       6797(3)       3895(4)      166(3)  

          F(4)         2425(9)       5833(3)       4018(3)      135(2)  

          O(2A)        4081(13)      6531(7)       2845(7)       57(3)  

          C(41A)       3053(13)      6244(11)      3003(5)       48(3)  

          O(3A)        2150(9)       5958(5)       2634(4)       83(3)  

          C(42A)       2950(20)      6323(7)       3786(5)       88(3)  

          F(3A)        3614(11)      6765(5)       4089(4)      154(4)  

          F(4A)        3487(15)      5839(6)       4118(5)      163(4)  

         ________________________________________________________________  

 Table 3.8.  Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A2 x 

103) for Xant-II-CHF2. U(eq) is defined as one third of the trace of the orthogonalized Uij 

tensor.   

           ___________________________________ 

            Pd(1)-C(40)                   1.979(3)  

            Pd(1)-O(2A)                   2.129(11)  

            Pd(1)-O(2)                    2.164(7)  

            Pd(1)-P(2)                    2.3177(7)  

            Pd(1)-P(1)                    2.3245(7)  

            P(1)-C(22)                    1.813(4)  

            P(1)-C(16)                    1.818(3)  

            P(1)-C(1)                     1.825(3)  

            P(2)-C(34)                    1.815(3)  

            P(2)-C(28)                    1.816(3)  

            P(2)-C(12)                    1.829(3)  

            O(1)-C(13)                    1.385(3)  

            O(1)-C(6)                     1.388(3)  

            F(1)-C(40)                    1.377(4)  

            F(2)-C(40)                    1.374(4)  

            C(1)-C(6)                     1.388(4)  

            C(1)-C(2)                     1.398(4)  

            C(2)-C(3)                     1.381(5)  

            C(2)-H(2)                     0.9400  

            C(3)-C(4)                     1.376(6)  

            C(3)-H(3)                     0.9400  

            C(4)-C(5)                     1.389(5)  

            C(4)-H(4)                     0.9400  
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            C(5)-C(6)                     1.399(3)  

            C(5)-C(7)                     1.511(6)  

            C(7)-C(8)                     1.525(5)  

            C(7)-C(15)                    1.526(5)  

            C(7)-C(14)                    1.568(6)  

            C(8)-C(9)                     1.386(5)  

            C(8)-C(13)                    1.394(4)  

            C(9)-C(10)                    1.370(6)  

            C(9)-H(9)                     0.9400  

            C(10)-C(11)                   1.382(5)  

            C(10)-H(10)                   0.9400  

            C(11)-C(12)                   1.393(4)  

            C(11)-H(11)                   0.9400  

            C(12)-C(13)                   1.403(4)  

            C(14)-H(14A)                  0.9700  

            C(14)-H(14B)                  0.9700  

            C(14)-H(14C)                  0.9700  

            C(15)-H(15A)                  0.9700  

            C(15)-H(15B)                  0.9700  

            C(15)-H(15C)                  0.9700  

            C(16)-C(17)                   1.378(6)  

            C(16)-C(21)                   1.382(5)  

            C(17)-C(18)                   1.386(6)  

            C(17)-H(17)                   0.9400  

            C(18)-C(19)                   1.336(10)  

            C(18)-H(18)                   0.9400  

            C(19)-C(20)                   1.362(10)  

            C(19)-H(19)                   0.9400  

            C(20)-C(21)                   1.401(8)  

            C(20)-H(20)                   0.9400  

            C(21)-H(21)                   0.9400  

            C(22)-C(23)                   1.380(6)  

            C(22)-C(27)                   1.389(5)  

            C(23)-C(24)                   1.433(8)  

            C(23)-H(23)                   0.9400  

            C(24)-C(25)                   1.387(8)  

            C(24)-H(24)                   0.9400  

            C(25)-C(26)                   1.299(8)  

            C(25)-H(25)                   0.9400  

            C(26)-C(27)                   1.366(6)  

            C(26)-H(26)                   0.9400  

            C(27)-H(27)                   0.9400  

            C(28)-C(29)                   1.389(4)  

            C(28)-C(33)                   1.391(4)  
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            C(29)-C(30)                   1.380(4)  

            C(29)-H(29)                   0.9400  

            C(30)-C(31)                   1.371(5)  

            C(30)-H(30)                   0.9400  

            C(31)-C(32)                   1.371(5)  

            C(31)-H(31)                   0.9400  

            C(32)-C(33)                   1.381(5)  

            C(32)-H(32)                   0.9400  

            C(33)-H(33)                   0.9400  

            C(34)-C(39)                   1.381(4)  

            C(34)-C(35)                   1.385(5)  

            C(35)-C(36)                   1.394(6)  

            C(35)-H(35)                   0.9400  

            C(36)-C(37)                   1.375(7)  

            C(36)-H(36)                   0.9400  

            C(37)-C(38)                   1.349(6)  

            C(37)-H(37)                   0.9400  

            C(38)-C(39)                   1.389(4)  

            C(38)-H(38)                   0.9400  

            C(39)-H(39)                   0.9400  

            C(40)-H(40)                   0.9900  

            O(2)-C(41)                    1.221(11)  

            C(41)-O(3)                    1.170(11)  

            C(41)-C(42)                   1.540(11)  

            C(42)-F(3)                    1.154(11)  

            C(42)-F(4)                    1.239(11)  

            C(42)-H(42)                   0.9900  

            O(2A)-C(41A)                  1.232(12)  

            C(41A)-O(3A)                  1.204(11)  

            C(41A)-C(42A)                 1.563(10)  

            C(42A)-F(3A)                  1.194(15)  

            C(42A)-F(4A)                  1.229(14)  

            C(42A)-H(42A)                 0.9900  

            F(3A)-F(4A)                   1.824(13)  

   

            C(40)-Pd(1)-O(2A)           165.8(4)  

            C(40)-Pd(1)-O(2)            171.6(3)  

            C(40)-Pd(1)-P(2)             90.99(9)  

            O(2A)-Pd(1)-P(2)            101.3(4)  

            O(2)-Pd(1)-P(2)              89.7(3)  

            C(40)-Pd(1)-P(1)             91.93(9)  

            O(2A)-Pd(1)-P(1)             84.9(3)  

            O(2)-Pd(1)-P(1)              93.7(2)  

            P(2)-Pd(1)-P(1)             132.67(3)  



 

147 

 

            C(22)-P(1)-C(16)            108.09(16)  

            C(22)-P(1)-C(1)             103.61(13)  

            C(16)-P(1)-C(1)             104.95(14)  

            C(22)-P(1)-Pd(1)            120.80(12)  

            C(16)-P(1)-Pd(1)            112.05(10)  

            C(1)-P(1)-Pd(1)             105.85(10)  

            C(34)-P(2)-C(28)            105.69(13)  

            C(34)-P(2)-C(12)            106.29(14)  

            C(28)-P(2)-C(12)            105.86(12)  

            C(34)-P(2)-Pd(1)            123.84(10)  

            C(28)-P(2)-Pd(1)            108.85(9)  

            C(12)-P(2)-Pd(1)            105.06(10)  

            C(13)-O(1)-C(6)             117.2(2)  

            C(6)-C(1)-C(2)              118.2(3)  

            C(6)-C(1)-P(1)              120.8(2)  

            C(2)-C(1)-P(1)              120.9(3)  

            C(3)-C(2)-C(1)              120.3(4)  

            C(3)-C(2)-H(2)              119.8  

            C(1)-C(2)-H(2)              119.8  

            C(4)-C(3)-C(2)              120.1(3)  

            C(4)-C(3)-H(3)              119.9  

            C(2)-C(3)-H(3)              119.9  

            C(3)-C(4)-C(5)              121.8(3)  

            C(3)-C(4)-H(4)              119.1  

            C(5)-C(4)-H(4)              119.1  

            C(4)-C(5)-C(6)              117.0(3)  

            C(4)-C(5)-C(7)              124.1(3)  

            C(6)-C(5)-C(7)              118.8(3)  

            C(1)-C(6)-O(1)              117.8(2)  

            C(1)-C(6)-C(5)              122.6(3)  

            O(1)-C(6)-C(5)              119.6(3)  

            C(5)-C(7)-C(8)              109.1(3)  

            C(5)-C(7)-C(15)             110.7(4)  

            C(8)-C(7)-C(15)             112.3(4)  

            C(5)-C(7)-C(14)             107.8(3)  

            C(8)-C(7)-C(14)             107.6(3)  

            C(15)-C(7)-C(14)            109.2(4)  

            C(9)-C(8)-C(13)             116.9(3)  

            C(9)-C(8)-C(7)              124.1(3)  

            C(13)-C(8)-C(7)             118.9(3)  

            C(10)-C(9)-C(8)             121.7(3)  

            C(10)-C(9)-H(9)             119.2  

            C(8)-C(9)-H(9)              119.2  

            C(9)-C(10)-C(11)            120.6(4)  
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            C(9)-C(10)-H(10)            119.7  

            C(11)-C(10)-H(10)           119.7  

            C(10)-C(11)-C(12)           120.5(4)  

            C(10)-C(11)-H(11)           119.7  

            C(12)-C(11)-H(11)           119.7  

            C(11)-C(12)-C(13)           117.2(3)  

            C(11)-C(12)-P(2)            120.9(3)  

            C(13)-C(12)-P(2)            121.5(2)  

            O(1)-C(13)-C(8)             119.5(3)  

            O(1)-C(13)-C(12)            117.4(2)  

            C(8)-C(13)-C(12)            123.1(3)  

            C(7)-C(14)-H(14A)           109.5  

            C(7)-C(14)-H(14B)           109.5  

            H(14A)-C(14)-H(14B)         109.5  

            C(7)-C(14)-H(14C)           109.5  

            H(14A)-C(14)-H(14C)         109.5  

            H(14B)-C(14)-H(14C)         109.5  

            C(7)-C(15)-H(15A)           109.5  

            C(7)-C(15)-H(15B)           109.5  

            H(15A)-C(15)-H(15B)         109.5  

            C(7)-C(15)-H(15C)           109.5  

            H(15A)-C(15)-H(15C)         109.5  

            H(15B)-C(15)-H(15C)         109.5  

            C(17)-C(16)-C(21)           118.0(4)  

            C(17)-C(16)-P(1)            120.9(3)  

            C(21)-C(16)-P(1)            120.7(3)  

            C(16)-C(17)-C(18)           121.1(5)  

            C(16)-C(17)-H(17)           119.5  

            C(18)-C(17)-H(17)           119.5  

            C(19)-C(18)-C(17)           120.6(6)  

            C(19)-C(18)-H(18)           119.7  

            C(17)-C(18)-H(18)           119.7  

            C(18)-C(19)-C(20)           120.2(5)  

            C(18)-C(19)-H(19)           119.9  

            C(20)-C(19)-H(19)           119.9  

            C(19)-C(20)-C(21)           120.3(5)  

            C(19)-C(20)-H(20)           119.9  

            C(21)-C(20)-H(20)           119.9  

            C(16)-C(21)-C(20)           119.9(6)  

            C(16)-C(21)-H(21)           120.1  

            C(20)-C(21)-H(21)           120.1  

            C(23)-C(22)-C(27)           120.0(4)  

            C(23)-C(22)-P(1)            123.8(3)  

            C(27)-C(22)-P(1)            116.0(3)  
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            C(22)-C(23)-C(24)           117.0(5)  

            C(22)-C(23)-H(23)           121.5  

            C(24)-C(23)-H(23)           121.5  

            C(25)-C(24)-C(23)           119.5(5)  

            C(25)-C(24)-H(24)           120.3  

            C(23)-C(24)-H(24)           120.3  

            C(26)-C(25)-C(24)           121.9(5)  

            C(26)-C(25)-H(25)           119.0  

            C(24)-C(25)-H(25)           119.0  

            C(25)-C(26)-C(27)           120.5(6)  

            C(25)-C(26)-H(26)           119.8  

            C(27)-C(26)-H(26)           119.8  

            C(26)-C(27)-C(22)           121.0(5)  

            C(26)-C(27)-H(27)           119.5  

            C(22)-C(27)-H(27)           119.5  

            C(29)-C(28)-C(33)           118.6(3)  

            C(29)-C(28)-P(2)            121.1(2)  

            C(33)-C(28)-P(2)            119.7(2)  

            C(30)-C(29)-C(28)           120.7(3)  

            C(30)-C(29)-H(29)           119.7  

            C(28)-C(29)-H(29)           119.7  

            C(31)-C(30)-C(29)           119.8(3)  

            C(31)-C(30)-H(30)           120.1  

            C(29)-C(30)-H(30)           120.1  

            C(32)-C(31)-C(30)           120.4(3)  

            C(32)-C(31)-H(31)           119.8  

            C(30)-C(31)-H(31)           119.8  

            C(31)-C(32)-C(33)           120.2(3)  

            C(31)-C(32)-H(32)           119.9  

            C(33)-C(32)-H(32)           119.9  

            C(32)-C(33)-C(28)           120.2(3)  

            C(32)-C(33)-H(33)           119.9  

            C(28)-C(33)-H(33)           119.9  

            C(39)-C(34)-C(35)           119.4(3)  

            C(39)-C(34)-P(2)            117.8(2)  

            C(35)-C(34)-P(2)            122.8(3)  

            C(34)-C(35)-C(36)           119.1(4)  

            C(34)-C(35)-H(35)           120.4  

            C(36)-C(35)-H(35)           120.4  

            C(37)-C(36)-C(35)           120.5(4)  

            C(37)-C(36)-H(36)           119.7  

            C(35)-C(36)-H(36)           119.7  

            C(38)-C(37)-C(36)           120.3(4)  

            C(38)-C(37)-H(37)           119.8  
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            C(36)-C(37)-H(37)           119.8  

            C(37)-C(38)-C(39)           120.2(4)  

            C(37)-C(38)-H(38)           119.9  

            C(39)-C(38)-H(38)           119.9  

            C(34)-C(39)-C(38)           120.4(3)  

            C(34)-C(39)-H(39)           119.8  

            C(38)-C(39)-H(39)           119.8  

            F(2)-C(40)-F(1)             104.0(3)  

            F(2)-C(40)-Pd(1)            109.0(2)  

            F(1)-C(40)-Pd(1)            108.8(2)  

            F(2)-C(40)-H(40)            111.5  

            F(1)-C(40)-H(40)            111.5  

            Pd(1)-C(40)-H(40)           111.5  

            C(41)-O(2)-Pd(1)            118.1(8)  

            O(3)-C(41)-O(2)             127.9(11)  

            O(3)-C(41)-C(42)            118.9(12)  

            O(2)-C(41)-C(42)            113.2(11)  

            F(3)-C(42)-F(4)             107.9(11)  

            F(3)-C(42)-C(41)            117.7(12)  

            F(4)-C(42)-C(41)            121.3(10)  

            F(3)-C(42)-H(42)            102.2  

            F(4)-C(42)-H(42)            102.2  

            C(41)-C(42)-H(42)           102.2  

            C(41A)-O(2A)-Pd(1)          121.2(10)  

            O(3A)-C(41A)-O(2A)          128.6(11)  

            O(3A)-C(41A)-C(42A)         120.0(11)  

            O(2A)-C(41A)-C(42A)         111.3(11)  

            F(3A)-C(42A)-F(4A)           97.7(13)  

            F(3A)-C(42A)-C(41A)         117.5(13)  

            F(4A)-C(42A)-C(41A)         111.5(13)  

            F(3A)-C(42A)-H(42A)         109.8  

            F(4A)-C(42A)-H(42A)         109.8  

            C(41A)-C(42A)-H(42A)        109.8  

            C(42A)-F(3A)-F(4A)           41.9(7)  

            C(42A)-F(4A)-F(3A)           40.4(8)  

           ____________________________________________________________ 

  Table 3.9. Bond lengths [A] and angles [deg] for Xant-II-CHF2.  
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 Procedure for the synthesis of phenyl (R)-3,3,3-trifluoro-2-

methoxy-2-phenylpropanoate (1) from (R)-3,3,3-trifluoro-2-methoxy-

2-phenylpropanoic acid. (R)-3,3,3-trifluoro-2-methoxy-2-

phenylpropanoic acid (468 mg, 2 mmol, 1.0 equiv), also known as (R)-(+)-Mosher’s Acid, was 

dissolved in dichloromethane (10 mL) and the solution was cooled to 0 °C in an ice-water bath 

while stirring. Then, a catalytic amount of DMF (0.05 mL) was added. Following this, oxalyl 

chloride (0.17 mL, 2 mmol, 1.0 equiv) was added dropwise. The reaction was allowed to slowly 

warm to room temperature over 3 h. After 3 h, another flask was prepared with phenol (223 mg, 

2.4 mmol, 1.2 equiv) and dichloromethane (10 mL) and was cooled to 0 °C in an ice-water bath 

while stirring. To this solution was added triethylamine (415 mg, 3 mmol, 1.5 equiv). Then, the 

acid chloride reaction mixture was added dropwise to the flask containing phenol and 

triethylamine. This reaction mixture was allowed to slowly warm up to room temperature over 18 

h. After 18 h, the mixture was diluted with dichloromethane (20 mL) and the reaction was washed 

twice with deionized H2O, 1x with NaCl (sat., aq.) brine, then was dried over anhydrous Na2SO4. 

The crude reaction solution was filtered and concentrated en vacuo to yield a yellow oil. The 

yellow oil was then purified via silica gel chromatography (25g column, gradient elution of 0-5% 

EtOAc in hexanes). The product was observed to elute at 5% EtOAc in hexanes. Fractions 

containing the product were collected and concentrated, yielding ester 1 as a colorless oil (426 mg, 

1.374 mmol, 69% yield). 1H NMR (400 MHz, CDCl3) δ 7.72–7.64 (m, 2H), 7.51–7.38 (multiple 

peaks, 5H), 7.29 (t, J = 7.5 Hz, 1H), 7.13 (d, J = 8.4 Hz, 2H), 3.70 (s, 3H). 19F NMR (376 MHz, 

CDCl3) δ –71.65 (s, 3F). 13C NMR (126 MHz, CDCl3) δ 165.33, 150.11, 132.13, 130.01, 129.82, 

128.78, 127.43, 126.78, 124.54, 122.25, 55.85. 

Procedure for the stoichiometric reactions of (R)-3,3,3-trifluoro-2-methoxy-2-

phenylpropanoate (1) with Ni(COD)2 and tri-n-butylphosphine. In a 4-mL vial fitted with a 

stirbar, a 0.05 M solution of Ni(COD)2 (0.1 mmol, 27.5 mg, 10.0 equiv) was prepared in THF (2.0 

mL). To this mixture was added P(nBu)3 (0.2 mmol, 20.2 mg, 10.0 equiv). The mixture was stirred 

until homogenous (~ 5 minutes). In a separate 4-mL vial, a 0.05 M THF-solution of 4-fluorotoluene 

internal standard was prepared. In a tall 10-mL vial, ester 1 (3.1 mg, 0.01 mmol, 1.0 equiv) was 

weighed and to it was added 0.2 mL of the nickel solution and 0.2 mL of the 4-fluorotoluene 
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solution. The reaction was sealed with a Teflon-lined screw cap, removed from the glovebox, and 

heated at temperature (80 °C for 2.5 h or 120 °C for 18 h). After the reaction time, the vial was 

allowed to cool, brought into the glovebox, and transferred into a screw-cap NMR tube. 

Subsequent 19F NMR analysis was conducted to identify desired intermediates and undesired by-

products. The associated spectra are shown in Schemes 3.21 and 3.22. 

 

Procedure for the synthesis of 1-(2,2-difluoro-2-

phenylacetyl)piperidine-2,6-dione (glut-COCF2Ph) from 2,2-

difluorophenylacetic acid. 2,2-difluorophenylacetic acid (516 mg, 3 mmol, 1.0 

equiv) was dissolved in dichloromethane (8 mL) and the solution was cooled to 0 °C in an ice-

water bath while stirring. Then, a catalytic amount of DMF (0.05 mL) was added. Following this, 

oxalyl chloride (1.5 mL, 2.0 M in dichloromethane, 3 mmol, 1.0 equiv) was added dropwise. The 

reaction was allowed to slowly warm to room temperature over 3 h. After 3 h, another flask was 

prepared with glutarimide (339 mg, 3 mmol, 1.0 equiv) and dichloromethane (10 mL) and was 

cooled to 0 °C in an ice-water bath while stirring. To this solution was added triethylamine (0.62 

mL, 4.5 mmol, 1.5 equiv). Then, the acid chloride reaction mixture was added dropwise to the 

flask containing glutarimide and triethylamine. This reaction mixture was allowed to slowly warm 

up to room temperature over 18 h. After 18 h, the mixture was diluted with cold Et2O (50 mL) to 

precipitate the triethylamine hydrochloride salt and was subsequently filtered and concentrated en 

vacuo to yield a yellow oil. The yellow oil was then purified via silica gel chromatography (25g 

column, gradient elution of 5-50% EtOAc in hexanes). Fractions containing the product were 

collected and concentrated, yielding glut-COCF2Ph as a slightly yellow oil, contrary to the 

literature protocol.14 Recrystallization using diethyl ether and heptanes at 0 °C over 18 h yielded 

glut-COCF2Ph as a colorless crystalline solid (575 mg, 2.15 mmol, 72% yield). 1H NMR (400 

MHz, CDCl3) δ 7.63 (dd, J = 8.5, 1.5 Hz, 2H), 7.48 (ddd, J = 14.4, 8.0, 6.2, 3H), 2.70 (t, J = 6.5 

Hz, 2H), 2.06 (p, J = 6.6 Hz, 2H). 19F NMR (377 MHz, CDCl3) δ –101.56 (s, 2F). 13C NMR (176 

MHz, CDCl3) δ 173.33, 171.31, 170.99 (td, J = 40.6, 3.3 Hz), 131.50 (t, J = 25.0 Hz), 131.43, 

128.64, 126.36 (t, J = 6.2 Hz), 32.19, 17.34. 
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General procedure for the catalytic optimization of difluorophenylation using glut-

COCF2Ph as the limiting reagent. Pd[P(o-Tol)3]2 (3,6 mg, 0.005 mmol, 0.1 equiv) was dissolved 

with a phosphine ligand (0.01 mmol, 0.2 equiv) in 0.3 mL of toluene or THF and pre-stirred for 

five minutes in a tall 10 mL vial.  Electrophile glut-COCF2Ph was added as a solid (13 mg, 0.05 

mmol, 1 equiv) and the solution was stirred. To the solution was added arene substrate (0.10 mmol, 

2 equiv). The vial was sealed with a Teflon-lined screw cap with a septum, removed from the 

glovebox, and heated to a given temperature for 18 h. After the reaction time, the reaction mixture 

was allowed to cool to room temperature. To it was added 4-fluorotoluene (25 µL, 2.0 M in DCM, 

1.0 equiv) as an internal standard, followed by dichloromethane (1.0 mL). An aliquot of the 

solution was transferred to an NMR tube and analyzed by 19F NMR spectroscopy. The results of a 

selection of these optimization reactions are shown in Table 3.2. 

General procedure for the catalytic difluorophenylation with excess imide A. Pd[P(o-

Tol)3]2 (3.6, mg, 0.005 mmol, 0.1 equiv) was dissolved with a phosphine ligand (0.01 mmol, 0.2 

equiv) in 0.3 mL of toluene or THF and pre-stirred for five minutes in a tall 10 mL vial.  Imide A 

was added as a solid (27 mg, 0.10 mmol, 2 equiv) and the solution was stirred. To the solution was 

added arene substrate (0.05 mmol, 1 equiv). The vial was sealed with a Teflon-lined screw cap 

with a septum, removed from the glovebox, and heated to a given temperature for 18 h. After the 

reaction time, the reaction mixture was allowed to cool to room temperature. To it was added 4-

fluorotoluene (25 µL, 2.0 M in DCM, 1.0 equiv) as an internal standard, followed by 

dichloromethane (1.0 mL). An aliquot of the solution was transferred to an NMR tube and analyzed 

by 19F NMR spectroscopy. The results of a selection of these optimization reactions are shown in 

Scheme 3.28. 
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Chapter 4 – Developments in Decarbonylative Difluoromethylation 

of Arenes at Nickel 

 

4.1 Introduction 

In Chapter 2, we reported the decarbonylative cross-coupling of DFAF with aryl boronate 

esters catalyzed by a (SPhos)Pd complex.1 Notably, this reaction was only effective with electron-

poor aryl boronate esters (Scheme 4.1). In Chapter 3, we developed a Pd-catalyzed C–H 

difluoromethylation system that is effective for substituted (benz)azoles (Scheme 4.1). 

 

Scheme 4.1. Decarbonylative difluoromethylation reactions developed herein.1a 

 

During the optimization of these two Pd-catalyzed transformations, we were unable to 

effectively difluoromethylate substrates outside of these two limited classes. We reasoned that 

moving from palladium- to nickel-based catalysts might be and effective approach for expanidng 

the scope of these transformations. Nickel, the first-row, more electropositive congener of 

palladium, can catalyze decarbonylative cross-coupling reactions and can exhibit complementary 

reactivity and selectivity to Pd (Figure 4.1).2  
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Figure 4.1. Comparison between the reactivity of Ni and Pd. Adapted from ref. 2. 

 

Our lab has demonstrated that Ni-catalyzed decarbonylative coupling reactions are highly 

effective for C–S3a,e, C–C3b, C–B3c, and C–N3d bond formations. In an initial report from our lab 

on thioetherification,3a we observed some complementarity between the substrate scope afforded 

by Ni-catalysis compared to Pd-catalysis. For instance, as summarized in Figure 4.2, electron-rich 

thioesters performed worse under the Pd-catalyzed conditions compared to the Ni-catalyzed 

conditions, presumably due to the more challenging oxidative addition of electron-rich thioesters 

at Pd0. However, the Pd catalyst system was effective for the more challenging C(sp2)–C(sp3) 

reductive elimination in thioether 3 (Scheme 4.2). 

 

Scheme 4.2. Set of substrates from previous report3a that demonstrate complementarity of Ni and 

Pd in our systems. 

Additionally, there has been precedent for aryl difluoromethylation catalyzed by nickel. 

For instance, Vicic and co-workers reported the room temperature difluoromethylation of aryl 

iodides using a L2ZnII(CHF2)2 nucleophile catalyzed by Ni(COD)2 and a bidentate ligand in DPPF 

(Scheme 4.3).4 Similarly, Mikami and co-workers5 demonstrated the (tmeda)Ni-catalyzed cross-

coupling of ICHF2 with aryl Grignard reagents (Scheme 4.4). Both of these transformations 
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demonstrate the feasibility of room temperature C(sp2)–CHF2 bond-forming reductive elimination 

from Ni centers in cross-coupling reactions. This is a critical observation, considering that 

reductive elimination is often the slowest/most challenging step in Ni-catalyzed cross-coupling 

reactions.4  

 

Scheme 4.3. Ni-catalyzed difluoromethylation of aryl iodides reported by Vicic and co-workers.4 

 

 

Scheme 4.4. Ni-catalyzed difluoromethylation of aryl Grignard reagents reported by Mikami and 

co-workers.5 

 

4.2 Identifying Compatible Coupling Partners 

 With these difluoromethylation precedents, we sought to develop a Ni-catalyzed 

decarbonylative difluoromethylation reaction that utilizes a difluoroacyl electrophile, such as 

DFAF or DFAAn, with an organometallic nucleophile. Our work in Chapter 2 established the 

compatibility of DFAF and DFAAn with aryl boronate esters as well as the incompatibility of 

these electrophiles with more nucleophilic transmetalation diaryl zinc nucleophiles and aryl 

boronic acids (Scheme 4.5). 
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Scheme 4.5. (In)compatibility of DFAF with select organometallics.1a 

 

 As depicted in Scheme 4.5 and in Figures 2.1 through 2.6 in Chapter 2, difluoroacyl 

electrophiles (DFAAn, DFAF) are incompatible with highly reactive organometallics, such as aryl 

boronic acids and diaryl zinc nucleophiles.1 Therefore, we first tested the reaction of aryl boronate 

esters with DFAF using a Ni precatalyst and diphosphine ligand at 50 °C. We initially selected a 

DPPF/Ni catalyst system due to the precedent for this catalyst promoting Ar–CHF2 reductive 

elimination under mild conditions.4 However, as shown in Table 4.1, these conditions were not 

effective for the formation of the desired product with aryl boronic acids showing complete 

decomposition of DFAF. In the reactions of boronate esters (entry 2 and 3), significant quantities 

of DFAF were observed in the crude 19F NMR. 

 

Table 4.1. Initial catalytic reaction with organoboron nucleophiles using Ni/DPPF. 
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We next posited that aryl tributyltin organometallics could be effective in the reaction, as 

these undergo faster transmetalation than the analogous boron-based nucleophiles.6 Before 

attempting any catalytic reactions, we tested the compatibility of DFAF with tributyl(phenyl)tin 

and electron-rich tributyl(4-methoxyphenyl)stannane in THF at room temperature and 130 °C for 

24 h. Under these conditions, we saw minimal decomposition of DFAF into DFA and no presence 

of ketone by-product based on the diagnostic resonances in the 19F NMR spectrum. Therefore, we 

moved to test the reactivity of tin nucleophiles in a Ni-catalyzed decarbonylative 

difluoromethylation system. 

 

Table 4.2. Compatibility of DFAF with tributyl(aryl)stannanes in THF. 

  

 

4.3 Optimizing Ni-catalyzed Decarbonylative Difluoromethylation 

First, we attempted the reaction of tributyl(phenyl)stannane with DFAF with our 

preliminary Ni/DPPF system at 50 °C. Under these conditions, we observed trace amounts of 

difluoromethylbenzene 1 in the 19F NMR (Table 4.3, entry 1). The remaining mass balance was 

unreacted DFAF. Under analogous conditions, electron-rich tributyl(4-methoxyphenyl)stannane 

reacted to afford a significantly higher 12% yield of the difluoromethylarene product 2 (entry 2). 

Again, the mass balance was unreacted DFAF. Raising the temperature of this reaction from 50 

°C to 100 °C and then 130 °C, resulted in higher yields of 30% (entry 3) to 40% (entry 5) of 2, 

respectively. Under these conditions, no DFAF remained after the reaction. Less electron-rich 

tributyl(4-fluorophenyl)stannane showed minimal reactivity even at 100 °C (entry 4). 
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Interestingly, this electronic trend is opposite to what was observed in our previous 

difluoromethylation report.1 

 

Table 4.3. Initial catalytic reactions of DFAF with ArSnBu3 reagents using Ni/DPPF. 

 

 We next examined the impact of the DPPF to Ni(COD)2 ratio on the yield of the reaction 

between DFAF and (4-(benzyloxy)phenyl)tributylstannane to form 1-(benzyloxy)-4-

(difluoromethyl)benzene, 3 (Table 4.4). We observe a significant increase in the yield when 

increasing the ratio from 1:1 to 1.5:1 to 2:1 (entries 1-3). However, the yield begins to fall when 

increasing further to 2.5:1 (entry 4). Overall, at 130 ºC, a 2:1 ratio of DPPF:Ni(COD)2 produced 

the highest yield of 3 (42% yield, entry 3).  

 

Table 4.4. Ligand loading screen for (DPPF)Ni-catalyzed decarbonylative difluoromethylation 

of tributyl(4-benzyloxyphenyl)stannane. 
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Further optimization of the reaction conditions using 20 mol% of Ni(COD)2 and 40 mol% 

of other diphosphine ligands revealed the unique efficacy of an unsymmetrical phosphinoferrocene 

ligand, tBuPPF, in this reaction. As shown in Table 4.5, in the coupling of DFAF with (4-

(benzyloxy)phenyl)tributylstannane tBuPPF performed significantly better (entry 6, 42% yield) 

compared to other phosphinoferrocenes (including analogues DPPF (entry 1, 30 %) and DtBuPF, 

DiPPF, and DCyPF (all yielding 0% ArCHF2 product with significant DFAF remaining and DFA 

observed). Notably, tBuPPF was the only mixed phosphinoferrocene that was evaluated in this 

reaction because it is the only one that is commercially available. Upon increasing the equivalents 

of DFAF in the reaction from 1.5 to 3.0, we observed a doubling of the yield of the desired product 

from 42% (entry 8) to 90% (entry 9). 

 

Table 4.5. Ligand screen for Ni-catalyzed decarboynaltive difluoromethylation of tributyl(4-

benzyloxyphenyl)stannane. 

 

These optimized conditions (3 equiv of DFAF, 130 ºC, THF) were next applied to a wider 

range of aryl stannane substrates. The reactions were conducted using 20 mol% of Ni(COD)2 and 

40 mol% tBuPPF. A sample of the products obtained are shown in Scheme 4.6. Overall, electron-
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rich tributyl(aryl)tin reagents perform exceptionally well under these conditions, yielding greater 

than 80% yield of the ArCHF2 product in all cases. However, tributyl(4-fluorophenyl)stannane 

still performed poorly, forming less than 10% yield of the desired difluoromethylation product. 

 

Scheme 4.6. Preliminary substrate scope for Ni-catalyzed decarbonylative difluoromethylation 

of ArSnBu3 reagents. 

 

 We next evaluated the higher yielding reactions from Scheme 4.6 at lower the loading of 

catalyst (10 mol% Ni(COD)2 and 20 mol% tBuPPF). As shown in Scheme 4.7, reasonable yields 

of the difluoromethylation product were maintained for most of the substrates.  
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Scheme 4.7. Substrate scope for Ni-catalyzed decarbonylative difluoromethylation under 

optimized conditions. 

 

 Under these conditions, we also tested a variety of other tributyltin nucleophiles. The 

results of this screen are shown in Scheme 4.8. In general, both electron rich (e.g. pyrrole) and 

electron deficient (e.g. pyridine) nitrogen-based nucleophiles were ineffective in the reaction. For 

example, in the reaction of 1-methyl-4-(tributylstannyl)-1H-pyrazole, significant decomposition 

of DFAF was observed and undesired ketone by-product was observed (30%) in addition to the 

desired ArCHF2 product (12%). Based on this result, we conducted the control reaction of DFAF 

and 1-methyl-4-(tributylstannyl)-1H-pyrazole in THF and observed >95% conversion of the 

nucleophile to the undesired ketone by-product (Scheme 4.9). Additionally, electron-neutral 

tributyl(phenyl)stannane and the biphenyl analogue generated the corresponding difluoromethyl 

products in modest 15 and 25%, respectively, with significant quantities of DFAF remaining. 

 

 

Scheme 4.8. Limitations in the substrate scope for optimized Ni-catalyzed decarbonylative 

difluoromethylation system. 
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Scheme 4.9. Control reaction of 1-methyl-4-(tributylstannyl)-1H-pyrazole with DFAF at 100 °C 

for 24 h in THF. 

 

In summary, we successfully identified conditions for the Ni-catalyzed decarbonylative 

difluoromethylation of electron-rich tributyl(aryl)tin nucleophiles [10 mol% Ni(COD)2, 20 mol% 

tBuPPF, 3.0 equiv DFAF, 1.0 equiv ArSnBu3, THF (0.17 M), 130 °C, 24 h). However, this 

transformation works best with electron-rich tin nucleophiles. This is in marked contrast to our 

previous report of Pd-catalyzed decarbonylative difluoromethylation (Chapter 2) that was only 

effective for electron-deficient aryl boronate esters.1 To gain a better understanding of these 

complementarities, we next pursued a cross-analysis between the substrate scopes of thees two 

transformations. Therefore, we selected a subset of aryl derivatives that vary electronically7 and 

are available both as the tributyltin reagent and the neopentyl boronate esters.1 We selected the 4-

fluorophenyl (σp = 0.06), 4-benzyloxyphenyl, and 4-methoxyphenyl (σp = -0.24) boron and tin 

reagents as a series of arenes ranging from electron-deficient to -rich.6 Scheme 4.9 shows the 

results of this cross analysis (Scheme 4.10). 
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Scheme 4.10. Cross-analysis of newly developed Ni system with previously developed Pd-

catalyzed system.1a 

 

 The results in Scheme 4.10 demonstrate that electron-rich aryl tin reagents are the best 

substrates for Ni/tBuPPF catalysis and that electron-poor and electron-rich aryl boronate esters 

perform poorly with this Ni system. They also show that electron-deficient tin and boron 

organometallic reagents perform well under the Pd/SPhos-catalyzed conditions.1 To get some idea 

of the mass balance for the Ni/tBuPPF reaction, we conducted an experiment using tributyl(4-

fluorophenyl)stannane and the analogous neopentyl boronate ester. As shown in Scheme 4.10, the 

results show that the mass balance for the organometallic is mainly the starting material with some 

protodestannylation observed. 
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Scheme 4.11. Mass balance experiment with tributyl(4-fluorophenyl)stannane and boronate ester 

analogue. 

 

We hypothesized that these unique electronic trends may arise from different mechanisms 

or selectivity in the transmetalation of these organometallics at Ni versus Pd. Therefore, we aimed 

to study transmetalation of these organometallics at a catalytically-relevant or model metal 

complex.  

 

 

4.4 Preliminary Results in Stoichiometric Difluoromethylation 

 In the decarbonylative difluoromethylation reactions reported in Sections 2.6 and 4.3, we 

observed complementary substrate scopes. In the Pd-catalyzed system, the scope was limited to 

electron-deficient aryl boronate esters. In the Ni-catalyzed system, electron-rich tin 

organometallics are uniquely effective. We hypothesized that the differences in these reactions 

were likely related to differences in the transmetalation step of the catalytic cycle. As such, we 

sought to synthesize catalytically relevant and/or model metal-fluoride complexes (intermediate 

II in Scheme 4.12) to evaluate this step in detail. 
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Scheme 4.12. Proposed catalytic cycle for metal-catalyzed decarbonylative difluoromethylation 

with DFAF. 

 After obtaining complex II, we aimed to test the reactivity of a variety of boron and tin 

organometallics towards transmetalation. However, we were unable to isolate the reactive 

(SPhos)PdII(CF2H)(F) intermediate that we observed spectroscopically in Chapter 2.1 Therefore, 

we posited that the stoichiometric transmetalation study may be more successful using a nickel 

complex. Further, reductive elimination of the ArCHF2 products in both our systems is proposed 

to occur at room temperature.1,4 To study just the transmetalation process and limit Ar–CHF2 

reductive elimination at room temperature, we selected the electron-rich bidentate phosphine 

ligand DCyPE. Thus, we targeted the synthesis of (DCyPE)NiII(CF2H)(F), II-DCyPE for studies 

of transmetalation. 

 We initially attempted the direct synthesis of II-DCyPE via the reaction of a mixture of 

Ni(COD)2 and DCyPE with DFAF. We proposed that oxidative addition and carbonyl de-insertion 

(steps i and ii in Scheme 4.12) would yield the target complex. However, we were unable to 

determine or isolate the product(s) of this process, and the 31P NMR spectrum of the crude reaction 

mixture showed complex splitting patterns (Figure 4.2) that were not consistent with the formation 

of the target complex.  

 

Figure 4.2. Stoichiometric reaction of DFAF with Ni(COD)2 and DCyPE in THF at 55 °C for 1 h 

showing unidentified product with high order splitting patterns. 

 

 Therefore, we designed a multi-step process to synthesis complex II-DCyPE based on 

related work from our lab.1,8 We first synthesized complex A from the two-step reaction of 

Ni(COD)2 with excess triphenylphosphine followed by oxidative addition and carbonyl de-
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insertion with DFAAn (Scheme 4.13). The reaction to form A was completed in 3 h, whereas the 

analogous reaction at our (SPhos)Pd complex in our previous report1 required 10 h for completion 

of the reaction.  

 

Scheme 4.13. Synthesis of complex A from Ni(COD)2 and DFAAn. 

 

Complex A was isolated in 68% yield, and single crystals were obtained by vapor diffusion. 

The complex features a diagnostic broad 31P resonance at -32.4 ppm, suggesting a trans orientation 

of the phosphine ligands. The associated 19F NMR showed two broad resonances at –84.39 and –

125.51 ppm, which is consistent with the structure of complex A. An ORTEP diagram for A is 

shown in Figure 4.3. Selected bond lengths and angles are shown in the figure caption of Figure 

4.3. The X-ray structure confirms the trans-orientation of the triphenylphosphine ligands. Rather 

than being perfectly square-planar, the complex is slightly puckered with a P1–Ni1–P2 angle of 

165.2° and a C3–Ni1–O1 angle of 169.0°. Further, complex A features a nickel–difluoromethyl 

bond length of 1.89 Å, which is nearly identical to that in the (TMEDA)Ni(CHF2)2 complex 

reported by Vicic and co-workers (1.88 and 1.89 Å).4 
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Figure 4.3. ORTEP diagram of complex A. Select protons are omitted for clarity. Selected bond 

lengths (Å) and angles (deg): Ni1–P1 2.24, Ni1–P2 2.23, Ni1–O1 1.96, Ni1–C3 1.89, Ni1---O2 

2.71, P1–Ni1–P2 165.2, O1–Ni1–C3 169.0. 

 

 We next conducted treated complex A with DyCPE at room temperature to promote 

substitution of the PPh3 ligands. The target cis-chelated product (DCyPE)NiII(CF2H)(O2CCF2H) 

B was isolated in 81% yield (Scheme 4.13).  The NMR spectra of the crude reaction mixture 

suggests the formation of the desired complex B. Specifically, we observed two resonances in the 

19F NMR that supported the presence of the desired complex B (ddd, -100.9 ppm, 2F; d, -123.5 

ppm, 2F). Additionally, we saw associated phosphorus peaks in the 31P NMR as a dt at 74.7 ppm 

and a td of 57.9 ppm.  
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Scheme 4.13. Ligand exchange of complex A to form complex B. 

 

An x-ray quality crystal of B was obtained by single-crystal growth via vapor diffusion 

(see Experimental details). The ORTEP diagram is shown in Figure 4.4, and selected bond lengths 

and angles are included in the figure caption. Complex B features DCyPE coordinated in a 

bidentate fashion with a bite angle of 88.8 °, which is within the known range for this ligand.9 The 

Ni1–C1 bond length is 1.94 Å, which is slightly longer than that of A (1.89 Å). Further, the acidic 

H1 of complex B is only 2.50 Å from the basic O2 of the carboxylate ligand and features a C1–

H1---O2 angle of 127.0°. We hypothesize that the electrostatic potential surface of this complex 

will likely show the presence of an H(δ+)−O(δ−) electrostatic interaction between H1 and O2, 

similar to that observed in our previous study with an analogous (SPhos)PdII(CF2H)(O2CCF2H) 

complex (Figures 2.12 and 2.13).1  
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Figure 4.4. ORTEP diagram of complex B. Select protons are omitted for clarity. Selected bond 

lengths (Å) and angles (deg): Ni1–P1 2.24, Ni1–P2 2.15, Ni1–O1 1.91, Ni1–C1 1.94, H1---O1 

2.50, H1---O2 2.60, P1–Ni1–P2 88.8, O1–Ni1–C1 86.4, P1–Ni1–C1 175.0, C1–H1---O2 127.0. 

  

 With complex B in hand, we moved to synthesize our target complex, II-DCyPE. This 

complex would be comparable to intermediate II in our proposed catalytic cycle (Scheme 4.11) 

and would allow us to study the transmetalation with boron and tin organometallics. We 

synthesized our target complex II-DCyPE via the salt metathesis reaction of complex B with 

tetramethylammonium fluoride, as shown in Scheme 4.15.  

 

Scheme 4.14. Salt metathesis of B with Me4NF to form Ni–F complex II-DCyPE. 
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 The crude 19F NMR of this reaction showed the formation of a new resonance indicative 

(bs, -317.1 ppm) of a metal–fluoride bond.10 Isolation of this complex via recrystallization yielded 

II-DCyPE in 30% yield. The 19F NMR spectrum (Figure 4.5) of this purified complex shows the 

expected splitting for complex II-DCyPE (dddd at -97.32 with J =  65.0, 40.2, 23.7, 14.0 Hz; and 

ddt at -317.91 with J = 93.4, 48.1, 23.4 Hz). 

 

Figure 4.5. 19F NMR spectrum of complex II-DCyPE showing diagnostic resonances and high 

splitting patterns. 

 

 An x-ray quality crystal of A was obtained via vapor diffusion. Two orientations of the 

ORTEP diagram of this complex are shown below in Figure 4.6. The DCyPE ligand is bidentate 

with a bite angle of 88.4° (compared to 88.8° in complex B, Figure 4.4). Additionally, this complex 

shows a notably short contact between the acidic H27 of the Ni–CHF2 and F1 of the Ni–F 

intermediate (2.36 Å) with a C27–H1---F1 angle of 94.0°. This distance is nearly identical to that 

in the observed electrostatic interaction (2.38 Å) reported for complex II-CHF2 in Figure 2.11 and 

2.12.1  
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Figure 4.6. ORTEP diagram of complex II-DCyPE. Selected protons are omitted for clarity. 

Selected bond lengths (Å) and angles (deg): Ni1–P1 2.21, Ni1–P2 2.12, Ni1–F1 1.86, Ni1–C27 

1.93, H27---F1 2.36, P1–Ni1–P2 88.4, C27–Ni1–F1 88.0, P1–Ni1–C27 177.0. 

 

4.5 Conclusions and Future Work 

 This chapter describes the development of a Ni-catalyzed decarbonylative 

difluoromethylation reaction that utilizes DFAF as the difluoroacyl electrophile. This reaction is 

effective for a range of electron-rich Sn-based organometallics. Future work in the catalytic 

reaction would be to enable selectivity with N-based nucleophiles, which showed incompatibility 

with our DFAF electrophile.  

Having developed an effective Ni-catalyzed decarbonylative difluoromethylation reaction 

with complementary scope to that in our previous report1a, we hypothesized that the difference 

could be related to electronic trends in transmetalation. As such, we synthesized complexes A, B, 

and the unique Ni–F complex II-DCyPE. Crystal structures were obtained for all three complexes 

and elucidate the structural features of these complexes. Overall, we were able to synthesize 

complex II-DCyPE in approximately 16.5% yield over three steps starting from DFAAn. 
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Complex II-DCyPE (like complex II-CHF2 in Chapter 2) features a short distance between the 

acidic –CHF2 and basic X-type ligand on the complex. We believe this interaction could help 

stabilize this complex electrostatically. 

 

Scheme 4.15. Transmetalation studies of II-DCyPE with aryl organometallics. 

 

Addition of 4-methoxyphenylboronic acid to a solution containing II-DCyPE led to a 

complex mixture of signals in the 19F NMR that were not indicative of the desired transmetalation 

product, which should only have one difluoromethyl signal in 19F NMR. Instead, we observed 

multiple signals in the metal–difluoromethyl region of the 19F NMR and a new Ni–F signal at -389 

ppm. We were unable to isolate a clean complex from this mixture and future work in this area is 

needed. 

Future work will be to conduct a systematic stoichiometric evaluation of the 

transmetalation activity of II-DCyPE with a variety of Sn- and B-based organometallics (Scheme 

4.14). From this study, we expect to learn about electronic trends and kinetics observed in 

transmetalation of our Ni–F complex. Additionally, we will target the isolation of the product of 

transmetalation and characterize it by X-ray crystallography. A parallel investigation into the 

differences in these organometallic reagents in a decarbodifluorobenzylation reaction is being 

conducted catalytically by Alexander W. Bunnell and will be featured in this thesis. 
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4.6 Experimental Section 

General information. All manipulations were performed inside an N2-filled glovebox unless 

otherwise noted, and all glassware was oven-dried for a minimum of 24 h in an oven at 150 ºC 

before use. NMR spectra were obtained on a Varian VNMR 700 (699.76 MHz for 1 H; 175.95 

MHz for 13C), Varian VNMR 500 (500.09 MHz for 1H; 470.56 MHz for 19F; 125.75 MHz for 13C), 

or Varian VNMR 400 (401 MHz for 1H; 376 MHz for 19F; 123 MHz for 13C) spectrometer. 1H and 

13C NMR chemical shifts are reported in parts per million (ppm) relative to TMS, with the residual 

solvent peak used as an internal reference. 19F NMR chemical shifts are reported in ppm and are 

referenced to 4-fluorotoluene (–119.85 ppm) or trifluoromethoxybenzene (–58.00 ppm). 13C NMR 

spectra are referenced to the residual CHCl3 peak (77.16 ppm). Abbreviations used in the NMR 

data are as follows: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; br, broad signal. Yields 

of reactions that generated fluorinated products were determined by 19F NMR spectroscopic 

analysis. 

Abbreviations: tetrahydrofuran (THF), dichloromethane (DCM), diethyl ether (Et2O), 

difluoroacetyl fluoride (DFAF), difluoroacetic anhydride (DFAAn), trifluoroacetic anhydride 

(TFAAn), difluoroacetic acid (DFA), trifluoroacetic acid (TFA), room temperature (RT), 1,2-

bis(dicyclohexylphosphino)ethane (DCyPE), 1,1′-bis(diisopropylphosphino)ferrocene (DiPrPF), 

1,1′-bis(dicyclohexylphosphino)ferrocene (DCyPF), 1,1′-bis(diphenylphosphino)ferrocene 

(DPPF), 1,1′-bis(diisopropylphosphino)ferrocene (DiPrPF), 1,1′-Bis(di-tert-

butylphosphino)ferrocene (DtBPF). 

General procedure for the optimization of catalytic decarbonylative difluoromethylation. In 

a tall 10-mL vial equipped with a stirbar, Ni(COD)2 (2.8 mg, 0.01 mmol, 0.01 equiv or 1.4 mg, 

0.005 mmol, 0.05 equiv) and phosphine ligand were stirred in 0.2 mL THF. The yellow suspension 

was stirred until homogenous, then a select tributyl(aryl)stannane (0.05 mmol, 1.0 equiv) was 

added. To the resulting mixture was added a cold (–36 °C) solution of DFAF in anhydrous THF. 

The reaction mixture was then diluted with THF to a total volume of 0.4 mL. The vial was sealed 
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with a Teflon-lined screw cap with a septum, removed from the glovebox, and heated to a given 

temperature for 18-24 h. After the reaction time, the reaction mixture was allowed to cool to room 

temperature. To it was added 4-fluorotoluene (25 µL, 2.0 M in DCM, 1.0 equiv) as an internal 

standard, followed by dichloromethane (1.0 mL). An aliquot of the solution was transferred to an 

NMR tube and analyzed by 19F NMR spectroscopy. 

General procedure for catalytic decarbonylative difluoromethylation. In a tall 10-mL vial 

equipped with a stirbar, Ni(COD)2 (1.4 mg, 0.005 mmol, 0.05 equiv) and tBuPPF (5.1 mg, 0.01 

mmol, 0.01 equiv) were stirred in 0.2 mL THF. The yellow suspension was stirred until 

homogenous, then a select tributyl(aryl)stannane (0.05 mmol, 1.0 equiv) was added. To the 

resulting mixture was added a cold (–36 °C) solution of DFAF (0.05 mL, 0.15 mmol, 2.96 M) in 

anhydrous THF. The reaction mixture was then diluted with THF to a total volume of 0.4 mL. The 

vial was sealed with a Teflon-lined screw cap with a septum, removed from the glovebox, and 

heated to a given temperature for 18-24 h. After the reaction time, the reaction mixture was allowed 

to cool to room temperature. To it was added 4-fluorotoluene (25 µL, 2.0 M in DCM, 1.0 equiv) 

as an internal standard, followed by dichloromethane (1.0 mL). An aliquot of the solution was 

transferred to an NMR tube and analyzed by 19F NMR spectroscopy. 

 

 

Synthesis of complex A. A 20 mL vial equipped with a stir bar was 

charged with Ni(COD)2 (275 mg, 1.0 mmol, 1.0 equiv), 

triphenylphosphine (577 mg, 2.2 mmol, 2.2 equiv), and THF (8 mL). The mixture was stirred at 

room temperature for fifteen minutes. After this initial time, DFAAn (288 mg, 1.65 mmol, 1.65 

equiv) was added the dark red suspension was stirred for 3 h at room temperature. After 3 h, the 

reaction mixture was concentrated to ca. 1 mL and the product was crashed out by the addition of 

Et2O (3.0 mL). The slurry was filtered through a plug of celite (2cm x 2 cm x 2cm) set with Et2O 

and the solid crude product was washed with Et2O (12 mL). The crude orange solid was then eluted 

through the plug with THF (20 mL) and the filtrate was concentrated yielding crude complex A as 
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an orange solid (496 mg, 0.68 mmol, 68% yield). To the solid was added benzene (1.0 mL) and 

the reaction was concentrated (this process was repeated thrice) to remove ethereal solvents. 19F 

NMR (376 MHz, Methylene Chloride-d2) δ –84.39 (bs, 2F), –125.51 (d, J = 55.1 Hz). 31P NMR 

(162 MHz, Methylene Chloride-d2) δ 21.00 (bs, 2P). 1H NMR (400 MHz, Methylene Chloride-

d2) δ 7.94 – 7.06 (multiple peaks, 30H), 4.96 (t, J = 50.3 Hz, 1H), 4.09 (broad t, J = 52.0, 1H). 13C 

NMR (176 MHz, Methylene Chloride-d2) δ 134.94, 130.86, 128.95, 107.56 (t, J = 249.1 Hz). 

 

 

Structure determination of complex A. Orange blocks of A were grown from a 

tetrahydrofuran/diethyl ether solution of the compound at -36 deg. C.  A crystal of dimensions 
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0.12 x 0.12 x 0.08 mm was mounted on a Rigaku AFC10K Saturn 944+ CCD-based X-ray 

diffractometer equipped with a low temperature device and Micromax-007HF Cu-target micro-

focus rotating anode (l = 1.54187 A) operated at 1.2 kW power (40 kV, 30 mA).  The X-ray 

intensities were measured at 85(1) K with the detector placed at a distance 42.00 mm from the 

crystal.  A total of 2028 images were collected with an oscillation width of 1.0° in w.  The exposure 

times were 1 sec. for the low angle images, 4 sec. for high angle.  Rigaku d*trek images were 

exported to CrysAlisPro for processing and corrected for absorption.  The integration of the data 

yielded a total of 24913 reflections to a maximum 2q value of 138.86° of which 6094 were 

independent and 5979 were greater than 2s(I).  The final cell constants (Table 1) were based on 

the xyz centroids of 20087 reflections above 10s(I).  Analysis of the data showed negligible decay 

during data collection.  The structure was solved and refined with the Bruker SHELXTL (version 

2018/3) software package, using the space group P1bar with Z = 2 for the formula 

C39H32O2F4P2Ni.  All non-hydrogen atoms were refined anisotropically with the hydrogen 

atoms placed in idealized positions.  The difluoroacetato ligand is rotationally disordered in two 

orientations.  Full matrix least-squares refinement based on F2 converged at R1 = 0.03351 and 

wR2 = 0.0911 [based on I > 2sigma(I)], R1 = 0.0355 and wR2 = 0.0914 for all data.  Additional 

details are presented in Table 1 and are given as Supporting Information in a CIF file.  

Acknowledgement is made for funding from NSF grant CHE-0840456 for X-ray instrumentation. 

G.M. Sheldrick (2015) "Crystal structure refinement with SHELXL", Acta Cryst., C71, 3-8 (Open 

Access). 

CrystalClear Expert 2.0 r16, Rigaku Americas and Rigaku Corporation (2014), Rigaku Americas, 

9009, TX, USA 77381-5209, Rigaku Tokyo, 196-8666, Japan. 

CrysAlisPro 1.171.40.53 (Rigaku Oxford Diffraction, 2019). 

 

Empirical formula                  C39H32F4NiO2P2 

Formula weight                     729.29 

Temperature                        85(2) K 

Wavelength                         1.54184 Å 

Crystal system Triclinic 
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space group        P-1 

Unit cell dimensions               

                                         

a = 9.74268(18) Å        α = 99.4697(16)°  

b = 9.92318(19) Å      ß = 100.4776(16)°  

c = 18.2324(3) Å      γ = 97.7906(16)°  

Volume                             1684.60(6) Å3 

Z 2 

Calculated density              1.438 Mg/m3 

Absorption coefficient             2.214 mm-1 

F(000)                             752 

Crystal size                       0.12 x 0.12 x 0.08 mm 

Theta range for data collection    4.585 to 69.433° 

Limiting indices                   -11<=h<=11, -12<=k<=12, -20<=l<=21 

Reflections collected / unique     24913 / 6094 [R(int) = 0. 0371]  

Completeness to theta  67.684    97.8 % 

Absorption correction            Semi-empirical from equivalents 

Max. and min. transmission         1.00000 and 0.82690 

Refinement method                  Full-matrix least-squares on F2 

Data / restraints / parameters     6094 / 4 / 461 

Goodness-of-fit on F2             1.098 

Final R indices [I>2σ(I)]    R1 = 0.0351, wR2 = 0.0911 

R indices (all data)               R1 = 0.0355, wR2 = 0.0914 

Largest diff. peak and hole        0.395 and -0.455 e.Å^-3  

Table 4.6. Additional crystallography data and structure refinement for complex A. 

 

         ________________________________________________________________  

                          x             y             z           U(eq)  

        ________________________________________________________________  

   

          Ni(1)        4685(1)       6986(1)       7241(1)       16(1)  

          P(1)         4283(1)       8004(1)       6234(1)       15(1)  

          P(2)         4737(1)       6343(1)       8359(1)       15(1)  
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          O(1)         6139(1)       8624(1)       7681(1)       19(1)  

          O(2)         7516(1)       7014(1)       7518(1)       26(1)  

          F(3)         2142(1)       5279(1)       6451(1)       29(1)  

          F(4)         4080(1)       4792(1)       6097(1)       29(1)  

          C(1)         7328(2)       8210(2)       7703(1)       23(1)  

          C(2)         8663(6)       9367(6)       7820(3)       23(1)  

          F(1)         8601(4)      10341(5)       8468(3)       54(1)  

          F(2)         9820(5)       8943(6)       8018(3)       34(2)  

          C(2A)        8574(6)       9308(6)       8146(5)       46(2)  

          F(1A)        8472(4)      10568(4)       8082(3)       56(1)  

          F(2A)        9777(7)       8922(9)       8107(5)       86(3)  

          C(3)         3558(2)       5267(2)       6734(1)       22(1)  

          C(4)         5998(2)       8603(2)       6030(1)       19(1)  

          C(5)         6801(2)       7577(2)       5847(1)       22(1)  

          C(6)         8167(2)       7936(2)       5741(1)       28(1)  

          C(7)         8751(2)       9316(2)       5816(1)       31(1)  

          C(8)         7967(2)      10340(2)       6005(1)       30(1)  

          C(9)         6598(2)       9994(2)       6117(1)       23(1)  

          C(10)        3456(2)       9501(2)       6497(1)       18(1)  

          C(11)        3276(2)      10479(2)       6030(1)       22(1)  

          C(12)        2571(2)      11566(2)       6231(1)       27(1)  

          C(13)        2011(2)      11669(2)       6878(1)       27(1)  

          C(14)        2160(2)      10688(2)       7335(1)       27(1)  

          C(15)        2887(2)       9614(2)       7146(1)       22(1)  

          C(16)        3149(2)       7174(2)       5312(1)       17(1)  

          C(17)        1686(2)       6981(2)       5254(1)       21(1)  

          C(18)         773(2)       6300(2)       4582(1)       23(1)  

          C(19)        1310(2)       5791(2)       3957(1)       25(1)  

          C(20)        2761(2)       5990(2)       4006(1)       25(1)  

          C(21)        3680(2)       6682(2)       4678(1)       21(1)  

          C(22)        5999(2)       7492(2)       9148(1)       18(1)  

          C(23)        7102(2)       7052(2)       9598(1)       24(1)  

          C(24)        8056(2)       7997(2)      10173(1)       31(1)  

          C(25)        7919(2)       9383(2)      10301(1)       34(1)  

          C(26)        6818(2)       9823(2)       9866(1)       31(1)  

          C(27)        5859(2)       8888(2)       9293(1)       24(1)  

          C(28)        3080(2)       6307(2)       8693(1)       19(1)  

          C(29)        1809(2)       6253(2)       8184(1)       27(1)  

          C(30)         541(2)       6159(2)       8436(1)       36(1)  

          C(31)         544(2)       6127(2)       9192(1)       36(1)  

          C(32)        1800(2)       6211(2)       9704(1)       29(1)  

          C(33)        3066(2)       6296(2)       9454(1)       23(1)  

          C(34)        5175(2)       4619(2)       8379(1)       18(1)  

          C(35)        6266(2)       4259(2)       8026(1)       24(1)  
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          C(36)        6624(2)       2947(2)       8005(1)       29(1)  

          C(37)        5898(2)       1986(2)       8331(1)       27(1)  

          C(38)        4827(2)       2343(2)       8686(1)       25(1)  

          C(39)        4449(2)       3651(2)       8707(1)       21(1)  

         ________________________________________________________________   

Table 4.7.  Atomic coordinates (x 104) and equivalent isotropic displacement parameters (Å2 x 

103) for complex A.  U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 

          

  

 _____________________________________________________________  

   

            Ni(1)-C(3)                    1.8897(17)  

            Ni(1)-O(1)                    1.9568(11)  

            Ni(1)-P(2)                    2.2283(5)  

            Ni(1)-P(1)                    2.2360(5)  

            P(1)-C(4)                     1.8204(16)  

            P(1)-C(10)                    1.8215(16)  

            P(1)-C(16)                    1.8299(16)  

            P(2)-C(22)                    1.8211(17)  

            P(2)-C(34)                    1.8225(16)  

            P(2)-C(28)                    1.8232(16)  

            O(1)-C(1)                     1.277(2)  

            O(2)-C(1)                     1.227(2)  

            F(3)-C(3)                     1.3841(19)  

            F(4)-C(3)                     1.390(2)  

            C(1)-C(2A)                    1.519(6)  

            C(1)-C(2)                     1.570(6)  

            C(2)-F(2)                     1.269(7)  

            C(2)-F(1)                     1.414(6)  

            C(2)-H(2)                     1.0000  

            C(2A)-F(1A)                   1.290(7)  

            C(2A)-F(2A)                   1.291(8)  

            C(2A)-H(2A)                   1.0000  

            C(3)-H(3)                     1.0000  

            C(4)-C(9)                     1.396(2)  

            C(4)-C(5)                     1.400(2)  

            C(5)-C(6)                     1.387(2)  

            C(5)-H(5)                     0.9500  

            C(6)-C(7)                     1.384(3)  

            C(6)-H(6)                     0.9500  

            C(7)-C(8)                     1.388(3)  

            C(7)-H(7)                     0.9500  

            C(8)-C(9)                     1.391(3)  
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            C(8)-H(8)                     0.9500  

            C(9)-H(9)                     0.9500  

            C(10)-C(15)                   1.390(2)  

            C(10)-C(11)                   1.399(2)  

            C(11)-C(12)                   1.389(2)  

            C(11)-H(11)                   0.9500  

            C(12)-C(13)                   1.382(3)  

            C(12)-H(12)                   0.9500  

            C(13)-C(14)                   1.386(3)  

            C(13)-H(13)                   0.9500  

            C(14)-C(15)                   1.389(2)  

            C(14)-H(14)                   0.9500  

            C(15)-H(15)                   0.9500  

            C(16)-C(21)                   1.394(2)  

            C(16)-C(17)                   1.394(2)  

            C(17)-C(18)                   1.385(2)  

            C(17)-H(17)                   0.9500  

            C(18)-C(19)                   1.388(3)  

            C(18)-H(18)                   0.9500  

            C(19)-C(20)                   1.385(3)  

            C(19)-H(19)                   0.9500  

            C(20)-C(21)                   1.389(2)  

            C(20)-H(20)                   0.9500  

            C(21)-H(21)                   0.9500  

            C(22)-C(23)                   1.394(2)  

            C(22)-C(27)                   1.397(2)  

            C(23)-C(24)                   1.389(3)  

            C(23)-H(23)                   0.9500  

            C(24)-C(25)                   1.386(3)  

            C(24)-H(24)                   0.9500  

            C(25)-C(26)                   1.378(3)  

            C(25)-H(25)                   0.9500  

            C(26)-C(27)                   1.384(3)  

            C(26)-H(26)                   0.9500  

            C(27)-H(27)                   0.9500  

            C(28)-C(33)                   1.391(3)  

            C(28)-C(29)                   1.394(2)  

            C(29)-C(30)                   1.390(3)  

            C(29)-H(29)                   0.9500  

            C(30)-C(31)                   1.385(3)  

            C(30)-H(30)                   0.9500  

            C(31)-C(32)                   1.381(3)  

            C(31)-H(31)                   0.9500  

            C(32)-C(33)                   1.387(3)  



 

186 

 

            C(32)-H(32)                   0.9500  

            C(33)-H(33)                   0.9500  

            C(34)-C(39)                   1.393(2)  

            C(34)-C(35)                   1.396(2)  

            C(35)-C(36)                   1.389(2)  

            C(35)-H(35)                   0.9500  

            C(36)-C(37)                   1.386(3)  

            C(36)-H(36)                   0.9500  

            C(37)-C(38)                   1.380(3)  

            C(37)-H(37)                   0.9500  

            C(38)-C(39)                   1.393(2)  

            C(38)-H(38)                   0.9500  

            C(39)-H(39)                   0.9500  

   

            C(3)-Ni(1)-O(1)             169.00(6)  

            C(3)-Ni(1)-P(2)              90.61(5)  

            O(1)-Ni(1)-P(2)              92.78(4)  

            C(3)-Ni(1)-P(1)              94.48(5)  

            O(1)-Ni(1)-P(1)              84.82(3)  

            P(2)-Ni(1)-P(1)             165.207(19)  

            C(4)-P(1)-C(10)             108.78(7)  

            C(4)-P(1)-C(16)             105.41(7)  

            C(10)-P(1)-C(16)            101.74(7)  

            C(4)-P(1)-Ni(1)             107.23(5)  

            C(10)-P(1)-Ni(1)            108.05(6)  

            C(16)-P(1)-Ni(1)            124.85(5)  

            C(22)-P(2)-C(34)            105.31(7)  

            C(22)-P(2)-C(28)            102.43(7)  

            C(34)-P(2)-C(28)            104.72(7)  

            C(22)-P(2)-Ni(1)            114.20(5)  

            C(34)-P(2)-Ni(1)            114.02(5)  

            C(28)-P(2)-Ni(1)            114.90(6)  

            C(1)-O(1)-Ni(1)             106.10(10)  

            O(2)-C(1)-O(1)              126.74(15)  

            O(2)-C(1)-C(2A)             119.2(3)  

            O(1)-C(1)-C(2A)             112.9(3)  

            O(2)-C(1)-C(2)              115.8(3)  

            O(1)-C(1)-C(2)              116.3(3)  

            F(2)-C(2)-F(1)              103.3(4)  

            F(2)-C(2)-C(1)              113.0(5)  

            F(1)-C(2)-C(1)              105.4(4)  

            F(2)-C(2)-H(2)              111.6  

            F(1)-C(2)-H(2)              111.6  

            C(1)-C(2)-H(2)              111.6  
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            F(1A)-C(2A)-F(2A)           117.2(7)  

            F(1A)-C(2A)-C(1)            115.7(5)  

            F(2A)-C(2A)-C(1)            112.4(6)  

            F(1A)-C(2A)-H(2A)           103.0  

            F(2A)-C(2A)-H(2A)           103.0  

            C(1)-C(2A)-H(2A)            103.0  

            F(3)-C(3)-F(4)              104.38(12)  

            F(3)-C(3)-Ni(1)             116.72(11)  

            F(4)-C(3)-Ni(1)             108.26(10)  

            F(3)-C(3)-H(3)              109.1  

            F(4)-C(3)-H(3)              109.1  

            Ni(1)-C(3)-H(3)             109.1  

            C(9)-C(4)-C(5)              119.16(15)  

            C(9)-C(4)-P(1)              124.53(13)  

            C(5)-C(4)-P(1)              116.00(12)  

            C(6)-C(5)-C(4)              120.42(16)  

            C(6)-C(5)-H(5)              119.8  

            C(4)-C(5)-H(5)              119.8  

            C(7)-C(6)-C(5)              120.25(17)  

            C(7)-C(6)-H(6)              119.9  

            C(5)-C(6)-H(6)              119.9  

            C(6)-C(7)-C(8)              119.65(16)  

            C(6)-C(7)-H(7)              120.2  

            C(8)-C(7)-H(7)              120.2  

            C(7)-C(8)-C(9)              120.69(17)  

            C(7)-C(8)-H(8)              119.7  

            C(9)-C(8)-H(8)              119.7  

            C(8)-C(9)-C(4)              119.81(16)  

            C(8)-C(9)-H(9)              120.1  

            C(4)-C(9)-H(9)              120.1  

            C(15)-C(10)-C(11)           119.10(15)  

            C(15)-C(10)-P(1)            118.96(12)  

            C(11)-C(10)-P(1)            121.73(13)  

            C(12)-C(11)-C(10)           119.92(17)  

            C(12)-C(11)-H(11)           120.0  

            C(10)-C(11)-H(11)           120.0  

            C(13)-C(12)-C(11)           120.49(17)  

            C(13)-C(12)-H(12)           119.8  

            C(11)-C(12)-H(12)           119.8  

            C(12)-C(13)-C(14)           119.93(16)  

            C(12)-C(13)-H(13)           120.0  

            C(14)-C(13)-H(13)           120.0  

            C(13)-C(14)-C(15)           119.90(17)  

            C(13)-C(14)-H(14)           120.0  
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            C(15)-C(14)-H(14)           120.0  

            C(14)-C(15)-C(10)           120.62(16)  

            C(14)-C(15)-H(15)           119.7  

            C(10)-C(15)-H(15)           119.7  

            C(21)-C(16)-C(17)           118.87(15)  

            C(21)-C(16)-P(1)            123.09(12)  

            C(17)-C(16)-P(1)            117.99(12)  

            C(18)-C(17)-C(16)           120.70(16)  

            C(18)-C(17)-H(17)           119.6  

            C(16)-C(17)-H(17)           119.6  

            C(17)-C(18)-C(19)           120.12(16)  

            C(17)-C(18)-H(18)           119.9  

            C(19)-C(18)-H(18)           119.9  

            C(20)-C(19)-C(18)           119.56(16)  

            C(20)-C(19)-H(19)           120.2  

            C(18)-C(19)-H(19)           120.2  

            C(19)-C(20)-C(21)           120.50(16)  

            C(19)-C(20)-H(20)           119.8  

            C(21)-C(20)-H(20)           119.8  

            C(20)-C(21)-C(16)           120.23(15)  

            C(20)-C(21)-H(21)           119.9  

            C(16)-C(21)-H(21)           119.9  

            C(23)-C(22)-C(27)           118.97(15)  

            C(23)-C(22)-P(2)            123.33(13)  

            C(27)-C(22)-P(2)            117.69(13)  

            C(24)-C(23)-C(22)           120.19(16)  

            C(24)-C(23)-H(23)           119.9  

            C(22)-C(23)-H(23)           119.9  

            C(25)-C(24)-C(23)           120.16(18)  

            C(25)-C(24)-H(24)           119.9  

            C(23)-C(24)-H(24)           119.9  

            C(26)-C(25)-C(24)           120.01(17)  

            C(26)-C(25)-H(25)           120.0  

            C(24)-C(25)-H(25)           120.0  

            C(25)-C(26)-C(27)           120.28(17)  

            C(25)-C(26)-H(26)           119.9  

            C(27)-C(26)-H(26)           119.9  

            C(26)-C(27)-C(22)           120.38(17)  

            C(26)-C(27)-H(27)           119.8  

            C(22)-C(27)-H(27)           119.8  

            C(33)-C(28)-C(29)           119.30(15)  

            C(33)-C(28)-P(2)            120.36(13)  

            C(29)-C(28)-P(2)            120.32(13)  

            C(30)-C(29)-C(28)           120.03(18)  
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            C(30)-C(29)-H(29)           120.0  

            C(28)-C(29)-H(29)           120.0  

            C(31)-C(30)-C(29)           119.88(18)  

            C(31)-C(30)-H(30)           120.1  

            C(29)-C(30)-H(30)           120.1  

            C(32)-C(31)-C(30)           120.53(17)  

            C(32)-C(31)-H(31)           119.7  

            C(30)-C(31)-H(31)           119.7  

            C(31)-C(32)-C(33)           119.67(18)  

            C(31)-C(32)-H(32)           120.2  

            C(33)-C(32)-H(32)           120.2  

            C(32)-C(33)-C(28)           120.56(17)  

            C(32)-C(33)-H(33)           119.7  

            C(28)-C(33)-H(33)           119.7  

            C(39)-C(34)-C(35)           119.40(15)  

            C(39)-C(34)-P(2)            123.09(13)  

            C(35)-C(34)-P(2)            117.48(12)  

            C(36)-C(35)-C(34)           120.15(16)  

            C(36)-C(35)-H(35)           119.9  

            C(34)-C(35)-H(35)           119.9  

            C(37)-C(36)-C(35)           120.30(17)  

            C(37)-C(36)-H(36)           119.8  

            C(35)-C(36)-H(36)           119.8  

            C(38)-C(37)-C(36)           119.68(16)  

            C(38)-C(37)-H(37)           120.2  

            C(36)-C(37)-H(37)           120.2  

            C(37)-C(38)-C(39)           120.63(16)  

            C(37)-C(38)-H(38)           119.7  

            C(39)-C(38)-H(38)           119.7  

            C(34)-C(39)-C(38)           119.82(16)  

            C(34)-C(39)-H(39)           120.1  

            C(38)-C(39)-H(39)           120.1  

           _____________________________________________________________ 

Table 4.8.  Bond lengths [Å] and angles [°] for complex A.  

 

 

Synthesis of complex B. A 20 mL vial equipped with a stir bar was 

charged with complex A (365 mg, 0.5 mmol, 1.0 equiv), DCyPE (215 mg, 

0.51 mmol, 1.02 equiv), and THF (6 mL). Immediately upon dissolving 

and stirring, the reaction mixture changed color from a red-orange mixture to a yellow-orange 
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mixture. The mixture was stirred at room temperature for fifteen minutes to form a yellow-orange 

solution. After fifteen minutes, the reaction mixture was concentrated to ca. 1 mL and filtered 

through celite (2.0 x 2.0 x 2.0 cm, set with THF) to remove Pd0 impurities. The orange-yellow 

filtrate was concentrated to ca. 1 mL and bulk recrystallization at -36 °C was attempted by layering 

the THF-residue of the product with iPr2O and placing the vial in the freezer for 48 h. After 48 h, 

orange crystals had formed and were collected and subsequently washed and dried en vacuo. To 

the solid was added benzene (1.0 mL) and the reaction was concentrated (this process was repeated 

thrice) to remove ethereal solvents and yield pure complex B (254 mg, 0.405 mmol, 81% yield) as 

a light orange solid. 19F NMR (376 MHz, Methylene Chloride-d2) δ -100.90 (dddd, J = 49.5, 35.9, 

14.8, 7.8 Hz, 2F), -123.49 (d, J = 55.0 Hz, 2F). 31P NMR (162 MHz, Methylene Chloride-d2) δ 

74.75 (dtd, J = 17.8, 14.6, 3.1 Hz, 1P), 57.96 (tdd, J = 36.2, 19.7, 3.3 Hz, 1P). 1H NMR (400 MHz, 

Methylene Chloride-d2) δ 7.62 (t, J = 55.5 Hz, 1H), 7.57 (tdd, J = 48.8, 13.0, 4.5 Hz, 1H), 4.48 (t, 

J = 9.5 Hz, 2H), 4.20 (dd, J = 11.8, 5.5 Hz, 2H), 3.99 (q, J = 11.0 Hz, 2H), 3.74 (multiple peaks, 

20H), 3.53 – 3.10 (multiple peaks, 22H). 13C NMR (176 MHz, Chloroform-d) δ 167.20 (t, J = 24.8 

Hz), 137.04 (tdd, J = 295.0, 107.7, 31.6 Hz), 111.73 – 107.27 (m), 36.33 (d, J = 24.5 Hz), 34.11 

(d, J = 16.1 Hz), 31.40 (d, J = 2.5 Hz), 29.64 (dd, J = 17.1, 4.2 Hz), 29.16 (d, J = 1.9 Hz), 28.05 

(d, J = 13.9 Hz), 27.75 (d, J = 12.3 Hz), 27.61, 22.86 (dd, J = 27.8, 19.0 Hz), 17.63 (dd, J = 23.1, 

8.4 Hz). 
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Structure Determination of complex B. Yellow prisms of B were grown from a 

pentanes/tetrahydrofuran/diethyl ether solution of the compound at -36 deg. C.  A crystal of 

dimensions 0.24 x 0.23 x 0.14 mm was mounted on a Rigaku AFC10K Saturn 944+ CCD-based 

X-ray diffractometer equipped with a low temperature device and Micromax-007HF Cu-target 

micro-focus rotating anode (l = 1.54187 A) operated at 1.2 kW power (40 kV, 30 mA).  The X-

ray intensities were measured at 85(1) K with the detector placed at a distance 42.00 mm from the 

crystal.  A total of 2028 images were collected with an oscillation width of 1.0° in w.  The exposure 

times were 1 sec. for the low angle images, 3 sec. for high angle.  Rigaku d*trek images were 

exported to CrysAlisPro for processing and corrected for absorption.  The crystal was determined 
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to be a two-component, non-merohrdral twin.  The refined twin fraction was 0.274(1).  Reflections 

from both domains as well as overlaps were used as the basis of a HKLF5 format input file.  The 

integration of the data yielded a total of 82885 reflections to a maximum 2q value of 139.48° of 

which 111086 were independent and 10388 were greater than 2s(I).  The final cell constants (Table 

1) were based on the xyz centroids of 22785 reflections above 10s(I).  Analysis of the data showed 

negligible decay during data collection.  The structure was solved and refined with the Bruker 

SHELXTL (version 2018/3) software package, using the space group P2(1)/n with Z = 4 for the 

formula C29H50O2F4P2Ni.  All non-hydrogen atoms were refined anisotropically with the 

hydrogen atoms placed in idealized positions.  Full matrix least-squares refinement based on F2 

converged at R1 = 0.0647 and wR2 = 0.1912 [based on I > 2sigma(I)], R1 = 0.0666 and wR2 = 

0.1926 for all data.  Additional details are presented in Table 1 and are given as Supporting 

Information in a CIF file.  Acknowledgement is made for funding from NSF grant CHE-0840456 

for X-ray instrumentation. 

G.M. Sheldrick (2015) "Crystal structure refinement with SHELXL", Acta Cryst., C71, 3-8 

(Open Access). 

CrystalClear Expert 2.0 r16, Rigaku Americas and Rigaku Corporation (2014), Rigaku 

Americas, 9009, TX, USA 77381-5209, Rigaku Tokyo, 196-8666, Japan. 

CrysAlisPro 1.171.40.53 (Rigaku Oxford Diffraction, 2019). 

 

 

Empirical formula                  C29H50F4NiO2P2 

Formula weight                     627.34 

Temperature                        85(2) K 

Wavelength                         1.54184 Å 

Crystal system Monoclinic 

space group        P2(1)/n 
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Unit cell dimensions               

                                         

a = 11.2538(3) Å        α = 90°  

b = 17.0547(3) Å      ß = 103.807(2)°  

c = 16.3136(4) Å      γ = 90°  

Volume                             3040.61(12) Å3 

Z 4 

Calculated density              1.370Mg/m3 

Absorption coefficient             2.336 mm-1 

F(000)                             1336 

Crystal size                       0.240 x 0.230 x 0.140 mm 

Theta range for data collection    3.808 to 69.739° 

Limiting indices                   -13<=h<=13, -20<=k<=20, -19<=l<=19 

Reflections collected / unique     82885 / 11086 [R(int) = 0.0859] 

Completeness to theta  99.9 % 

Absorption correction            Semi-empirical from equivalents 

Max. and min. transmission         1.00000 and 0. 61666  

Refinement method                  Full-matrix least-squares on F2 

Data / restraints / parameters     11086 / 0 / 345 

Goodness-of-fit on F2             1.131 

Final R indices [I>2σ(I)]    R1 = 0.0647, wR2 = 0.1912 

R indices (all data)               R1 = 0.0666, wR2 = 0.1926 

Largest diff. peak and hole        0 0.795 and -0.478 e.Å-3  

Table 4.9. Additional crystallography data and structure refinement for complex B. 

_________________________________________________________ 

                         x             y             z           U(eq) 

_________________________________________________________  

   

          Ni(1)        5174(1)       3157(1)       4154(1)       31(1)  

          P(1)         3448(1)       2602(1)       4322(1)       31(1)  

          P(2)         4963(1)       2524(1)       2992(1)       30(1)  

          O(1)         5231(2)       3787(1)       5132(2)       38(1)  

          O(2)         6824(3)       3188(2)       6004(2)       52(1)  
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          F(1)         6299(2)       4466(1)       3726(2)       57(1)  

          F(2)         7366(2)       3450(1)       3530(1)       43(1)  

          F(3)         5213(3)       3865(2)       7021(2)       64(1)  

          F(4)         6887(2)       4477(1)       7024(1)       48(1)  

          C(1)         6624(4)       3724(2)       4041(2)       38(1)  

          C(2)         6016(4)       3681(2)       5829(2)       40(1)  

          C(3)         5814(4)       4254(2)       6507(2)       43(1)  

          C(4)         2315(3)       3317(2)       4524(2)       35(1)  

          C(5)         2204(4)       4021(2)       3928(2)       42(1)  

          C(6)         1340(4)       4638(2)       4139(3)       47(1)  

          C(7)           82(4)       4289(3)       4117(2)       46(1)  

          C(8)          188(4)       3590(3)       4704(3)       48(1)  

          C(9)         1049(4)       2965(3)       4503(3)       46(1)  

          C(10)        3528(3)       1864(2)       5166(2)       35(1)  

          C(11)        4306(6)       1173(2)       5071(3)       60(1)  

          C(12)        4318(6)        560(3)       5765(3)       66(2)  

          C(13)        4782(4)        910(2)       6634(2)       44(1)  

          C(14)        4004(5)       1601(3)       6739(3)       57(1)  

          C(15)        3964(6)       2210(2)       6045(3)       61(1)  

          C(16)        2731(3)       2079(2)       3343(2)       37(1)  

          C(17)        3724(3)       1797(2)       2912(2)       36(1)  

          C(18)        4477(4)       3086(2)       1991(2)       38(1)  

          C(19)        5522(4)       3483(2)       1720(3)       46(1)  

          C(20)        5059(4)       3934(3)        890(3)       51(1)  

          C(21)        4084(4)       4536(2)        969(3)       47(1)  

          C(22)        3028(4)       4128(3)       1225(3)       48(1)  

          C(23)        3481(4)       3676(2)       2057(2)       44(1)  

          C(24)        6286(3)       1941(2)       2863(2)       32(1)  

          C(25)        6956(4)       1535(2)       3686(2)       44(1)  

          C(26)        8110(4)       1128(2)       3559(3)       48(1)  

          C(27)        7830(4)        556(2)       2824(3)       43(1)  

          C(28)        7137(4)        957(2)       2015(2)       40(1)  

          C(29)        5972(3)       1351(2)       2134(2)       40(1)  

         ________________________________________________________________  

 Table 4.10. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2 x 

103) for complex B. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.  

           _____________________________________________________________  

            Ni(1)-O(1)                    1.911(2)  

            Ni(1)-C(1)                    1.945(4)  

            Ni(1)-P(2)                    2.1456(10)  

            Ni(1)-P(1)                    2.2349(11)  
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            P(1)-C(16)                    1.839(4)  

            P(1)-C(4)                     1.849(4)  

            P(1)-C(10)                    1.852(3)  

            P(2)-C(24)                    1.843(4)  

            P(2)-C(17)                    1.847(4)  

            P(2)-C(18)                    1.860(4)  

            O(1)-C(2)                     1.276(5)  

            O(2)-C(2)                     1.221(5)  

            F(1)-C(1)                     1.381(4)  

            F(2)-C(1)                     1.395(4)  

            F(3)-C(3)                     1.368(5)  

            F(4)-C(3)                     1.352(5)  

            C(1)-H(1)                     1.0000  

            C(2)-C(3)                     1.533(5)  

            C(3)-H(3)                     1.0000  

            C(4)-C(5)                     1.531(5)  

            C(4)-C(9)                     1.539(5)  

            C(4)-H(4)                     1.0000  

            C(5)-C(6)                     1.527(5)  

            C(5)-H(5A)                    0.9900  

            C(5)-H(5B)                    0.9900  

            C(6)-C(7)                     1.528(6)  

            C(6)-H(6A)                    0.9900  

            C(6)-H(6B)                    0.9900  

            C(7)-C(8)                     1.516(6)  

            C(7)-H(7A)                    0.9900  

            C(7)-H(7B)                    0.9900  

            C(8)-C(9)                     1.527(6)  

            C(8)-H(8A)                    0.9900  

            C(8)-H(8B)                    0.9900  

            C(9)-H(9A)                    0.9900  

            C(9)-H(9B)                    0.9900  

            C(10)-C(11)                   1.498(5)  

            C(10)-C(15)                   1.519(5)  

            C(10)-H(10)                   1.0000  

            C(11)-C(12)                   1.539(6)  

            C(11)-H(11A)                  0.9900  

            C(11)-H(11B)                  0.9900  

            C(12)-C(13)                   1.512(6)  

            C(12)-H(12A)                  0.9900  

            C(12)-H(12B)                  0.9900  

            C(13)-C(14)                   1.501(6)  

            C(13)-H(13A)                  0.9900  

            C(13)-H(13B)                  0.9900  
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            C(14)-C(15)                   1.529(5)  

            C(14)-H(14A)                  0.9900  

            C(14)-H(14B)                  0.9900  

            C(15)-H(15A)                  0.9900  

            C(15)-H(15B)                  0.9900  

            C(16)-C(17)                   1.534(5)  

            C(16)-H(16A)                  0.9900  

            C(16)-H(16B)                  0.9900  

            C(17)-H(17A)                  0.9900  

            C(17)-H(17B)                  0.9900  

            C(18)-C(19)                   1.512(6)  

            C(18)-C(23)                   1.529(5)  

            C(18)-H(18)                   1.0000  

            C(19)-C(20)                   1.535(5)  

            C(19)-H(19A)                  0.9900  

            C(19)-H(19B)                  0.9900  

            C(20)-C(21)                   1.530(6)  

            C(20)-H(20A)                  0.9900  

            C(20)-H(20B)                  0.9900  

            C(21)-C(22)                   1.518(6)  

            C(21)-H(21A)                  0.9900  

            C(21)-H(21B)                  0.9900  

            C(22)-C(23)                   1.538(5)  

            C(22)-H(22A)                  0.9900  

            C(22)-H(22B)                  0.9900  

            C(23)-H(23A)                  0.9900  

            C(23)-H(23B)                  0.9900  

            C(24)-C(29)                   1.533(5)  

            C(24)-C(25)                   1.538(5)  

            C(24)-H(24)                   1.0000  

            C(25)-C(26)                   1.530(6)  

            C(25)-H(25A)                  0.9900  

            C(25)-H(25B)                  0.9900  

            C(26)-C(27)                   1.519(6)  

            C(26)-H(26A)                  0.9900  

            C(26)-H(26B)                  0.9900  

            C(27)-C(28)                   1.525(5)  

            C(27)-H(27A)                  0.9900  

            C(27)-H(27B)                  0.9900  

            C(28)-C(29)                   1.526(5)  

            C(28)-H(28A)                  0.9900  

            C(28)-H(28B)                  0.9900  

            C(29)-H(29A)                  0.9900  

            C(29)-H(29B)                  0.9900  
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            O(1)-Ni(1)-C(1)              86.46(13)  

            O(1)-Ni(1)-P(2)             174.27(8)  

            C(1)-Ni(1)-P(2)              94.84(11)  

            O(1)-Ni(1)-P(1)              89.58(8)  

            C(1)-Ni(1)-P(1)             175.02(11)  

            P(2)-Ni(1)-P(1)              88.81(4)  

            C(16)-P(1)-C(4)             107.22(17)  

            C(16)-P(1)-C(10)            104.41(16)  

            C(4)-P(1)-C(10)             103.26(16)  

            C(16)-P(1)-Ni(1)            108.22(12)  

            C(4)-P(1)-Ni(1)             113.51(12)  

            C(10)-P(1)-Ni(1)            119.31(13)  

            C(24)-P(2)-C(17)            104.25(16)  

            C(24)-P(2)-C(18)            104.72(16)  

            C(17)-P(2)-C(18)            103.05(17)  

            C(24)-P(2)-Ni(1)            116.75(11)  

            C(17)-P(2)-Ni(1)            108.84(12)  

            C(18)-P(2)-Ni(1)            117.63(12)  

            C(2)-O(1)-Ni(1)             122.8(2)  

            F(1)-C(1)-F(2)              103.2(3)  

            F(1)-C(1)-Ni(1)             109.7(3)  

            F(2)-C(1)-Ni(1)             121.7(2)  

            F(1)-C(1)-H(1)              107.1  

            F(2)-C(1)-H(1)              107.1  

            Ni(1)-C(1)-H(1)             107.1  

            O(2)-C(2)-O(1)              128.7(3)  

            O(2)-C(2)-C(3)              120.0(3)  

            O(1)-C(2)-C(3)              111.2(3)  

            F(4)-C(3)-F(3)              104.7(3)  

            F(4)-C(3)-C(2)              111.4(3)  

            F(3)-C(3)-C(2)              108.3(3)  

            F(4)-C(3)-H(3)              110.8  

            F(3)-C(3)-H(3)              110.8  

            C(2)-C(3)-H(3)              110.8  

            C(5)-C(4)-C(9)              110.9(3)  

            C(5)-C(4)-P(1)              111.1(2)  

            C(9)-C(4)-P(1)              114.4(3)  

            C(5)-C(4)-H(4)              106.7  

            C(9)-C(4)-H(4)              106.7  

            P(1)-C(4)-H(4)              106.7  

            C(6)-C(5)-C(4)              110.9(3)  

            C(6)-C(5)-H(5A)             109.5  

            C(4)-C(5)-H(5A)             109.5  
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            C(6)-C(5)-H(5B)             109.5  

            C(4)-C(5)-H(5B)             109.5  

            H(5A)-C(5)-H(5B)            108.0  

            C(5)-C(6)-C(7)              111.2(3)  

            C(5)-C(6)-H(6A)             109.4  

            C(7)-C(6)-H(6A)             109.4  

            C(5)-C(6)-H(6B)             109.4  

            C(7)-C(6)-H(6B)             109.4  

            H(6A)-C(6)-H(6B)            108.0  

            C(8)-C(7)-C(6)              111.0(3)  

            C(8)-C(7)-H(7A)             109.4  

            C(6)-C(7)-H(7A)             109.4  

            C(8)-C(7)-H(7B)             109.4  

            C(6)-C(7)-H(7B)             109.4  

            H(7A)-C(7)-H(7B)            108.0  

            C(7)-C(8)-C(9)              111.8(3)  

            C(7)-C(8)-H(8A)             109.3  

            C(9)-C(8)-H(8A)             109.3  

            C(7)-C(8)-H(8B)             109.3  

            C(9)-C(8)-H(8B)             109.3  

            H(8A)-C(8)-H(8B)            107.9  

            C(8)-C(9)-C(4)              110.8(3)  

            C(8)-C(9)-H(9A)             109.5  

            C(4)-C(9)-H(9A)             109.5  

            C(8)-C(9)-H(9B)             109.5  

            C(4)-C(9)-H(9B)             109.5  

            H(9A)-C(9)-H(9B)            108.1  

            C(11)-C(10)-C(15)           109.8(3)  

            C(11)-C(10)-P(1)            112.6(3)  

            C(15)-C(10)-P(1)            112.6(3)  

            C(11)-C(10)-H(10)           107.2  

            C(15)-C(10)-H(10)           107.2  

            P(1)-C(10)-H(10)            107.2  

            C(10)-C(11)-C(12)           111.1(4)  

            C(10)-C(11)-H(11A)          109.4  

            C(12)-C(11)-H(11A)          109.4  

            C(10)-C(11)-H(11B)          109.4  

            C(12)-C(11)-H(11B)          109.4  

            H(11A)-C(11)-H(11B)         108.0  

            C(13)-C(12)-C(11)           111.3(4)  

            C(13)-C(12)-H(12A)          109.4  

            C(11)-C(12)-H(12A)          109.4  

            C(13)-C(12)-H(12B)          109.4  

            C(11)-C(12)-H(12B)          109.4  
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            H(12A)-C(12)-H(12B)         108.0  

            C(14)-C(13)-C(12)           109.6(4)  

            C(14)-C(13)-H(13A)          109.7  

            C(12)-C(13)-H(13A)          109.7  

            C(14)-C(13)-H(13B)          109.7  

            C(12)-C(13)-H(13B)          109.7  

            H(13A)-C(13)-H(13B)         108.2  

            C(13)-C(14)-C(15)           111.3(4)  

            C(13)-C(14)-H(14A)          109.4  

            C(15)-C(14)-H(14A)          109.4  

            C(13)-C(14)-H(14B)          109.4  

            C(15)-C(14)-H(14B)          109.4  

            H(14A)-C(14)-H(14B)         108.0  

            C(10)-C(15)-C(14)           112.4(4)  

            C(10)-C(15)-H(15A)          109.1  

            C(14)-C(15)-H(15A)          109.1  

            C(10)-C(15)-H(15B)          109.1  

            C(14)-C(15)-H(15B)          109.1  

            H(15A)-C(15)-H(15B)         107.9  

            C(17)-C(16)-P(1)            109.5(2)  

            C(17)-C(16)-H(16A)          109.8  

            P(1)-C(16)-H(16A)           109.8  

            C(17)-C(16)-H(16B)          109.8  

            P(1)-C(16)-H(16B)           109.8  

            H(16A)-C(16)-H(16B)         108.2  

            C(16)-C(17)-P(2)            112.1(2)  

            C(16)-C(17)-H(17A)          109.2  

            P(2)-C(17)-H(17A)           109.2  

            C(16)-C(17)-H(17B)          109.2  

            P(2)-C(17)-H(17B)           109.2  

            H(17A)-C(17)-H(17B)         107.9  

            C(19)-C(18)-C(23)           111.1(3)  

            C(19)-C(18)-P(2)            113.7(3)  

            C(23)-C(18)-P(2)            110.1(2)  

            C(19)-C(18)-H(18)           107.2  

            C(23)-C(18)-H(18)           107.2  

            P(2)-C(18)-H(18)            107.2  

            C(18)-C(19)-C(20)           111.0(3)  

            C(18)-C(19)-H(19A)          109.4  

            C(20)-C(19)-H(19A)          109.4  

            C(18)-C(19)-H(19B)          109.4  

            C(20)-C(19)-H(19B)          109.4  

            H(19A)-C(19)-H(19B)         108.0  

            C(21)-C(20)-C(19)           111.2(3)  
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            C(21)-C(20)-H(20A)          109.4  

            C(19)-C(20)-H(20A)          109.4  

            C(21)-C(20)-H(20B)          109.4  

            C(19)-C(20)-H(20B)          109.4  

            H(20A)-C(20)-H(20B)         108.0  

            C(22)-C(21)-C(20)           109.9(3)  

            C(22)-C(21)-H(21A)          109.7  

            C(20)-C(21)-H(21A)          109.7  

            C(22)-C(21)-H(21B)          109.7  

            C(20)-C(21)-H(21B)          109.7  

            H(21A)-C(21)-H(21B)         108.2  

            C(21)-C(22)-C(23)           110.9(3)  

            C(21)-C(22)-H(22A)          109.5  

            C(23)-C(22)-H(22A)          109.5  

            C(21)-C(22)-H(22B)          109.5  

            C(23)-C(22)-H(22B)          109.5  

            H(22A)-C(22)-H(22B)         108.0  

            C(18)-C(23)-C(22)           111.2(3)  

            C(18)-C(23)-H(23A)          109.4  

            C(22)-C(23)-H(23A)          109.4  

            C(18)-C(23)-H(23B)          109.4  

            C(22)-C(23)-H(23B)          109.4  

            H(23A)-C(23)-H(23B)         108.0  

            C(29)-C(24)-C(25)           110.8(3)  

            C(29)-C(24)-P(2)            113.6(2)  

            C(25)-C(24)-P(2)            112.6(2)  

            C(29)-C(24)-H(24)           106.4  

            C(25)-C(24)-H(24)           106.4  

            P(2)-C(24)-H(24)            106.4  

            C(26)-C(25)-C(24)           110.0(3)  

            C(26)-C(25)-H(25A)          109.7  

            C(24)-C(25)-H(25A)          109.7  

            C(26)-C(25)-H(25B)          109.7  

            C(24)-C(25)-H(25B)          109.7  

            H(25A)-C(25)-H(25B)         108.2  

            C(27)-C(26)-C(25)           112.1(3)  

            C(27)-C(26)-H(26A)          109.2  

            C(25)-C(26)-H(26A)          109.2  

            C(27)-C(26)-H(26B)          109.2  

            C(25)-C(26)-H(26B)          109.2  

            H(26A)-C(26)-H(26B)         107.9  

            C(26)-C(27)-C(28)           111.3(3)  

            C(26)-C(27)-H(27A)          109.4  

            C(28)-C(27)-H(27A)          109.4  
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            C(26)-C(27)-H(27B)          109.4  

            C(28)-C(27)-H(27B)          109.4  

            H(27A)-C(27)-H(27B)         108.0  

            C(27)-C(28)-C(29)           111.4(3)  

            C(27)-C(28)-H(28A)          109.4  

            C(29)-C(28)-H(28A)          109.4  

            C(27)-C(28)-H(28B)          109.4  

            C(29)-C(28)-H(28B)          109.4  

            H(28A)-C(28)-H(28B)         108.0  

            C(28)-C(29)-C(24)           110.0(3)  

            C(28)-C(29)-H(29A)          109.7  

            C(24)-C(29)-H(29A)          109.7  

            C(28)-C(29)-H(29B)          109.7  

            C(24)-C(29)-H(29B)          109.7  

            H(29A)-C(29)-H(29B)         108.2  

           _____________________________________________________________  

Table 4.11.  Bond lengths [Å] and angles [°] for complex B.  

Synthesis of complex II-DCyPE. A 20 mL vial equipped with a stir bar was 

charged with complex B (86 mg, 0.137 mmol, 1.0 equiv) and THF (6 mL). To 

this solution was added TMAF ( mg, 0.24 mmol, 1.5 equiv) and the suspension 

was stirred at room temperature for 24 h. After 1 h, the reaction mixture was 

filtered through a plug of celite (2cm x 2cm x 2cm) set with THF. The filtrate was concentrated to 

ca. 1 mL and layered with a Et2O:pentanes (1:1) and placed in the freezer at -36 °C for 24 h. After 

24 h, a tan solid had precipitated. The solid was filtered over celite set with pentanes and eluted 

through with THF. The THF-solution was concentrated to yield a tan solid. The complex was only 

characterized by 19F NMR and X-ray crystallography. 
19

F NMR (470 MHz, THF-d
8
) δ -97.32 

(dddd, J = 65.0, 40.2, 23.7, 14.0 Hz), -317.91 (ddt, J = 93.4, 48.1, 23.4 Hz). 31P NMR (202 MHz, 

Methylene Chloride-d2) δ 74.24 (ddt, J = 95.1 Hz, 19.0 Hz, 13.1 Hz, 1P), 57.98 (m, 1P). 
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Structure determination of complex II-DCyPE. Yellow plates of II-DCyPE were grown from 

a tetrahydrofuran/diethyl ether/pentanes solution of the compound at 22 deg. C.  A crystal of 

dimensions 0.15 x 0.11 x 0.07 mm was mounted on a Rigaku AFC10K Saturn 944+ CCD-based 

X-ray diffractometer equipped with a low temperature device and Micromax-007HF Cu-target 

micro-focus rotating anode (l = 1.54187 A) operated at 1.2 kW power (40 kV, 30 mA).  The X-

ray intensities were measured at 85(1) K with the detector placed at a distance 42.00 mm from the 
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crystal.  A total of 2028 images were collected with an oscillation width of 1.0° in w.  The exposure 

times were 1 sec. for the low angle images, 4 sec. for high angle.  Rigaku d*trek images were 

exported to CrysAlisPro for processing and corrected for absorption.  The integration of the data 

yielded a total of 42583 reflections to a maximum 2q value of 138.93° of which 10066 were 

independent and 10013 were greater than 2s(I).  The final cell constants (Table 1) were based on 

the xyz centroids of 33554 reflections above 10s(I).  Analysis of the data showed negligible decay 

during data collection.  The structure was solved and refined with the Bruker SHELXTL (version 

2018/3) software package, using the space group P2(1) with Z = 4 for the formula C27H49F3P2Ni.  

All non-hydrogen atoms were refined anisotropically with the hydrogen atoms placed in idealized 

positions.  One cyclohexyl ligand is disordered in wo orientations.  Full matrix least-squares 

refinement based on F2 converged at R1 = 0.0337 and wR2 = 0.0878 [based on I > 2sigma(I)], R1 

= 0.0338 and wR2 = 0.0880 for all data.  Additional details are presented in Table 1 and are given 

as Supporting Information in a CIF file.  Acknowledgement is made for funding from NSF grant 

CHE-0840456 for X-ray instrumentation. 

G.M. Sheldrick (2015) "Crystal structure refinement with SHELXL", Acta Cryst., C71, 3-8 (Open 

Access). 

CrystalClear Expert 2.0 r16, Rigaku Americas and Rigaku Corporation (2014), Rigaku Americas, 

9009, TX, USA 77381-5209, Rigaku Tokyo, 196-8666, Japan. 

CrysAlisPro 1.171.38.41 (Rigaku Oxford Diffraction, 2015). 

Empirical formula                  C27H49F3NiP2 

Formula weight                     551.31 

Temperature                        85(2) K 

Wavelength                         1.54184 Å 

Crystal system Monoclinic 

space group        P2(1) 
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Unit cell dimensions               

                                         

a = 11.2538(3) Å        α = 90°  

b = 21.2227(2) Å      ß = 103.807(2)°  

c = 11.7770(2) Å      γ = 90°  

Volume                             2780.06(8) Å3 

Z 4 

Calculated density              1.317 Mg/m3 

Absorption coefficient             2.370 mm-1 

F(000)                             1184 

Crystal size                       0.150 x 0.110 x 0.070 mm 

Theta range for data collection    3.928 to 69.465° 

Limiting indices                   -14<=h<=14, -25<=k<=25, -14<=l<=14 

Reflections collected / unique     42583 / 10066 [R(int) = 0.0467] 

Completeness to theta  99.9 % 

Absorption correction            Semi-empirical from equivalents 

Max. and min. transmission         1.00000 and 0.80847 

Refinement method                  Full-matrix least-squares on F2 

Data / restraints / parameters     10066 / 13 / 642 

Goodness-of-fit on F2             1.056 

Final R indices [I>2σ(I)]    R1 = 0.0337, wR2 = 0.0878 

R indices (all data)               R1 = 0.0338, wR2 = 0.0880 

Largest diff. peak and hole        0.432 and -0.333 e.Å-3  

Table 4.12. Crystal data and structure refinement for complex II-DCyPE. 

 

________________________________________________________________  

   

                         x             y             z           U(eq)  

________________________________________________________________  

   

          Ni(1)        2478(1)       4149(1)       3703(1)       23(1)  

          Ni(2)        1544(1)       6677(1)       7299(1)       25(1)  

          P(1)         2899(1)       3311(1)       4862(1)       23(1)  
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          P(2)         2487(1)       3561(1)       2249(1)       21(1)  

          P(3)          543(1)       5812(1)       7455(1)       26(1)  

          P(4)         3134(1)       6127(1)       7660(1)       24(1)  

          F(1)         2321(2)       4652(1)       4943(2)       34(1)  

          F(2)         3276(2)       5137(1)       2596(2)       42(1)  

          F(3)         1476(2)       4870(1)       1541(2)       38(1)  

          F(4)          120(2)       7140(1)       7017(2)       33(1)  

          F(5)         2261(4)       7524(1)       5887(3)       78(1)  

          F(6)         3531(3)       7547(1)       7641(3)       70(1)  

          C(1)         2678(3)       2606(2)       3917(3)       27(1)  

          C(2)         3017(3)       2762(2)       2780(3)       27(1)  

          C(3)         4449(3)       3294(2)       5862(3)       29(1)  

          C(4)         5395(3)       3113(2)       5254(3)       37(1)  

          C(5)         6640(4)       3097(2)       6165(4)       47(1)  

          C(6)         6966(3)       3729(2)       6775(3)       43(1)  

          C(7)         6026(3)       3926(2)       7366(3)       40(1)  

          C(8)         4765(3)       3931(2)       6480(3)       35(1)  

          C(9)         1983(3)       3182(2)       5880(3)       34(1)  

          C(10)        2159(4)       2529(2)       6468(4)       45(1)  

          C(11)        1387(5)       2453(2)       7313(4)       57(1)  

          C(12)          85(5)       2571(2)       6687(4)       54(1)  

          C(13)         -87(5)       3221(2)       6123(5)       55(1)  

          C(14)         654(3)       3300(2)       5251(4)       39(1)  

          C(15)        3456(3)       3822(2)       1358(3)       25(1)  

          C(16)        3434(3)       3405(2)        287(3)       28(1)  

          C(17)        4211(3)       3692(2)       -421(3)       34(1)  

          C(18)        5496(3)       3803(2)        353(3)       41(1)  

          C(19)        5527(4)       4202(2)       1440(4)       44(1)  

          C(20)        4756(3)       3911(2)       2154(3)       33(1)  

          C(21)         963(3)       3479(2)       1199(3)       24(1)  

          C(22)          -9(3)       3635(2)       1807(3)       30(1)  

          C(23)       -1247(3)       3665(2)        886(3)       37(1)  

          C(24)       -1544(3)       3049(2)        195(3)       37(1)  

          C(25)        -565(3)       2874(2)       -369(3)       33(1)  

          C(26)         669(3)       2840(2)        567(3)       27(1)  

          C(27)        2210(3)       4893(2)       2724(3)       32(1)  

          C(28)        1633(3)       5175(2)       8030(3)       30(1)  

          C(29)        2722(3)       5282(2)       7574(3)       28(1)  

          C(30)        -433(3)       5865(2)       8434(3)       30(1)  

          C(31)       -1104(3)       5255(2)       8556(3)       35(1)  

          C(32)       -1911(3)       5368(2)       9346(3)       38(1)  

          C(33)       -1204(3)       5606(2)      10566(3)       34(1)  

          C(34)        -533(4)       6209(2)      10470(3)       39(1)  

          C(35)         273(3)       6115(2)       9658(3)       33(1)  
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          C(36)        -465(3)       5565(2)       5998(3)       32(1)  

          C(37)        -611(4)       4858(2)       5773(3)       40(1)  

          C(38)       -1514(4)       4714(2)       4570(4)       46(1)  

          C(39)       -1133(4)       5027(2)       3578(4)       46(1)  

          C(40)       -1008(5)       5739(2)       3774(4)       51(1)  

          C(41)        -105(4)       5884(2)       4995(4)       44(1)  

          C(42)        4085(3)       6198(2)       6665(3)       29(1)  

          C(43)        3355(3)       6158(2)       5354(3)       32(1)  

          C(44)        4174(4)       6248(2)       4556(3)       41(1)  

          C(45)        5195(4)       5771(2)       4830(3)       44(1)  

          C(46)        5919(4)       5799(3)       6134(4)       50(1)  

          C(47)        5103(3)       5717(2)       6930(3)       41(1)  

          C(48)        4186(3)       6258(2)       9176(3)       33(1)  

          C(49)        4862(5)       5734(3)       9839(5)       31(1)  

          C(50)        5792(5)       5955(3)      10986(5)       33(1)  

          C(51)        5197(5)       6314(3)      11789(5)       34(1)  

          C(52)        4472(7)       6860(3)      11127(6)       36(1)  

          C(53)        3565(5)       6650(4)       9961(5)       33(1)  

          C(48A)       4186(3)       6258(2)       9176(3)       33(1)  

          C(49A)       5072(11)      6711(6)       9373(9)       43(3)  

          C(50A)       5891(10)      6715(6)      10653(9)       44(3)  

          C(51A)       5169(14)      6769(7)      11536(11)      44(3)  

          C(52A)       4261(16)      6264(8)      11371(10)      68(5)  

          C(53A)       3410(11)      6254(9)      10081(9)       47(4)  

          C(54)        2324(3)       7443(2)       7056(3)       32(1)  

         ________________________________________________________________  

 Table 4.13.  Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2 x 

103) for II-DCyPE. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.  

 

 

_________________________________________  

   

            Ni(1)-F(1)                    1.8602(19)  

            Ni(1)-C(27)                   1.925(4)  

            Ni(1)-P(2)                    2.1210(9)  

            Ni(1)-P(1)                    2.2081(9)  

            Ni(2)-F(4)                    1.871(2)  

            Ni(2)-C(54)                   1.925(4)  

            Ni(2)-P(4)                    2.1238(10)  

            Ni(2)-P(3)                    2.2113(10)  

            P(1)-C(1)                     1.837(3)  

            P(1)-C(3)                     1.841(3)  
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            P(1)-C(9)                     1.844(3)  

            P(2)-C(15)                    1.839(3)  

            P(2)-C(21)                    1.847(3)  

            P(2)-C(2)                     1.850(3)  

            P(3)-C(28)                    1.841(3)  

            P(3)-C(30)                    1.844(3)  

            P(3)-C(36)                    1.847(4)  

            P(4)-C(42)                    1.839(3)  

            P(4)-C(29)                    1.851(3)  

            P(4)-C(48A)                   1.864(3)  

            P(4)-C(48)                    1.864(3)  

            F(2)-C(27)                    1.394(4)  

            F(3)-C(27)                    1.404(4)  

            F(5)-C(54)                    1.367(4)  

            F(6)-C(54)                    1.387(5)  

            C(1)-C(2)                     1.540(4)  

            C(1)-H(1A)                    0.9900  

            C(1)-H(1B)                    0.9900  

            C(2)-H(2A)                    0.9900  

            C(2)-H(2B)                    0.9900  

            C(3)-C(4)                     1.528(5)  

            C(3)-C(8)                     1.529(5)  

            C(3)-H(3)                     1.0000  

            C(4)-C(5)                     1.529(5)  

            C(4)-H(4A)                    0.9900  

            C(4)-H(4B)                    0.9900  

            C(5)-C(6)                     1.516(7)  

            C(5)-H(5A)                    0.9900  

            C(5)-H(5B)                    0.9900  

            C(6)-C(7)                     1.518(6)  

            C(6)-H(6A)                    0.9900  

            C(6)-H(6B)                    0.9900  

            C(7)-C(8)                     1.531(5)  

            C(7)-H(7A)                    0.9900  

            C(7)-H(7B)                    0.9900  

            C(8)-H(8A)                    0.9900  

            C(8)-H(8B)                    0.9900  

            C(9)-C(14)                    1.526(6)  

            C(9)-C(10)                    1.536(6)  

            C(9)-H(9)                     1.0000  

            C(10)-C(11)                   1.533(6)  

            C(10)-H(10A)                  0.9900  

            C(10)-H(10B)                  0.9900  

            C(11)-C(12)                   1.498(8)  
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            C(11)-H(11A)                  0.9900  

            C(11)-H(11B)                  0.9900  

            C(12)-C(13)                   1.518(8)  

            C(12)-H(12A)                  0.9900  

            C(12)-H(12B)                  0.9900  

            C(13)-C(14)                   1.534(5)  

            C(13)-H(13A)                  0.9900  

            C(13)-H(13B)                  0.9900  

            C(14)-H(14A)                  0.9900  

            C(14)-H(14B)                  0.9900  

            C(15)-C(16)                   1.534(4)  

            C(15)-C(20)                   1.539(5)  

            C(15)-H(15)                   1.0000  

            C(16)-C(17)                   1.527(4)  

            C(16)-H(16A)                  0.9900  

            C(16)-H(16B)                  0.9900  

            C(17)-C(18)                   1.523(5)  

            C(17)-H(17A)                  0.9900  

            C(17)-H(17B)                  0.9900  

            C(18)-C(19)                   1.527(6)  

            C(18)-H(18A)                  0.9900  

            C(18)-H(18B)                  0.9900  

            C(19)-C(20)                   1.529(5)  

            C(19)-H(19A)                  0.9900  

            C(19)-H(19B)                  0.9900  

            C(20)-H(20A)                  0.9900  

            C(20)-H(20B)                  0.9900  

            C(21)-C(26)                   1.535(4)  

            C(21)-C(22)                   1.543(4)  

            C(21)-H(21)                   1.0000  

            C(22)-C(23)                   1.529(5)  

            C(22)-H(22A)                  0.9900  

            C(22)-H(22B)                  0.9900  

            C(23)-C(24)                   1.525(6)  

            C(23)-H(23A)                  0.9900  

            C(23)-H(23B)                  0.9900  

            C(24)-C(25)                   1.524(5)  

            C(24)-H(24A)                  0.9900  

            C(24)-H(24B)                  0.9900  

            C(25)-C(26)                   1.533(5)  

            C(25)-H(25A)                  0.9900  

            C(25)-H(25B)                  0.9900  

            C(26)-H(26A)                  0.9900  

            C(26)-H(26B)                  0.9900  
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            C(27)-H(27)                   1.0000  

            C(28)-C(29)                   1.532(5)  

            C(28)-H(28A)                  0.9900  

            C(28)-H(28B)                  0.9900  

            C(29)-H(29A)                  0.9900  

            C(29)-H(29B)                  0.9900  

            C(30)-C(35)                   1.528(5)  

            C(30)-C(31)                   1.541(5)  

            C(30)-H(30)                   1.0000  

            C(31)-C(32)                   1.523(5)  

            C(31)-H(31A)                  0.9900  

            C(31)-H(31B)                  0.9900  

            C(32)-C(33)                   1.516(6)  

            C(32)-H(32A)                  0.9900  

            C(32)-H(32B)                  0.9900  

            C(33)-C(34)                   1.521(6)  

            C(33)-H(33A)                  0.9900  

            C(33)-H(33B)                  0.9900  

            C(34)-C(35)                   1.538(5)  

            C(34)-H(34A)                  0.9900  

            C(34)-H(34B)                  0.9900  

            C(35)-H(35A)                  0.9900  

            C(35)-H(35B)                  0.9900  

            C(36)-C(37)                   1.523(5)  

            C(36)-C(41)                   1.524(5)  

            C(36)-H(36)                   1.0000  

            C(37)-C(38)                   1.526(6)  

            C(37)-H(37A)                  0.9900  

            C(37)-H(37B)                  0.9900  

            C(38)-C(39)                   1.520(6)  

            C(38)-H(38A)                  0.9900  

            C(38)-H(38B)                  0.9900  

            C(39)-C(40)                   1.529(7)  

            C(39)-H(39A)                  0.9900  

            C(39)-H(39B)                  0.9900  

            C(40)-C(41)                   1.542(6)  

            C(40)-H(40A)                  0.9900  

            C(40)-H(40B)                  0.9900  

            C(41)-H(41A)                  0.9900  

            C(41)-H(41B)                  0.9900  

            C(42)-C(47)                   1.525(5)  

            C(42)-C(43)                   1.530(5)  

            C(42)-H(42)                   1.0000  

            C(43)-C(44)                   1.534(5)  
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            C(43)-H(43A)                  0.9900  

            C(43)-H(43B)                  0.9900  

            C(44)-C(45)                   1.522(6)  

            C(44)-H(44A)                  0.9900  

            C(44)-H(44B)                  0.9900  

            C(45)-C(46)                   1.520(6)  

            C(45)-H(45A)                  0.9900  

            C(45)-H(45B)                  0.9900  

            C(46)-C(47)                   1.529(5)  

            C(46)-H(46A)                  0.9900  

            C(46)-H(46B)                  0.9900  

            C(47)-H(47A)                  0.9900  

            C(47)-H(47B)                  0.9900  

            C(48)-C(49)                   1.450(6)  

            C(48)-C(53)                   1.570(6)  

            C(48)-H(48)                   1.0000  

            C(49)-C(50)                   1.535(7)  

            C(49)-H(49A)                  0.9900  

            C(49)-H(49B)                  0.9900  

            C(50)-C(51)                   1.531(8)  

            C(50)-H(50A)                  0.9900  

            C(50)-H(50B)                  0.9900  

            C(51)-C(52)                   1.510(9)  

            C(51)-H(51A)                  0.9900  

            C(51)-H(51B)                  0.9900  

            C(52)-C(53)                   1.531(9)  

            C(52)-H(52A)                  0.9900  

            C(52)-H(52B)                  0.9900  

            C(53)-H(53A)                  0.9900  

            C(53)-H(53B)                  0.9900  

            C(48A)-C(49A)                 1.379(11)  

            C(48A)-C(53A)                 1.588(11)  

            C(48A)-H(48A)                 1.0000  

            C(49A)-C(50A)                 1.528(14)  

            C(49A)-H(49C)                 0.9900  

            C(49A)-H(49D)                 0.9900  

            C(50A)-C(51A)                 1.522(16)  

            C(50A)-H(50C)                 0.9900  

            C(50A)-H(50D)                 0.9900  

            C(51A)-C(52A)                 1.477(16)  

            C(51A)-H(51C)                 0.9900  

            C(51A)-H(51D)                 0.9900  

            C(52A)-C(53A)                 1.550(15)  

            C(52A)-H(52C)                 0.9900  
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            C(52A)-H(52D)                 0.9900  

            C(53A)-H(53C)                 0.9900  

            C(53A)-H(53D)                 0.9900  

            C(54)-H(54)                   1.0000  

   

            F(1)-Ni(1)-C(27)             87.97(12)  

            F(1)-Ni(1)-P(2)             174.79(8)  

            C(27)-Ni(1)-P(2)             92.12(11)  

            F(1)-Ni(1)-P(1)              91.82(7)  

            C(27)-Ni(1)-P(1)            176.62(12)  

            P(2)-Ni(1)-P(1)              88.39(3)  

            F(4)-Ni(2)-C(54)             87.84(13)  

            F(4)-Ni(2)-P(4)             177.75(7)  

            C(54)-Ni(2)-P(4)             94.16(11)  

            F(4)-Ni(2)-P(3)              89.44(7)  

            C(54)-Ni(2)-P(3)            175.82(11)  

            P(4)-Ni(2)-P(3)              88.62(4)  

            C(1)-P(1)-C(3)              107.92(16)  

            C(1)-P(1)-C(9)              105.55(15)  

            C(3)-P(1)-C(9)              103.09(16)  

            C(1)-P(1)-Ni(1)             108.43(11)  

            C(3)-P(1)-Ni(1)             114.11(12)  

            C(9)-P(1)-Ni(1)             117.09(13)  

            C(15)-P(2)-C(21)            106.00(14)  

            C(15)-P(2)-C(2)             105.60(15)  

            C(21)-P(2)-C(2)             107.35(15)  

            C(15)-P(2)-Ni(1)            115.69(11)  

            C(21)-P(2)-Ni(1)            111.40(10)  

            C(2)-P(2)-Ni(1)             110.31(11)  

            C(28)-P(3)-C(30)            107.42(15)  

            C(28)-P(3)-C(36)            108.29(17)  

            C(30)-P(3)-C(36)            104.97(16)  

            C(28)-P(3)-Ni(2)            108.55(12)  

            C(30)-P(3)-Ni(2)            115.93(12)  

            C(36)-P(3)-Ni(2)            111.38(12)  

            C(42)-P(4)-C(29)            103.90(15)  

            C(42)-P(4)-C(48A)           104.44(15)  

            C(29)-P(4)-C(48A)           106.44(17)  

            C(42)-P(4)-C(48)            104.44(15)  

            C(29)-P(4)-C(48)            106.44(17)  

            C(42)-P(4)-Ni(2)            118.66(12)  

            C(29)-P(4)-Ni(2)            108.96(11)  

            C(48A)-P(4)-Ni(2)           113.43(12)  

            C(48)-P(4)-Ni(2)            113.43(12)  
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            C(2)-C(1)-P(1)              109.0(2)  

            C(2)-C(1)-H(1A)             109.9  

            P(1)-C(1)-H(1A)             109.9  

            C(2)-C(1)-H(1B)             109.9  

            P(1)-C(1)-H(1B)             109.9  

            H(1A)-C(1)-H(1B)            108.3  

            C(1)-C(2)-P(2)              110.2(2)  

            C(1)-C(2)-H(2A)             109.6  

            P(2)-C(2)-H(2A)             109.6  

            C(1)-C(2)-H(2B)             109.6  

            P(2)-C(2)-H(2B)             109.6  

            H(2A)-C(2)-H(2B)            108.1  

            C(4)-C(3)-C(8)              109.8(3)  

            C(4)-C(3)-P(1)              114.3(2)  

            C(8)-C(3)-P(1)              109.9(2)  

            C(4)-C(3)-H(3)              107.5  

            C(8)-C(3)-H(3)              107.5  

            P(1)-C(3)-H(3)              107.5  

            C(3)-C(4)-C(5)              110.0(3)  

            C(3)-C(4)-H(4A)             109.7  

            C(5)-C(4)-H(4A)             109.7  

            C(3)-C(4)-H(4B)             109.7  

            C(5)-C(4)-H(4B)             109.7  

            H(4A)-C(4)-H(4B)            108.2  

            C(6)-C(5)-C(4)              111.5(4)  

            C(6)-C(5)-H(5A)             109.3  

            C(4)-C(5)-H(5A)             109.3  

            C(6)-C(5)-H(5B)             109.3  

            C(4)-C(5)-H(5B)             109.3  

            H(5A)-C(5)-H(5B)            108.0  

            C(5)-C(6)-C(7)              110.3(3)  

            C(5)-C(6)-H(6A)             109.6  

            C(7)-C(6)-H(6A)             109.6  

            C(5)-C(6)-H(6B)             109.6  

            C(7)-C(6)-H(6B)             109.6  

            H(6A)-C(6)-H(6B)            108.1  

            C(6)-C(7)-C(8)              111.4(3)  

            C(6)-C(7)-H(7A)             109.3  

            C(8)-C(7)-H(7A)             109.3  

            C(6)-C(7)-H(7B)             109.3  

            C(8)-C(7)-H(7B)             109.3  

            H(7A)-C(7)-H(7B)            108.0  

            C(3)-C(8)-C(7)              111.5(3)  

            C(3)-C(8)-H(8A)             109.3  
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            C(7)-C(8)-H(8A)             109.3  

            C(3)-C(8)-H(8B)             109.3  

            C(7)-C(8)-H(8B)             109.3  

            H(8A)-C(8)-H(8B)            108.0  

            C(14)-C(9)-C(10)            110.3(3)  

            C(14)-C(9)-P(1)             111.0(2)  

            C(10)-C(9)-P(1)             113.7(3)  

            C(14)-C(9)-H(9)             107.2  

            C(10)-C(9)-H(9)             107.2  

            P(1)-C(9)-H(9)              107.2  

            C(11)-C(10)-C(9)            111.2(4)  

            C(11)-C(10)-H(10A)          109.4  

            C(9)-C(10)-H(10A)           109.4  

            C(11)-C(10)-H(10B)          109.4  

            C(9)-C(10)-H(10B)           109.4  

            H(10A)-C(10)-H(10B)         108.0  

            C(12)-C(11)-C(10)           111.4(4)  

            C(12)-C(11)-H(11A)          109.4  

            C(10)-C(11)-H(11A)          109.4  

            C(12)-C(11)-H(11B)          109.4  

            C(10)-C(11)-H(11B)          109.4  

            H(11A)-C(11)-H(11B)         108.0  

            C(11)-C(12)-C(13)           110.6(4)  

            C(11)-C(12)-H(12A)          109.5  

            C(13)-C(12)-H(12A)          109.5  

            C(11)-C(12)-H(12B)          109.5  

            C(13)-C(12)-H(12B)          109.5  

            H(12A)-C(12)-H(12B)         108.1  

            C(12)-C(13)-C(14)           111.3(4)  

            C(12)-C(13)-H(13A)          109.4  

            C(14)-C(13)-H(13A)          109.4  

            C(12)-C(13)-H(13B)          109.4  

            C(14)-C(13)-H(13B)          109.4  

            H(13A)-C(13)-H(13B)         108.0  

            C(9)-C(14)-C(13)            110.3(4)  

            C(9)-C(14)-H(14A)           109.6  

            C(13)-C(14)-H(14A)          109.6  

            C(9)-C(14)-H(14B)           109.6  

            C(13)-C(14)-H(14B)          109.6  

            H(14A)-C(14)-H(14B)         108.1  

            C(16)-C(15)-C(20)           110.3(3)  

            C(16)-C(15)-P(2)            115.5(2)  

            C(20)-C(15)-P(2)            110.3(2)  

            C(16)-C(15)-H(15)           106.7  
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            C(20)-C(15)-H(15)           106.7  

            P(2)-C(15)-H(15)            106.7  

            C(17)-C(16)-C(15)           110.5(3)  

            C(17)-C(16)-H(16A)          109.6  

            C(15)-C(16)-H(16A)          109.6  

            C(17)-C(16)-H(16B)          109.6  

            C(15)-C(16)-H(16B)          109.6  

            H(16A)-C(16)-H(16B)         108.1  

            C(18)-C(17)-C(16)           111.7(3)  

            C(18)-C(17)-H(17A)          109.3  

            C(16)-C(17)-H(17A)          109.3  

            C(18)-C(17)-H(17B)          109.3  

            C(16)-C(17)-H(17B)          109.3  

            H(17A)-C(17)-H(17B)         107.9  

            C(17)-C(18)-C(19)           111.4(3)  

            C(17)-C(18)-H(18A)          109.3  

            C(19)-C(18)-H(18A)          109.3  

            C(17)-C(18)-H(18B)          109.3  

            C(19)-C(18)-H(18B)          109.3  

            H(18A)-C(18)-H(18B)         108.0  

            C(18)-C(19)-C(20)           111.3(3)  

            C(18)-C(19)-H(19A)          109.4  

            C(20)-C(19)-H(19A)          109.4  

            C(18)-C(19)-H(19B)          109.4  

            C(20)-C(19)-H(19B)          109.4  

            H(19A)-C(19)-H(19B)         108.0  

            C(19)-C(20)-C(15)           110.2(3)  

            C(19)-C(20)-H(20A)          109.6  

            C(15)-C(20)-H(20A)          109.6  

            C(19)-C(20)-H(20B)          109.6  

            C(15)-C(20)-H(20B)          109.6  

            H(20A)-C(20)-H(20B)         108.1  

            C(26)-C(21)-C(22)           108.9(3)  

            C(26)-C(21)-P(2)            116.2(2)  

            C(22)-C(21)-P(2)            111.0(2)  

            C(26)-C(21)-H(21)           106.7  

            C(22)-C(21)-H(21)           106.7  

            P(2)-C(21)-H(21)            106.7  

            C(23)-C(22)-C(21)           110.3(3)  

            C(23)-C(22)-H(22A)          109.6  

            C(21)-C(22)-H(22A)          109.6  

            C(23)-C(22)-H(22B)          109.6  

            C(21)-C(22)-H(22B)          109.6  

            H(22A)-C(22)-H(22B)         108.1  
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            C(24)-C(23)-C(22)           111.2(3)  

            C(24)-C(23)-H(23A)          109.4  

            C(22)-C(23)-H(23A)          109.4  

            C(24)-C(23)-H(23B)          109.4  

            C(22)-C(23)-H(23B)          109.4  

            H(23A)-C(23)-H(23B)         108.0  

            C(25)-C(24)-C(23)           111.1(3)  

            C(25)-C(24)-H(24A)          109.4  

            C(23)-C(24)-H(24A)          109.4  

            C(25)-C(24)-H(24B)          109.4  

            C(23)-C(24)-H(24B)          109.4  

            H(24A)-C(24)-H(24B)         108.0  

            C(24)-C(25)-C(26)           111.2(3)  

            C(24)-C(25)-H(25A)          109.4  

            C(26)-C(25)-H(25A)          109.4  

            C(24)-C(25)-H(25B)          109.4  

            C(26)-C(25)-H(25B)          109.4  

            H(25A)-C(25)-H(25B)         108.0  

            C(25)-C(26)-C(21)           109.6(3)  

            C(25)-C(26)-H(26A)          109.8  

            C(21)-C(26)-H(26A)          109.8  

            C(25)-C(26)-H(26B)          109.8  

            C(21)-C(26)-H(26B)          109.8  

            H(26A)-C(26)-H(26B)         108.2  

            F(2)-C(27)-F(3)             101.9(3)  

            F(2)-C(27)-Ni(1)            112.2(2)  

            F(3)-C(27)-Ni(1)            120.7(2)  

            F(2)-C(27)-H(27)            107.1  

            F(3)-C(27)-H(27)            107.1  

            Ni(1)-C(27)-H(27)           107.1  

            C(29)-C(28)-P(3)            108.2(2)  

            C(29)-C(28)-H(28A)          110.1  

            P(3)-C(28)-H(28A)           110.1  

            C(29)-C(28)-H(28B)          110.1  

            P(3)-C(28)-H(28B)           110.1  

            H(28A)-C(28)-H(28B)         108.4  

            C(28)-C(29)-P(4)            110.7(2)  

            C(28)-C(29)-H(29A)          109.5  

            P(4)-C(29)-H(29A)           109.5  

            C(28)-C(29)-H(29B)          109.5  

            P(4)-C(29)-H(29B)           109.5  

            H(29A)-C(29)-H(29B)         108.1  

            C(35)-C(30)-C(31)           110.4(3)  

            C(35)-C(30)-P(3)            110.6(2)  
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            C(31)-C(30)-P(3)            115.4(3)  

            C(35)-C(30)-H(30)           106.6  

            C(31)-C(30)-H(30)           106.6  

            P(3)-C(30)-H(30)            106.6  

            C(32)-C(31)-C(30)           110.3(3)  

            C(32)-C(31)-H(31A)          109.6  

            C(30)-C(31)-H(31A)          109.6  

            C(32)-C(31)-H(31B)          109.6  

            C(30)-C(31)-H(31B)          109.6  

            H(31A)-C(31)-H(31B)         108.1  

            C(33)-C(32)-C(31)           111.8(3)  

            C(33)-C(32)-H(32A)          109.3  

            C(31)-C(32)-H(32A)          109.3  

            C(33)-C(32)-H(32B)          109.3  

            C(31)-C(32)-H(32B)          109.3  

            H(32A)-C(32)-H(32B)         107.9  

            C(32)-C(33)-C(34)           110.9(3)  

            C(32)-C(33)-H(33A)          109.5  

            C(34)-C(33)-H(33A)          109.5  

            C(32)-C(33)-H(33B)          109.5  

            C(34)-C(33)-H(33B)          109.5  

            H(33A)-C(33)-H(33B)         108.0  

            C(33)-C(34)-C(35)           110.9(3)  

            C(33)-C(34)-H(34A)          109.5  

            C(35)-C(34)-H(34A)          109.5  

            C(33)-C(34)-H(34B)          109.5  

            C(35)-C(34)-H(34B)          109.5  

            H(34A)-C(34)-H(34B)         108.0  

            C(30)-C(35)-C(34)           112.0(3)  

            C(30)-C(35)-H(35A)          109.2  

            C(34)-C(35)-H(35A)          109.2  

            C(30)-C(35)-H(35B)          109.2  

            C(34)-C(35)-H(35B)          109.2  

            H(35A)-C(35)-H(35B)         107.9  

            C(37)-C(36)-C(41)           110.2(3)  

            C(37)-C(36)-P(3)            116.7(3)  

            C(41)-C(36)-P(3)            110.4(3)  

            C(37)-C(36)-H(36)           106.3  

            C(41)-C(36)-H(36)           106.3  

            P(3)-C(36)-H(36)            106.3  

            C(36)-C(37)-C(38)           111.7(3)  

            C(36)-C(37)-H(37A)          109.3  

            C(38)-C(37)-H(37A)          109.3  

            C(36)-C(37)-H(37B)          109.3  
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            C(38)-C(37)-H(37B)          109.3  

            H(37A)-C(37)-H(37B)         107.9  

            C(39)-C(38)-C(37)           110.4(3)  

            C(39)-C(38)-H(38A)          109.6  

            C(37)-C(38)-H(38A)          109.6  

            C(39)-C(38)-H(38B)          109.6  

            C(37)-C(38)-H(38B)          109.6  

            H(38A)-C(38)-H(38B)         108.1  

            C(38)-C(39)-C(40)           110.6(4)  

            C(38)-C(39)-H(39A)          109.5  

            C(40)-C(39)-H(39A)          109.5  

            C(38)-C(39)-H(39B)          109.5  

            C(40)-C(39)-H(39B)          109.5  

            H(39A)-C(39)-H(39B)         108.1  

            C(39)-C(40)-C(41)           110.3(4)  

            C(39)-C(40)-H(40A)          109.6  

            C(41)-C(40)-H(40A)          109.6  

            C(39)-C(40)-H(40B)          109.6  

            C(41)-C(40)-H(40B)          109.6  

            H(40A)-C(40)-H(40B)         108.1  

            C(36)-C(41)-C(40)           111.5(4)  

            C(36)-C(41)-H(41A)          109.3  

            C(40)-C(41)-H(41A)          109.3  

            C(36)-C(41)-H(41B)          109.3  

            C(40)-C(41)-H(41B)          109.3  

            H(41A)-C(41)-H(41B)         108.0  

            C(47)-C(42)-C(43)           109.7(3)  

            C(47)-C(42)-P(4)            113.0(2)  

            C(43)-C(42)-P(4)            112.3(2)  

            C(47)-C(42)-H(42)           107.2  

            C(43)-C(42)-H(42)           107.2  

            P(4)-C(42)-H(42)            107.2  

            C(42)-C(43)-C(44)           110.6(3)  

            C(42)-C(43)-H(43A)          109.5  

            C(44)-C(43)-H(43A)          109.5  

            C(42)-C(43)-H(43B)          109.5  

            C(44)-C(43)-H(43B)          109.5  

            H(43A)-C(43)-H(43B)         108.1  

            C(45)-C(44)-C(43)           112.0(3)  

            C(45)-C(44)-H(44A)          109.2  

            C(43)-C(44)-H(44A)          109.2  

            C(45)-C(44)-H(44B)          109.2  

            C(43)-C(44)-H(44B)          109.2  

            H(44A)-C(44)-H(44B)         107.9  
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            C(46)-C(45)-C(44)           110.7(3)  

            C(46)-C(45)-H(45A)          109.5  

            C(44)-C(45)-H(45A)          109.5  

            C(46)-C(45)-H(45B)          109.5  

            C(44)-C(45)-H(45B)          109.5  

            H(45A)-C(45)-H(45B)         108.1  

            C(45)-C(46)-C(47)           110.9(3)  

            C(45)-C(46)-H(46A)          109.5  

            C(47)-C(46)-H(46A)          109.5  

            C(45)-C(46)-H(46B)          109.5  

            C(47)-C(46)-H(46B)          109.5  

            H(46A)-C(46)-H(46B)         108.1  

            C(42)-C(47)-C(46)           112.5(3)  

            C(42)-C(47)-H(47A)          109.1  

            C(46)-C(47)-H(47A)          109.1  

            C(42)-C(47)-H(47B)          109.1  

            C(46)-C(47)-H(47B)          109.1  

            H(47A)-C(47)-H(47B)         107.8  

            C(49)-C(48)-C(53)           111.1(4)  

            C(49)-C(48)-P(4)            120.0(3)  

            C(53)-C(48)-P(4)            110.9(3)  

            C(49)-C(48)-H(48)           104.4  

            C(53)-C(48)-H(48)           104.4  

            P(4)-C(48)-H(48)            104.4  

            C(48)-C(49)-C(50)           111.8(4)  

            C(48)-C(49)-H(49A)          109.3  

            C(50)-C(49)-H(49A)          109.3  

            C(48)-C(49)-H(49B)          109.3  

            C(50)-C(49)-H(49B)          109.3  

            H(49A)-C(49)-H(49B)         107.9  

            C(51)-C(50)-C(49)           111.4(4)  

            C(51)-C(50)-H(50A)          109.3  

            C(49)-C(50)-H(50A)          109.3  

            C(51)-C(50)-H(50B)          109.3  

            C(49)-C(50)-H(50B)          109.3  

            H(50A)-C(50)-H(50B)         108.0  

            C(52)-C(51)-C(50)           110.4(4)  

            C(52)-C(51)-H(51A)          109.6  

            C(50)-C(51)-H(51A)          109.6  

            C(52)-C(51)-H(51B)          109.6  

            C(50)-C(51)-H(51B)          109.6  

            H(51A)-C(51)-H(51B)         108.1  

            C(51)-C(52)-C(53)           111.8(5)  

            C(51)-C(52)-H(52A)          109.2  
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            C(53)-C(52)-H(52A)          109.2  

            C(51)-C(52)-H(52B)          109.2  

            C(53)-C(52)-H(52B)          109.2  

            H(52A)-C(52)-H(52B)         107.9  

            C(52)-C(53)-C(48)           111.5(4)  

            C(52)-C(53)-H(53A)          109.3  

            C(48)-C(53)-H(53A)          109.3  

            C(52)-C(53)-H(53B)          109.3  

            C(48)-C(53)-H(53B)          109.3  

            H(53A)-C(53)-H(53B)         108.0  

            C(49A)-C(48A)-C(53A)        115.8(7)  

            C(49A)-C(48A)-P(4)          120.9(5)  

            C(53A)-C(48A)-P(4)          107.4(4)  

            C(49A)-C(48A)-H(48A)        103.5  

            C(53A)-C(48A)-H(48A)        103.5  

            P(4)-C(48A)-H(48A)          103.5  

            C(48A)-C(49A)-C(50A)        112.9(8)  

            C(48A)-C(49A)-H(49C)        109.0  

            C(50A)-C(49A)-H(49C)        109.0  

            C(48A)-C(49A)-H(49D)        109.0  

            C(50A)-C(49A)-H(49D)        109.0  

            H(49C)-C(49A)-H(49D)        107.8  

            C(51A)-C(50A)-C(49A)        111.4(10)  

            C(51A)-C(50A)-H(50C)        109.4  

            C(49A)-C(50A)-H(50C)        109.4  

            C(51A)-C(50A)-H(50D)        109.4  

            C(49A)-C(50A)-H(50D)        109.4  

            H(50C)-C(50A)-H(50D)        108.0  

            C(52A)-C(51A)-C(50A)        111.9(10)  

            C(52A)-C(51A)-H(51C)        109.2  

            C(50A)-C(51A)-H(51C)        109.2  

            C(52A)-C(51A)-H(51D)        109.2  

            C(50A)-C(51A)-H(51D)        109.2  

            H(51C)-C(51A)-H(51D)        107.9  

            C(51A)-C(52A)-C(53A)        111.5(12)  

            C(51A)-C(52A)-H(52C)        109.3  

            C(53A)-C(52A)-H(52C)        109.3  

            C(51A)-C(52A)-H(52D)        109.3  

            C(53A)-C(52A)-H(52D)        109.3  

            H(52C)-C(52A)-H(52D)        108.0  

            C(52A)-C(53A)-C(48A)        109.4(9)  

            C(52A)-C(53A)-H(53C)        109.8  

            C(48A)-C(53A)-H(53C)        109.8  

            C(52A)-C(53A)-H(53D)        109.8  
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            C(48A)-C(53A)-H(53D)        109.8  

            H(53C)-C(53A)-H(53D)        108.2  

            F(5)-C(54)-F(6)             103.1(4)  

            F(5)-C(54)-Ni(2)            111.5(3)  

            F(6)-C(54)-Ni(2)            120.9(2)  

            F(5)-C(54)-H(54)            106.8  

            F(6)-C(54)-H(54)            106.8  

            Ni(2)-C(54)-H(54)           106.8  

           _____________________________________________________________  

  Table 4.14.  Bond lengths [Å] and angles [°] for complex II-DCyPE. 
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Chapter 5 – Developing New Lab Modules for Organic Chemistry II 

Lab Experiments 

5.1 Introduction 

The following was the result of undertaking a Future Faculty Graduate Student Instructor 

position, which are available for Chemistry graduate student instructors at the University of 

Michigan. This program allows the graduate student instructor to create or contribute to an 

instructional development and/or educational research project as 50% of their normal teaching 

load. Encouraged by Professor Brian Coppola and working with Professor Ginger Shultz, I focused 

on developing a two-week lab module for a high-enrollment course that draws from recent organic 

chemistry literature. While reading papers related to my thesis research in the Sanford Lab, I 

discovered a recent report of amide bond formation that proceeds through acid fluoride 

intermediates.1 This chapter describes the motivation behind this work, the translation of the 

literature protocol to a lab module, and future directions therein. The two-week lab module 

developed herein will be conducted in the large-enrollment organic chemistry 2 lab (CHEM 216) 

at the University of Michigan during Winter 2022. It will also be the subject of additional Future 

Faculty Graduate Student Instructor positions and is being prepared for submission as an article 

for the Journal of Chemical Education.  
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Figure 5.1. Chemistry building at the University of Michigan 

 

 

5.2 Motivation for New Lab Experiments in CH216 at UM 

One of the goals in modern undergraduate science education is to make science learning better 

resemble the true practice of science.2 Established methods to accomplish this goal include formal 

research experiences, such as Research Experience for Undergraduate (REU) programs, and 

research-type problems into the undergraduate curricula.3a However, limitations with respect to 

financial resources, laboratory space, and large enrollment numbers challenge the ability of many 

academic institutions to incorporate such experiences into the curriculum.3a 

An effective method for introducing students to “real” scientific practice is to develop lab 

experiments that engage students in critical thinking and problem-based learning (PBL).4a-d 

Practicing chemists regularly encounter day-to-day problems regarding project design, synthesis, 

and methodology that require critical thinking and problem-solving.3 An authentic experience in 

this problem-solving and critical thinking is thought to improve student understanding of the nature 

of scientific research, encourage continued education in chemistry, and increase interest in careers 

in chemistry.3a  

To best align our organic chemistry lab curriculum with scientific practice, we were motivated 

to develop new experiments for the first-year organic chemistry 2 lab course at the University of 

Michigan (UM) that draw from recent literature. However, the revision of a lab curriculum to be 
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more aligned with true practice is associated with challenges regarding the practicality of the 

experiment in an undergraduate setting.3b  

 

Figure 5.2. Translation of professional chemistry into undergraduate lab procedures. 

 

Protocols developed in academic and industrial settings are most often developed by skilled 

practitioners.3b These practitioners have access to equipment and materials that are not usually 

available in an undergraduate lab. In an undergraduate lab setting, certain restrictions are in place 

to mitigate potential safety risks, minimize cost and waste generation, and limit complexity (both 

in instrumentation and technical ability required). Thus, commonly employed experiments in 

undergraduate organic chemistry labs, such as the synthesis of Aspirin and extraction of limonene 

or thymol, while highly robust, are often not particularly effective for teaching critical thinking.5 

As such, a central goal of this work was to translate a literature protocol into a robust lab module 

for a large-enrollment undergraduate organic chemistry 2 lab course.  

 

5.3 Amide Bond Formation via Deoxyfluorination 
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Scheme 5.1. Reaction reported in the original protocol and proposed mechanism.1 

We noted a recent report in the literature that synthesizes amide bonds from carboxylic 

acids through deoxyfluorination with pentafluoropyridine (Scheme 5.1).1 Amides via a one pot, 

two-step reaction that proceeds through an acid fluoride intermediate. As shown in Scheme 5.1B, 

the first step of the mechanism involves an SNAr reaction of a carboxylate (formed in situ using 

diisopropylethylamine) with perfluoropyridine in anhydrous MeCN to form an activated ester. 

This ester then undergoes an addition/elimination reaction with the fluoride anion generated as a 

by-product of the initial SNAr. The acid fluoride intermediate then participates in a second 

addition/elimination sequence with an amine to ultimately yield the amide product and an 

equivalent of 2,3,5,6-tetrafluoropyridin-4-ol. The amide product is then directly purified and 

isolated via silica gel chromatography.1  

We were attracted to this protocol because amides are an important functional group taught 

in introductory chemistry, biochemistry, and biology courses.6 In an introductory biology or 

biochemistry course, amide bonds are often highlighted as a critical feature in proteins, peptides, 

and other biomolecules. They are also ubiquitous in synthetic materials, small molecule drug 

candidates, and commercial pharmaceuticals. A study from 2008 of lab notebooks from three 

major pharmaceutical companies showed that amide formation representing 16% of all reactions 
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conducted.7a A 2014 study reported on the most frequently used reactions in medicinal chemistry 

papers and concluded that amide bond formation was observed at least once in greater than 50% 

of all manuscripts studied (Figure 5.3).7b Further, the top eight most profitable small molecule 

pharmaceuticals by retail sales in 2020 each contained at least one amide bond.8  

 

Figure 5.3. Prevalence of amide bond reactions over time. Taken directly from ref. 7b. 

 

While deoxyfluorination is not specifically taught in an undergraduate organic chemistry 

lecture, the process of activating an –OH group to become a “leaving group” and conducting a net 

substitution reaction is a repeated theme in the course. Deoxyfluorination is a cutting-edge method 

for the synthesis of important fluorinated molecules, such as acid fluorides.9d Research groups 

around the world (including the Sanford Lab) are currently working on developing new 

deoxyfluorination reagents and exploring their reactivity for the synthesis of bioactive molecules 

(Figure 5.4).9a-c We were particularly excited about the prospect of developing a lab module that 

is related to chemistry that is conducted in the UM chemistry department. We anticipate that a new 

lab module developed around this report will (1) introduce students to novel chemistry in an active 

research field, (2) link classroom learning with practical applications in research, and (3) engender 

interest in scientific research and the chemistry conducted at UM. 
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Figure 5.4. Sample of deoxyfluorination reagents and examples of incorporation of fluorine into 

bioactive molecules. Adapted from ref. 9d. 

 

In most introductory organic chemistry courses, two distinct pathways are taught for the 

synthesis of amides.6 The first method (A in Scheme 5.2) involves the conversion of the carboxylic 

acid to an electrophilic acid derivative, most commonly an acid chloride or anhydride, and 

subsequent reaction with an amine. The second method (B in Scheme 5.2) accesses amides via the 

use of a coupling reagent, such as a carbodiimide or uronium reagent.  

 

Scheme 5.2 Various methods for synthesis of amides using (A) chlorination reagents, (B) coupling 

reagents, and (C) deoxyfluorination reagents. 

 

While effective, both methods have drawbacks, particularly in the context of a high-

enrollment undergraduate chemistry lab course. First, the reagents used to form acid chlorides, 
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such as thionyl chloride and oxalyl chloride, are highly corrosive and toxic. Second, the acid 

chloride intermediates often have poor functional group tolerance and are sensitive to handle. As 

a consequence, in other reported amide syntheses that were conducted in undergraduate lab 

settings, these reactions are often lower yielding for the students. Third, these reactions are 

conducted under inert atmosphere with oven- or flame-dried glassware. Fourth, the formation of 

gaseous by-products when using oxalyl chloride or thionyl chloride can lead to violent exotherms, 

particularly when conducted without sufficient venting and cooling.  

While coupling reagents, such as HATU, are easier to handle and form more stable 

intermediates, uronium reagents have been reported as sensitizers that should be handled with 

extreme care.10 Accordingly, recent research has explored new methods for the synthesis of amide 

bonds.11 In this context, the deoxyfluorination of an acid to make the acid fluoride derivative 

presents an attractive route for the formation of amide bonds. In terms of stability, acid fluorides 

show higher stability towards water and are less prone to racemization compared to their acid 

chloride analogues.12  

While the report was attractive to us for these reasons, the protocol for the reaction had 

several key procedural challenges that needed to be addressed prior to implementation in an 

undergraduate lab. First, the reaction utilized anhydrous acetonitrile as solvent. Second, it had 

specific reaction times that were not readily compatible with two 4 h lab periods separated by 1 

week. Third, the procedure required concentrating the reaction mixture in vacuo and isolating the 

product via silica gel chromatography, both of which are not feasible in our high enrollemnt 

introductory labs. Thus, the key goals of my work were to develop a lab module that: (1) does not 

require anhydrous solvent or reagents, (2) templates well onto the prescribed time periods of the 

organic chemistry 2 undergraduate lab course (two four-hour sessions a week apart), and (3) 

enables a simple purification and isolation procedure for a small scope (3-4) reaction products. (2). 

After developing a lab module that meets these conditions, we intend to incorporate PBL to 

enhance the learning outcomes from this lab module beyond technical skill development.  

 

5.4 Translation of the Experiment for an Undergraduate Lab 
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To begin the experimental development, we selected a subset of amide products that were 

reported by Cobb and Brittain. In their report, the authors posit that electron-rich amine derivatives 

performed best in the reaction.1 Informed by this and by the bulk commercial availability of 

potential reagents, we selected benzoic acid as the single carboxylic acid substrate and initially 

selected a series of amine derivatives: aniline, benzylamine, and p-anisidine (Scheme 5.3).  

 

Scheme 5.3. Selected substrates for preliminary testing and reported yields from the literature 

protocol.1 

Initial experiments tested the reaction under very similar conditions to those reported in the 

original protocol. First benzoic acid was reacted with pentafluoropyridine and iPrNEt2 in 

anhydrous acetonitrile (0.27 M in benzoic acid). After a period of 0.5 h, p-anisidine was added to 

the reaction mixture, and the reaction was allowed to stir for 18 h. After 18 h, the reaction solution 

was diluted with Et2O and washed with dilute HCl followed by dilute NaOH. Diethyl ether was 

selected as the extraction solvent for amide 1 as it is highly volatile, easier to evaporate than 

EtOAc, and less toxic than dichloromethane. We hypothesized that washing the organic layer with 

aqueous NaOH (1 M), aqueous HCl (1 M), and saturated aqueous brine would be effective for 



 

231 

 

removing organic impurities (benzoic acid, amine, diisopropylethylamine, perfluoropyridine, and 

2,3,5,6-tetrafluoropyridin-4-ol, and acetonitrile).  

Drying the ethereal solution over solid Na2SO4 afforded a lightly colored solution. Solvent 

was evaporated via nitrogen flow to obtain a tan solid in 63% theoretical yield of product 1. 

However, 1H NMR spectroscopic analysis of this material in CDCl3 revealed the presence of minor 

impurities (~5%) in the aryl region. Subsequent 19F NMR spectroscopic analysis revealed a 

significant amount of pyridinol by-product1 as well as a small amount of unreacted benzoyl 

fluoride (Figure 5.5). 

 

Figure 5.5. Work-flow for reaction with p-anisidine and purification using liquid-liquid extraction. 

 

The results in Figure 5.5 show that the liquid-liquid extraction was not completely effective 

in removing the organic impurities from the reaction mixture. Further, ether extraction of product 

1 proved challenging, as some product precipitated out of the organic layer during the extraction 

and washes. When conducting the same protocol with benzylamine, impure amide product 

containing significant amounts of pyridinol by-product was obtained. 

When the reaction between benzoic acid and p-anisidine was conducted at a higher 

concentration (0.54 M vs 0.27 M), a white solid precipitate during the reaction. To leverage this 
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low solubility, the crude reaction mixture was filtered, and the resulting solid was washed with 

cold Et2O and allowed to dry under ambient conditions. Subsequent 1H and 19F NMR spectroscopic 

analysis in d6-DMSO showed that solid was highly pure, completely devoid of benzoyl fluoride 

and pyridinol by-product (Figure 5.6). The product 1 was obtained in 52% isolated yield under 

these conditions. 

 

Figure 5.6. Work-flow for reaction with p-anisidine featuring precipitation during the reaction. 

 

With a preliminary set of conditions in hand, we next sought to evaluate whether anhydrous 

solvent was critical for the reaction. Under similar conditions, except using commercial 

acetonitrile directly out of the bottle, we observed only a 7% reduction in the isolated yield (45% 

1 rather than 52%). This simple experiment demonstrates that the reaction does not require, but 

benefits from, anhydrous solvent. 

Analogous reactions of benzoic acid were next conducted with the two other amine 

substrates: aniline and benzylamine. In the reaction of aniline with in situ generated benzoyl 

fluoride at 0.54 M concentration only small amounts of precipitate formed during the reaction. As 

such, upon gravity filtration of the crude reaction mixture, only 25% yield of a white solid was 

obtained. However, the obtained solid was highly pure, as determined by 19F and 1H NMR 

spectroscopic analysis in CDCl3. Attempts to precipitate or recrystallize the remaining product 

from the filtrate via a two-solvent mixture (Et2O/heptane or Et2O/hexanes) over 18 h at 0 °C did 

provide some additional amide product. However, this isolation and purification method was 
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deemed infeasible for the large enrollment lab course, as the undergraduate organic chemistry labs 

do not have facilities for storing samples at 0 ºC over extended times.  

 

Figure 5.7. Work-flow for reaction with aniline featuring precipitation and recrystallization 

attempts. 

 

Further, while this method was mild effective for obtaining 1 and 2, it was largely 

ineffective for the isolation of the N-benzylbenzamide. We posit that this is due to the lower 

crystallinity of this amide (compared to the biaryl amide 2) due to the methylene group of 

benzylamine that disrupts the planarity of the amide.  

Moving forward, we removed benzylamine as a substrate and added two other aniline 

derivatives, p-toluidine and 3,4-dimethylaniline. The updated substrate table is shown below in 

Scheme 5.4. Our second iteration of amine substrates was informed by the potential for isolation 

of the amide products via precipitation. Thus, we selected only small aromatic amines derivatives 

bearing different substituents on the ring.  
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Scheme 5.4. Updated substrate table for isolation of amide products via precipitation. 

 

We next aimed to utilize the water-solubility of benzoic acid and other small organics in 

the reaction mixture to purify and isolate the amide products. We hypothesized that the addition 

of water to the reaction mixture would precipitate the biaryl amide product and leave the organics 

in solution. While precipitation was observed, the solid obtained after vacuum filtration contained 

the amide product 1 in only ~90% purity, along with significant quantities of the aniline starting 

material and pyridinol by-product (Figure 5.8).1  
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Figure 5.8. Work-flow for reaction with p-anisidine with purification via precipitation in ice-

water. 

 

We next reasoned that we could optimize this isolation process via the addition of dilute 

aqueous hydrochloric acid. This should protonate any remaining aniline to solubilize it in the 

aqueous phase. The p-anisidine reaction was thus carried out under the optimized conditions and 

then poured into 75 mL of dilute HCl solution (0.1 M) in an Erlenmeyer flask. This suspension 

was stirred while cooling to 0 °C in an ice-water bath, resulting in the precipitation of a solid. The 

solid was collected via vacuum filtration, washed with water, and then dried under vacuum. 

However, the 19F NMR spectrum of this solid revealed the presence of small amounts of 2,3,5,6-

tetrafluoropyridin-4-ol.1 Ultimately, we found that washing this solid with a mixture of diethyl 

ether and hexanes (1:2) and subsequent drying under vacuum yielded pure amide product in 70-

89% yield. Notably, these yields are comparable to, and in some cases higher than, those obtained 

via chromatography.1 A pictorial supporting information highlighting the optimized process is 

shown in the Experimental section. 
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Figure 5.9. Work-flow for reaction with p-anisidine with purification via precipitation in acidic 

ice-water. 

Having developed a working experimental protocol, we sought to template it onto the 

prescribed time periods and restrictions of a two-week module in the organic chemistry 2 labs. We 

first doubled the scale of the reaction to 1.64 mmol (rather than 0.82 mmol) and adjusted the 

concentration of the reaction to ca. 0.8 M to increase the amount of product the students would be 

working with. We conducted the reaction to form benzoyl fluoride from benzoic acid under these 

conditions but allowed the reaction to stir for one hour before the addition of the aniline derivative. 

After addition of p-anisidine, the reaction was stirred for the remainder of the lab period (ca. 2.5 

h). After this period, the reaction was removed from the stirplate and allowed to sit, undisturbed 

for one week. After the one-week period, the product had crystallized out of the reaction mixture. 

This suspension was poured into 0.1 M HCl with cooling in an ice-water bath, and the solids were 

collected via vacuum filtration and washed with diethyl ether: hexanes (1: 2). This afforded pure 

product in 76% yield.  

Finally, we conducted this same protocol with the aniline derivatives in Scheme 5.5 and 

observed 68-89% yield of the corresponding amide products. In the case of products 1 and 2, 

higher yields were obtained using our protocol as compared to the reported protocol.1 All yields 

reported below are an average of three entries that vary in yield by less than 5% demonstrating the 

reproducibility of this method. 
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Scheme 5.5. Finalized substrate table with isolated yields compared to yields in original protocol.1 

 

In conclusion, we were able to translate an experimental protocol conducted by skilled 

workers in an academic lab setting into a two-week lab module for a large-enrollment organic 

chemistry 2 lab course. This lab is being deployed as the last lab module in the Winter 2022 

semester of CHEM 216 at UM. 

 

5.5 Conclusions and Future Directions 

 This chapter describes the development of a new lab module for the organic chemistry 2 

lab course at the University of Michigan. This work was conducted as a semester-long FFGSI 

project in which efforts were focused on developing a practical protocol for the reaction that can 

be conducted in a large-enrollment lab course. Having met that initial goal, we are focused on how 

to use the experiment to engage students in critical thinking and problem-based learning. As such, 

another student in the department at UM is undertaking an FFGSI project to develop a argument-

based post-lab assignment to help students gain mechanistic insight from the experiment. One of 

the foci is to understand how students think about electrophile and nucleophiles.  
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5.6 Experimental Section 

Optimized method in synthetic lab, isolation, and characterization data  

 

General procedure for synthesis of amides 1-4: In a 5-mL reaction vial equipped with a 

stirbar, dissolve benzoic acid (200 mg, 1.64 mmol, 1.0 equiv) in MeCN (ca. 2 mL). Add 

pentafluoropyridine (305 mg, 1.8 mmol, 1.1 equiv), then diisopropylethylamine (424 mg, 3.28 

mmol, 2.0 equiv), and stir for 30 minutes to two hours at room temperature. After this initial 

period, amine was added (1.64 mmol, 1.0 equiv) and the reaction was stirred overnight, 

approximately 16 to 18 h. After 18 h, the reaction mixture was transferred to an Erlenmeyer 

flask, washing thrice with minimal acetonitrile. To the diluted crude reaction mixture was added 

75 mL 0.1 M HCl and the mixture was stirred for thirty minutes to 1 h in a prepared ice-water 

bath. After the stirring period, vacuum filtration was conducted and the obtained solid was 

washed water (3x 5 mL), then a 1:2 solution of Et2O:hexanes (5 mL), then only hexanes (10 

mL). Drying the solid under vacuum resulted in pure solid that was directly analyzed via NMR 

spectroscopy in CDCl3. 

 

Preparation of N-(4-methoxyphenyl)benzamide (1). The general 

procedure was followed using p-anisidine and product 1 was isolated as 

an light purple solid (286 mg, 77%). 1H NMR (401 MHz, Chloroform-

d) δ 7.91 – 7.68 (multiple peaks, 3H), 7.62 – 7.41 (multiple peaks, 5H), 6.92 (d, J = 2.1 Hz, 2H), 

3.81 (s, 3H). 13C NMR (176 MHz, Chloroform-d) δ 165.75, 156.74, 135.15, 131.84, 131.10, 

128.88, 127.10, 122.22, 114.36, 55.65. 19F NMR in CDCl3 was silent. 
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Preparation of N-phenylbenzamide (2). The general procedure was 

followed using aniline and product 2 was isolated as an off-white solid 

(300 mg, 93%).  1H NMR (401 MHz, Chloroform-d) δ 7.96 – 7.78 

(multiple peaks, 3H), 7.64 (d, J = 7.7 Hz, 2H), 7.59 – 7.50 (m, 1H), 7.47 (m, 2H), 7.40 – 7.33 

(m, 2H), 7.15 (t, J = 7.4 Hz, 1H). 13C NMR (176 MHz, Chloroform-d) δ 165.97, 138.01, 135.08, 

131.97, 129.21, 128.90, 127.15, 124.71, 120.37. 19F NMR in CDCl3 was silent. 

 

Preparation of N-(p-tolyl)benzamide (3). The general procedure 

was followed using p-toluidine and product 3 was isolated as an white 

solid (236 mg, 68%).  1H NMR (401 MHz, Chloroform-d) δ 7.97 – 7.73 

(multiple peaks, 3H), 7.59 – 7.45 (multiple peaks, 5H), 7.18 (d, J = 8.2 Hz, 2H), 2.35 (s, 3H). 13C 

NMR (176 MHz, Chloroform-d) δ 165.80, 135.47, 135.18, 134.34, 131.84, 129.69, 128.86, 

127.12, 120.42, 21.05. 19F NMR in CDCl3 was silent. 

 

Preparation of N-(3,4-dimethylphenyl)benzamide (4). The general 

procedure was followed using 3,4-dimethylaniline and product 4 was 

isolated as a white solid (259 mg, 70%).. 1H NMR (401 MHz, 

Chloroform-d) δ 7.96 – 7.69 (multiple peaks, 3H), 7.57 – 7.41 (multiple peaks, 4H), 7.35 (dd, J = 

8.2, 2.3 Hz, 1H), 7.11 (d, J = 8.1 Hz, 1H), 2.30 – 2.21 (multiple peaks, 6H). 13C NMR (176 

MHz, Chloroform-d) δ 165.71, 137.48, 135.73, 135.26, 133.09, 131.82, 130.17, 128.87, 127.10, 

121.70, 117.83, 20.08, 19.39. 19F NMR in CDCl3 was silent. 

 

Lab Experiment Protocol (as described in the W22 CH216 Lab Manual) 

Week 1: In a 5-mL reaction vial equipped with a stirbar, dissolve benzoic acid (200 mg, 1.64 

mmol, 1.0 equiv) in MeCN (ca. 2 mL). Add pentafluoropyridine (305 mg, 1.8 mmol, 1.1 equiv), 

then diisopropylethylamine (424 mg, 3.28 mmol, 2.0 equiv), and stir for 1 h at room temperature. 

After 1 h, add selected aniline derivative from Table 1 (1.64 mmol, 1.0 equiv) and stir the 

reaction until the end of the lab period. Each group member should do the reaction with a 
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different aniline derivative (Table 1). Your reaction will be stored until the next week. Pictures 

of the reaction have been provided on the final page of this document for your reference. 

 

Week 2: The reaction may be either a solution or the amide product may have precipitated or 

crystallized out of the reaction mixture. If your reaction mixture is a solution or free flowing 

suspension containing fine solids, use a glass pipette to transfer the reaction mixture to a 125-mL 

Erlenmeyer flask equipped with a medium to large stirbar, leaving the small stirbar behind. If 

your reaction mixture has formed a large crystalline solid that cannot be pipetted, carefully 

decant your reaction mixture along with the solid into a 125-mL Erlenmeyer flask equipped with 

a medium to large stirbar, leaving the small stirbar behind. Add MeCN (1 mL) to the reaction 

vial and transfer the mixture to the Erlenmeyer flask (repeat twice). Prepare an ice bath (ice and 

water) and place the Erlenmeyer flask in the ice bath while stirring (ensure you clamp the flask 

so that it does not spill into the ice bath). Add 40-mL of HCl solution (0.2 M) and allow the 

mixture to stir for 0.5 h in the ice bath. During this time, prepare for vacuum filtration with a 

Buchner funnel, filter paper, and a 125-mL filter flask attached to a vacuum. While pulling 

vacuum, wet the filter paper with water (repeat twice and make sure it is wet before filtering the 

reaction through). Slowly pour the reaction mixture through the Buchner funnel in portions. No 

solids should go through or under the filter paper. If solid goes through into the filtrate, 

recombine it with the rest of the reaction, reset your Buchner funnel, and try again. After the 

initial filtration, dump the filtrate into the waste then re-clamp the filter flask and attach the 

Buchner funnel containing your crude product. Wash the crude solid with three portions of 5 mL 

H2O. Dump the waste again and reconnect the flask. Dry the solid under vacuum 5 minutes. 

Prepare a 1:2 Et2O:hexanes solution (ca. 15 mL). Pipette the ethereal solution over the crude 

solid (some material will go into the filtrate - this is desired this time). Wash the solid with 10 

mL hexanes, dump the waste, then dry under vacuum for 10 minutes. Use a weigh paper and 

spatula to carefully transfer the solid to a tared vial. Record the mass of your product and 

characterize by NMR and IR spectroscopy.   

 

Pictorial experimental protocol to make benzamide 1. 
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Chapter 6 - Conclusions 

 

Chapters 2 through 4 of this thesis describe the development of a four distinct 

decarbonylative fluoroalkylation reactions1 that are catalyzed by Ni and Pd catalysts bearing 

phosphine ligands. In general, these systems were developed by evaluating the compatibility of 

potential reactants in tandem with studying their elementary reactivity with either a Pd or Ni 

complex. We then optimized the catalytic reactions informed by these initial data to achieve 

selectivity for the desired Ar–RF (RF = fluoroalkyl group) bond forming reaction.  

 

Figure 6.1. Work-flow for the development of decarbonylative catalysis. 

  In Chapter 2, we used the process outlined in Figure 6.1, to identify, synthesize and utilize 

difluoromethylacylfluoride (DFAF) as a compatible electrophile for a (SPhos)Pd-catalyzed 

decarbonylative difluoromethylation reaction of organoboronate esters.1 Notable findings in 

Chapter 2 were the identification of a stabilizing weak H(δ+)−O(δ−) electrostatic contact (3.59 Å)  

between the acidic –CHF2 proton and the basic difluoroacetate ligand of complex II-CHF2 (Figure 

6.2). We propose that this interaction is critical to the low barrier for carbonyl de-insertion of the 

difluoromethyl group at this (SPhos)Pd complex. 
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Figure 6.2. ORTEP diagram and electrostatic potential surface for II-CHF2.1 

Then, we utilized a transmetalation-active Pd–F intermediate for transmetalation with aryl 

boronate esters and developed the catalytic reaction reported in ref 1. We expect that this work on 

decarbonylative difluoromethylation will engender interest in the unique properties of the 

difluoromethyl group and the reactivity of metal–fluoride intermediates for transmetalation. 

Specifically, we propose the study of other M(CHF2)(X) complexes to gain insight about the 

generality of the contribution of electrostatic interactions in stabilizing metal–difluoromethyl 

complexes.  

 

Figure 6.3. Proposed stabilization of metal–difluoromethyl complexes by electrostatic interaction. 

 

In chapter 3, we developed our difluoromethylation catalysis to enable C–H 

difluoromethylation using a (XantPhos)Pd catalyst system and difluoromethyl anhydride-type 

electrophiles. We were also able to synthesize and obtain a crystal structure for the tentative Pd 

complex responsible for C–H activation, Xant-II-CHF2, which shows a unique bite angle of 132 

° which is in between known ranges of cis- and trans-chelated (XantPhos)Pd complexes (Figure 

3.6 and 6.4). 2 We aim to utilize this complex to study the C–H activation as a function on arene 



 

246 

 

and ligand to understand the selectivity and reactivity limits of this complex. We expect this study 

to enable the C–H activation of a wider array of arenes. 

 

  

 

Figure 6.4. ORTEP diagram of complex Xant-II-CHF2.  

We also initiated studies of chiral acid coupling using the phenyl ester derivative of 

Mosher’s acid. However, during stoichiometric oxidative addition and carbonyl de-insertion 

studies of this ester, we observed rapid ß-fluoride elimination at Ni complex and decomposition 

of the chiral group to form an undesired alkene by-product. Based on these results, we designed a 

systematic set of (fluoroalkyl)carboxylic acid derivatives increasing in complexity, as depicted in 

Figure 3.7. This set of derivatives would ideally inform us about the impact of the structure of the 

RCOY electrophile on the various elementary steps of the catalytic reaction. Based on this set of 

substrates, we developed the Pd-catalyzed decarbonylative difluorobenzylation of aryl boronate 

esters. This work was inspired by a recent report from the Amgoune group that forms 

difluorobenzyl ketones via a non-decarbonylative process.3 We then translated this reaction to a 

decarbonylative difluorobenzylation reaction via optimization of the ligand and organometallic 

nucleophile to attain selectivity for the desired decarbonylative process. We expect that this work 

will engender interest in the development of other catalytic decarbonylative processes via rational 
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design of the reaction components. Future work will focus on the development of a metal-catalyze 

decarbonylative monofluorobenzylation reaction, as this is the next substrate featured in Figure 

3.7. We propose that this substrate could exhibit stabilizing electrostatic interactions (similar to 

complex II-CHF2 in Figure 6.2), as depicted in Figure 6.5. 

 

Figure 6.5. Proposed stabilization of (X)M–CHFPh complex due to electrostatic interactions with 

X-type ligand. 

In Chapter 4, we developed a Ni-catalyzed difluoromethylation reaction with a 

complementary substrate scope to our Pd-catalyzed method.1 Accordingly, we were interested in 

the origins of the substrate selectivity and conducted organometallic syntheses of model complexes 

to study transmetalation. As such, we synthesized catalytically-relevant Ni–F complex II-DCyPE 

via a three-step process starting from commercially available difluoroacetic anhydride (DFAAn). 

Future work in this area will systematically evaluate the transmetalation activity of a set of 

organoboron and organotin nucleophiles. We expect this work will inform on the transmetalation-

activity of B- and Sn-organometallics in Pd- and Ni-catalyzed cross-coupling reactions. 

 

Scheme 6.1. Proposed transmetalation of (X)M–CHFPh complex. 

In summary, we have developed a variety of decarbonylative fluoroalkylation reactions via 

reactant compatibility studies, stoichiometric studies at metal complexes, and finally through 

optimization of the catalytic processes. To our knowledge, no new decarbonylative 

fluoroalkylation studies have been reported based on this work. However, we expect this work to 
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be highly informative on the unique properties of the difluoromethyl group and on the development 

of fluoroalkylation catalysis at Pd and Ni complexes. 

 Moving forward, we are interested in using the information gained in these studies to 

develop new catalytic processes. We are focused on conducting a second iteration of our chiral 

acid coupling reaction that is informed from our previous work. Given that we were able to develop 

the intramolecular thioester coupling reaction of fluoroalkyl groups4, we have proposed a system 

for the intramolecular decarbonylative coupling of thioester derivative of Mosher’s acid as a model 

system for the development of decarbonylative chiral acid coupling (Scheme 6.2). 

 

Scheme 6.2. Proposed intramolecular decarbonylative coupling of chiral thioester informed by 

previous studies.4 

A central aim within this work is to minimize or prevent the potential decomposition 

pathways (such as ß-fluoride elimination) through a fast, intramolecular coupling process. We 

expect this work to serve as an excellent model system for the development of other 

decarbonylative chiral acid coupling reactions in our lab and others.  
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