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Abstract 
 
 
 

Making and Breaking C‒F Bonds via Palladium-Catalysis 
 
 
 
 

By 
 

Richard Tresslar Thornbury 
 

Doctor of Philosophy in Chemistry 
 

University of California, Berkeley 
 

Professor F. Dean Toste, Chair 
 
 

Chapter 1 – A ligand controlled, palladium-catalyzed, enantioselective 1,3-arylfluorination of 
[2H]-chromenes was developed. The products were obtained in high enantioselectivity and with a 
syn- relationship of the introduced substituents. The pyranyl fluoride products were further 
derivatized to demonstrate the utility of the products. A ligand dependent divergent formation of 
1,3- and 2,1- alkene difunctionalization products was also observed. This bifurcation in reactivity 
was investigated with a combination of experimental, computational, and statistical analysis tools. 
Ultimately, the site selectivity was found to be dependent on the ligand denticity and metal 
electrophilicity, the electronics of the boronic acid, and the donor ability of the directing group in 
the substrate. 
 
Chapter 2 – A palladium-catalyzed defluorinative coupling of 1-aryl-2,2-difluoroalkenes with 
boronic acids was developed. Broad functional tolerance arises from a redox-neutral process in 
which a palladium(II) active species which is proposed to undergo a β-fluoride elimination to 
afford the products. The monofluorostilbene products were formed with excellent 
diastereoselectivity (≥50:1) in all cases. As a demonstration of this method’s unique combination 
of reactivity and functional group tolerance, a Gleevec® analogue, using a monofluorostilbene as 
an amide isostere, was synthesized in 4 steps from commercially available materials. 
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Chapter 1 
The Development and Mechanistic Investigations of a Palladium-Catalyzed 1,3-Arylfluorination 

Reaction of Chromenes 
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1.1. Introduction 
 
In recent years, there has been significant interest in developing methods for the 

incorporation of fluorine into organic molecules. This can, in part, be attributed to desirable 
properties conferred by organofluorine compounds relative to their non-fluorinated 
analogues.1-2 Some of these properties include enhanced lipophilicity, increased metabolic 
stability, the ability to modulate pKa’s of nearby functional groups, and conformational 
perturbations via the guache effect.1 It is thus not surprising that fluorine containing organic 
molecules have found widespread use the pharmaceutical, agrochemical, and advanced 
materials industries. It has been estimated that as many as 20% of pharmaceuticals and 35% 
of agrochemicals contain fluorine in their structures.3-4 
 

The widespread use of organofluorine compounds in these industries is particularly 
notable because naturally occurring organofluorine compounds are exceedingly rare. Only 
a single enzyme that incorporates fluorine into organic molecules has been identified,5 and 
as few as 12 naturally occurring organofluorine compounds are known to exist.6-7 In 
contrast, natural products containing the other halogens number in excess of 3,200.8 Two 
factors contributing to the scarcity of these molecules in nature are the high oxidation 
potential and high solvation energy of fluoride. The high oxidation potential precludes the 
existence of fluoroperoxidases, while the high solvation energy significantly attenuates the 
nucleophilicity of fluoride ions in aqueous solution. 
 

The scarcity of chiral pool organofluorine compounds thus necessitates the 
development of stereoselective methodologies to introduce fluorine into organic molecules. 
Consequently, synthetic chemists have devoted substantial effort to the development of 
enantioselective C‒F bond forming reactions, including our research group.9-16 The same 
properties that make fluorination rare in nature, namely the high oxidizing strength of 
electrophilic fluorinating reagents and the low nucleophilicity of fluoride, present a 
challenge to synthetic chemists. As a result, relatively few strategies have been successfully 
employed.  

 
The first methods developed, and most robust methods, for installing C‒F bonds in 

an enantioselective fashion involve α-fluorination reactions of carbonyl compounds.9-16 
High yields and enantiomeric excess can be obtained for a great variety of carbonyl and 
pseudo-carbonyl compounds with many different catalysts. Despite these advances, it is 
inherently limiting to use a single substrate class as the lynchpin to install C‒F stereogenic 
centers. Only in recent years have new strategies begun to emerge that exploit other 
substrate classes such as alkenes, allylic electrophiles, epoxides, and aziridines.9-16  With 
this in mind, we set out to develop new strategies to incorporate fluorine into organic 
molecules in an enantioselective fashion. 
 

Oxidative difunctionalization of alkenes via multi-component reactions is an 
attractive strategy to rapidly introduce complexity and diversity.17 As such, intercepting 
Mizoroki-Heck intermediates has recently garnered attention as a means to achieve this 
type of transformation.18-28 In this approach, the σ-alkyl palladium intermediate formed via 
insertion of an olefin into a Pd-aryl intermediate is functionalized rather than undergoing 
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β-hydride elimination and alkene dissociation typical of the Heck reaction (Scheme 1.1). 
Although some of the earliest reports on the Heck reaction described the formation of 
alkene difunctionalization products, presumably formed via a similar mechanistic scenario, 
the outlined strategy had been applied sparingly to the development of new synthetic 
methods.29-32 

 

 

Scheme 1.1. Palladium-catalyzed difunctionalization via an interrupted Mizoroki-Heck reaction 
 
In particular, this strategy was recently revived in the development of palladium-

catalyzed protocols for the 1,2- and 1,1-arylchlorination and bromination of unactivated α-
olefins.18, 20 In addition, the Sigman group applied this strategy to the palladium catalyzed 
1,2-diarylation of alkenes utilizing arylstannanes as the coupling partner and oxygen as the 
terminal oxidant.19 This technology was further extended to mixed diarylation reactions 
utilizing aryldiazonium salts and aryl boronic acids for the 1,1-diarylation of terminal 
alkenes and the 1,2-diarylations of dienes.21, 23 The 1,4-divinylation of isoprene was 
achieved using vinyl triflates and boronic acids.26 The variety of coupling partners used to 
generate and intercept Mizoroki-Heck intermediates in these reports encouraged us to 
continue to explore the generality of this 3-component coupling platform. 
 

The question we initially considered was that of oxidative fluorination of the σ-alkyl 
palladium intermediate on the basis of multiple studies describing sp3-C‒F reductive 
elimination from high-valent metal intermediates, including palladium.33-36 Specifically in 
this regard, our group first demonstrated this could be applied to the enantioselective 
construction of sp3-C‒F bonds,11, 13-14, 37-42 in our reported  Pd-catalyzed directed 
enantioselective 1,2-arylfluorination of styrenes (Scheme 1.2A).22 This initial report was 
followed by the development of methods for enantioselective 1,1-arylfluorination of 
protected allylamines25 and β,β-arylfluorination of α,β-unsaturated carbonyls (Scheme 
1.2B and 1.2C).27 
 

Although these reactions apply similar conceptual strategies, the regiochemical 
outcome of the transformations is dependent on substrate and conditions. The ultimate 
outcome of these reactions is determined by both the regioselectivity of the initial migratory 
insertion event, and the propensity of the palladium to migrate via successive β-hydride 
elimination and insertion events prior to oxidative functionalization.  The latter suggests 
that oxidative alkene difunctionalization beyond the reported 1,1- and 1,2- regioselectivity 
should be accessible through pathways analogous to those proposed for the redox-relay 
Heck reaction reported by the Sigman group.43-45 Herein, we present the development of 
the first Pd-catalyzed 1,3-arylfluorination reaction, including a catalytic enantioselective 
variant, as well as an integrated experimental, computational, and statistical analysis of the 
site selectivity as a function of substrate and ligand.  The results of these studies shed light 
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on the factors that govern site selectivity in the migratory insertion step, which should 
inform future applications of the strategies described.46 

 

 
Scheme 1.2. Palladium-catalyzed arylfluorination reactions. A) Arylfluorination of 

styrenes. B) Arylfluorination of aminoalkenes. C) Arylfluorination of Michael acceptors 
 

1.2. Results and Discussion 
 
1.2.1. Discovery and Development of 1,3-Arylfluorination 
 

In our previous studies, we noted that the alkene was arylated at a single site 
resulting in a 2,1-arylfluorination of a trans-di-substituted styrene (Scheme 1.3A). In light 
of this result, the degree of substitution and geometry of alkenes that were competent to 
participate in this reaction was further examined. During these studies, our attention turned 
to the ortho-carboxamide of [2H]-chromene (Scheme 1.3B, R = CONHPh) as a substrate. 
Under the previously optimal conditions to achieve a directed 2,1-arylfluorination process, 
the resulting product was observed only in a trace amount. Surprisingly, the 1,3-
arylflourination product was the major product (Scheme 1.3B), thereby overcoming the 
expected directing group bias.22, 47 Given this unprecedented site selectivity of the initial 
migratory insertion event and the impact of ligand on such selectivity (vide infra), we 
posited that this transformation would be an ideal platform to investigate the subtle factors 
that contribute to regioselectivity in migratory insertion step of interrupted Mizoroki-Heck 
reactions. 
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Scheme 1.3. Palladium-catalyzed arylfluorination reactions. A) Reported 2,1-arylfluorination. B) 

1,3-arylfluorination from this work 
 

Intrigued by the 1,3-disposition of the introduced substituents, we sought to initially 
probe the scope of this transformation (Table 1.1). Using 4,4’-di-tert-butyl-2,2’-bipyridine, 
L1, as the ligand, a wide variety of boronic acids (bearing electron withdrawing and 
donating groups) were evaluated.  Under these conditions, the 1,3-substitution pattern of 
the introduced functional groups was conserved with a range boronic acids (2a-h).  
Interestingly, [2H]-chromenes bearing different substitution patterns were either less 
efficient (3-5a) or ineffective (5b-5d) under these reaction conditions. 
 

Having already achieved an enantioselective 2,1-arylfluorination utilizing a styrene as a 
substrate,22 we anticipated that the novel 1,3-arylfluorination manifold could also be rendered 
enantioselective. Several commercially available and readily accessible chiral N,N ligands were 
evaluated (see supporting information); however, only trace amounts of the target product were 
observed in nearly all cases.  In a similar fashion to our previous study, the most promising class 
of ligand for this transformation were the PyrOx class, of which (S)-4-tert-butyl-2-(2-
pyridyl)oxazoline led to the formation of 2a with the highest enantioselectivity (see supporting 
information). After extensive optimization (see supporting information), we identified that the 
addition of 1.5 equivalents of sodium fluoride and a DCE/H2O solvent mixture rendered the 
reaction selective for the 1,3-product (5:1 relative to the 2,1-arylfluorination product), while also 
maintaining a high enantioselectivity. Although the role of the sodium fluoride is not certain, some 
possible roles include serving as a base for the phosphate or as a ligand on palladium to block 
coordination of the directing group. The role of the directing group is discussed later in further 
detail. 
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Table 1.1. 1,3-Arylfluorination of chromenesa,b  
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Using these modified reaction conditions, the scope of the enantioselective reaction was 
explored (Table 1.2).  It should be noted that the preformed palladium(II) complex 6 was utilized 
in this investigation as this aided the reproducibility.48 The 1,3-difunctionalized products were 
obtained in moderate yields and high enantiomeric excess (Table 1.2, 2a-2h), when chromenes 
with an ortho-amide substituent were employed.  When the corresponding ester substituent was 
employed in the ortho- position, the product 5a was formed in both lower yield and reduced 
enantiomeric excess. 
 

 
Table 1.2. Asymmetric 1,3-arylfluorination of chromenes 

 
The synthetic utility of these pyranyl fluorides was further demonstrated by treating 2a 

with potassium trifluoroborate salt 7 in the presence of BF3•etherate that formed alkyne 8 in good 
yield and high diastereoselectivity, without erosion of the enantiomeric purity (Scheme 1.4A).49 It 
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should also be noted that the arylation of pyranyl fluorides with aryl stannanes has been reported.50 
In addition, the amide directing group on 2a could also be removed, affording carboxylic acid 9 in 
modest yield and without significant erosion of the enantiomeric excess (Scheme 1.4B). Analysis 
of the crude reaction mixture by 1H-NMR after hydrolysis with LiOH/H2O2 revealed that 2a was 
formed as a significant byproduct of this reaction.  We believe this is likely the result of non-
selective hydrolysis of the carbamate intermediate.  Therefore, the derivatization could 
conceivably be improved by recycling of amide 2a. 
 

 
Scheme 1.4. Derivatization of 1,3-arylfluorination products. A) Derivatization of pyranyl 

fluoride. B) Removal of amide directing group 
 
During the development of the enantioselective variant of this reaction, we observed the 

formation of the 2,1-arylfluorination product 10 (Table 1.3.) in significant quantities. Given the 
unique nature of the 1,3-fluoroarylation reaction and the apparent ligand effect on regioselectivity, 
we sought to better understand the origin of this divergence. We set out to determine what 
experimental parameters affect the site selectivity of migratory insertion, the results of which are 
summarized in Table 1.3. We have identified three variables that significantly influence the 
observed ratio of products 2 and 10: choice of ligand, aryl boronic acid coupling partner, and 
directing group. The data was utilized in the following computational and statistical analysis to 
develop our mechanistic hypothesis and better our understanding the factors governing reaction 
performance and site selectivity. 
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Table 1.3 Ratio of 1,3- and 2,1-arylfluorination products (2/10) as a function of ligand, boronic 

acid and directing groupa,b,c  
 
1.2.2. Ligand Effects on Regioselectivity 
 

To elucidate the ligand features that influence the site selectivity in the 
arylfluorination reaction of chromenes, various ligands were evaluated in the palladium-
catalyzed arylfluorination reaction of [2H]-chromene 1a and para-tolyl boronic acid (Table 
1.3). The results illustrate a wide variation of reaction outputs from an undiscriminating 
(1:1.3; Table 3, L10) to a highly selective (27:1; Table 1.3, L3) 1,3-arylfluorination 
process.  

 
Following these experiments the ground state structure of various ligated palladium 

dichloride complexes, PdLCl2, were calculated using DFT. Numerous parameters were 
gathered from the geometry optimized structures of the palladium complexes including 
Natural Bond Orbital (NBO) charges, N-Pd-N bite angle, Sterimol values, and IR 
frequencies and intensities.51 Through linear regression analysis, Pd NBO charge was found 
to correlate well with the difference in transition state energies of the two regioisomers 
(ΔΔG‡), which can be related to the log of the product ratios (Figure 1.1.B).52-55 As the Pd 
NBO charge becomes more positive, the ΔΔG‡ increases, which is directly correlated to 
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greater selectivity for the 1,3-product. We conclude from this correlation that enhanced 
electrophilicity of the palladium center results in greater selectivity for the 1,3-
arylfluorination product. 
 

 
Figure 1.1. Correlation of Pd-NBO charge and ligand bite angle with measured ΔΔGǂ. A) 

Computed structures of palladium dichloride complexes. B) Correlation between palladium NBO 
charge and ΔΔGǂ. C) Correlation between ligand bite angle and ΔΔGǂ. 

 
Additionally, the dipyridylketone and diazafluorenone were computed to have wider bite 

angles as compared to the other ligands tested, which correlates to the formation of more of the 
2,1-product (Figure 1.1.C). This structural distortion has previously been shown to result in 
complex co-ordination chemistry for diazafluorenone with palladium(II) acetate.56 As a result, 
these ligands have hemi-labile behavior, suggesting they can act as both monodentate and 
bidentate ligands.57 We hypothesized that this ability to act in some cases as a monodentate ligand 
was critical for the preferred formation of the 2,1-product. This hypothesis was further supported 
by the fact that when monodentate ligands, such as oxazoles and pyridines, were employed with 
1a and a variety of boronic acids exclusive formation of the 1,2-product was observed (see 
supporting information). 
 
1.2.3. Aryl Coupling Partner Effects on Regioselectivity 
 

The impact of the aryl boronic acid on site selectivity was explored in order to further 
understand the features contributing to the site of migratory insertion in these reactions.  
For this study, the standard reaction conditions were applied with substrate 1a in 
conjunction with a range of arylboronic acids; 4-4’-dimethoxy-2-2’-bipyridine L2 was 
chosen as the ligand since its use demonstrated moderate selectivity in the initial ligand 
screen (8:1; Table 1.3). Under the standard reaction conditions, the site selectivity observed 
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in the arylfluorination was significantly impacted as a result of changes to the boronic acid 
coupling partner (Table 1.3). To understand what factors drive these changes, a similar 
correlation analysis was applied for this collection of arylboronic acids. Through the use of 
univariate linear regression analysis, it was found that the IR COH bending frequency of 
the corresponding benzoic acid correlated to the site selectivity in migratory insertion for 
this diverse set of boronic acids (Figure 1.2).58-59 A more electron-withdrawing group 
(EWG) enhanced the formation of the 1,3-product. This correlation is consistent with our 
previous hypothesis that an increase in the cationic character of palladium complex favors 
formation of the 1,3-product. 

 

 

Figure 1.2. Correlation of IR stretch with measured ΔΔGǂ 
 
1.2.4. Directing Group Effects on Regioselectivity 
 

The final point for manipulation and analysis concerned the effect that the “directing 
group” has on the reaction outcome. In the report on the arylfluorination of styrenes, the 
directing group was incorporated in the substrate as a design element to 1) direct the 
regioselectivity of the migratory insertion, and 2) to prevent β-hydride elimination which 
was believed would lead to significant formation of a Heck-coupling side product.22 
However, the results in this report and other reports on the 1,1-arylfluorination of alkenes25, 

27 lead us to question whether the carboxamides have any directing influence on the 
reaction. To investigate this effect, the standard reaction conditions were once again 
employed with 4-4’-dimethoxy-2-2’-bipyridine L2 as the ligand.  The arylfluorination 
reaction site selectivity was impacted through alteration of the aryl-amide substituent, 
suggesting that the initial olefin insertion process is also controlled by the electronics on 
the arylamide of the chromene substrate (Table 1.3). In fact, a linear correlation was 
identified between the Hammett σ-values of various aryl substituents on the amide versus 
differential transition state energies for the formation of two constitutional isomers yielded 
in the reaction (Figure 1.3).60 
 

A positive slope in the Hammett plot suggests that the electronics on the arylamide 
is impacting the orientation of [Pd]-Ar species via coordination to the metal center, thus 
influencing the migratory insertion pathway. In general, electron donating groups (EDG) 
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on the arylamide decreases the selectivity for 1,3-products. We rationalized that with the 
use of EDG on the arylamide, coordination to the [Pd]-Ar species is more favorable, and 
thus the increased 2,1-product formation is a result of enhanced efficiency of coordination 
of the directing group. 

 
Figure 1.3. Plot of Hammett σ-values versus measured product ratio 

 
1.2.5. Deuterium Labeling Experiments 

 
To further probe the mechanistic divergence, we sought validation of our developing 

hypothesis that bifurcation occurs from the initial migratory insertion event. We assumed 
that the 2,1-arylfluorination product was formed in an analogous fashion to our previously 
reported reaction with styrenes, namely by a migratory insertion that places the palladium 
in the benzylic position, and the aryl-group in the homo-benzylic position, followed by C‒
F bond formation. For the 1,3-arylfluorination reaction, we anticipated an oxidative Heck-
type mechanism would also be operative, although the possibility of alternative 
mechanisms, including allylic C‒H palladation, were considered.61-62 We hypothesized that 
the 1,3-product was formed by a migratory insertion with the opposite sense of selectivity, 
followed by palladium migration, and C‒F bond formation.  
 

To gather further support for this latter hypothesis, we performed a deuterium 
labeling experiment with chromene d2-1, (Scheme 1.5A). The resulting product d2-2a, in 
which one deuterium migrated to the adjacent carbon, was the exclusive arylfluorination 
product. This is possible if a [Pd]-alkyl intermediate undergoes β-hydride elimination and 
reinsertion events on the carbon α to oxygen, which is suggestive of an oxidative Heck-
type mechanism. In a second experiment designed to understand the palladium chain 
walking and probe the stereochemistry of the C–F bond-forming step, a cross-over 
experiment with chromene 1 and deuterated substrate d2-1 was performed (Scheme 1.5B). 
The observation of a 1:1 mixture of product 2a with no deuterium and product d2-2a with 
two deuterium atoms indicated that dissociation of an intermediate olefin from a palladium 
hydride species and subsequent isotopic scrambling likely did not occur,63-64 thereby 
supporting an inner-sphere C‒F bond forming reductive elimination.33 An alternative 
explanation for the observed 1,3-syn-stereodiad is reductive elimination of the α-oxy-
palladium species to form the corresponding oxonium ion, which is then trapped by fluoride 
under thermodynamic conditions. DFT calculations revealed that the syn-isomer is the 
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thermodynamically more stable isomer by <0.5 kcal/mol. The fact that we do not observe 
the trans-product together with the small calculated thermodynamic preference for the cis-
isomer suggest that the product is formed via an inner sphere C-F reductive elimination. In 
either case, the C‒F bond-forming step is independent of the regio-determining step. 

 
 

 
Scheme 1.5. Deuterium labeling experiment with chromene d2-1 

 
1.2.6. Mechanistic Proposal 
 

Having established that both products likely arise from oxidative Heck-like 
mechanisms, we propose the following two pathways to rationalize the divergence in site 
selectivity outlined in Figures 1.4 and 1.5. In the presence of a strong bidentate ligand such 
as 4,4’-di-tert-butyl-2,2’-bipyridine L1 (Figure 1.4), transmetallation with an arylboronic 
acid, followed by displacement of an anionic ligand with a chromene olefin, results in the 
formation of cationic palladium species, C. The site of migratory insertion is then 
controlled by the polarity of the alkene. When considering the chromene as a vinylogous 
enol-ether, insertion of the aryl group at the position α to the aromatic ring and the 
palladium at the β-position gives rise to the expected regiochemical outcome for an electron 
rich olefin and a cationic palladium species.65-68 Subsequent migration and oxidation results 
in the formation of the observed 1,3-product. In this case, the polarity bias of the olefin out 
competes the influence of the directing group. The correlations we found between the 
increased cationic character on palladium to greater selectivity for the 1,3-product 
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corroborates this hypothesis. Additionally, when considering the pre-migratory insertion 
intermediate C, the lack of readily available coordination site in the square planar complex, 
the directing group would be expected to have little influence on the regioselectivity of the 
migratory insertion.   

 

 
Figure 1.4. Proposed mechanisms for the formation of the 1,3-arylfluorination product 

 
In the presence of either hemi-labile bidentate or monodentate ligands,22 we 

alternatively propose the mechanism outlined in Figure 1.5. After transmetallation of an 
arylboronic acid to form intermediate G, a labile ligand may allow for the formation of an 
intermediate such as H, in which the substrate is ligated by both the olefin and the ortho-
carboxamide directing group. We propose that subsequently a directed migratory insertion 
occurs, placing the palladium α to the aromatic ring, and proximal to the ortho-amide 
directing group. Subsequent oxidation and reductive elimination would afford the 2,1-
arylfluorination product. In this case, the open coordination site for the directing group to 
occupy would be more accessible, thus enhancing the influence of the directing group. In 
addition, our studies also indicate that the electrophilicity of the [Pd]-Ar also has an 
influence on the location of the migratory insertion. The proposed intermediate H, is a 
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neutral palladium species and as a result is less-electrophilic than the corresponding 
intermediate in the mechanism in Figure 1.4; thus, the polarity of the olefin has significantly 
less influence in the selectivity determining step. It should be noted that similar results 
where significant shifts in the site of migratory insertion as a function of ligand structure in 
Heck reactions is precedented.69-70 

 

 
Figure 5. Proposed mechanisms for the formation of the 2,1-arylfluorination 

product 
 
In accordance with this hypothesis, we also identified a monodentate oxazole ligand 

that, when employed under our reaction conditions, provides high selectivity for the 2,1-
arylfluorination product (Table 1.4). Additional details on screening of monodentate 
ligands are provided in the supporting information. 
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Table 1.4. 2,1-arylfluorination catalyzed by palladium with monodentate ligand.a,b 
 
Finally, the low enantioselectivity observed (7% ee; Scheme 1.6) for 2,1-

arylfluorination products when bidentate chiral ligands are employed may also be attributed 
to the partial dissociation of ligand allowing directing group ligation. In contrast, high 
enantioselectivity was observed with the chiral bidentate PyrOx ligand for the formation of 
1,3-arylfuorination product (Table 1.2). This observation is consistent with a mechanistic 
hypotheses discussed above in which the 1,3-arylfluorination occurs through a palladium 
species wherein the chiral ligands maintain their bidentate coordination.71-73 

 

Scheme 1.6. Comparison of enantioselective 1,3-arylfluorination and 2,1-arylfluorinationa,b 
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1.3. Conclusion 
 

We have developed a 1,3-arylfluorination of [2H]-chromenes; the first of the 
palladium-catalyzed arylhalogenation reactions that results in 1,3-relationship of the 
introduced substituents. In addition, we have developed an enantioselective variant of the 
1,3-fluoroarylation of [2H]-chromenes and demonstrated the utility of the enantioenriched 
pyranyl fluorides by further diastereoselective C‒C bond formation. We have established 
that both the 1,3- and 2,1-products likely arise from oxidative Heck-type mechanisms that 
diverge at the initial migratory insertion event. Our integrated experimental, computational, 
and statistical analysis revealed that the identity of the ligand, the arylboronic acid coupling 
partner, and the directing group all affect the site of migratory insertion. The vinylogous 
enol ether selectivity leading to formation of the 1,3-product is enhanced by increased 
electrophilic character at palladium, either by the bipyridine/phenanthroline ligand or the 
electronics of the aryl coupling partner. Selectivity for the 2.1-product is enhanced by 
increased electron donating character of the amide directing group and decreased denticity 
of the supporting ligand. These results should help inform the design of future 
arylfluorination reactions, and more broadly shed light on the subtle factors, which 
influence the site of functionalization in interrupted Mizoroki-Heck reactions and the role 
of directing groups in high-valent palladium catalyzed reactions. 
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1.4. Supporting Information 
 
1.4.1. General Information 
 

Unless otherwise noted, reagents were obtained from commercial sources and used without 
further purification. All reactions were carried out without rigorous exclusion of water and air and 
at room temperature (23 °C) except where otherwise indicated. All reactions were magnetically 
stirred and monitored by analytical thin layer chromatography (TLC) using Merck 60 pre-coated 
silica gel plates with F254 indicator. Visualization was accomplished by UV light (254 nm). Flash 
column chromatography was performed using ICN SiliTech 32-63 D 60Å silica gel. Commercial 
grade solvents were used without further purification except as indicated below. Tetrahydrofuran 
(THF), diethyl ether (Et2O), dichloromethane (CH2Cl2), and, N,N’-dimethylformamide (DMF) 
were dried by passing commercially available pre-dried, oxygen-free formulations through 
activated alumina columns. 1H NMR, 13C NMR, and 19F spectra were recorded on Bruker AMX-
300, AVQ-400, AVB-400, DRX-500 and AV-600 spectrometers and referenced to CDCl3. 
Tetramethylsilane was used as an internal standard for 1H NMR (δ: 0.0 ppm), and CDCl3 for 13C 
NMR (δ: 77.23 ppm). Multiplicities are indicated by s (singlet), d (doublet), t (triplet), q (quartet), 
and m (multiplet). Enantiomeric excess was determined on a Shimadzu VP Series Chiral HPLC 
with a variable wavelength detector using chiral stationary columns. Mass spectral data were 
obtained from the QB3/Chemistry Mass Spectrometry Facility at the University of California, 
Berkeley. 
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1.4.2. Preparation and Characterization of Chromene Substrates 
 
Synthesis of methyl 3-(prop-2-yn-1-yloxy)benzoate: 

 
 
To a round bottom flask equipped with a stir bar and under positive pressure of N2, methyl 3- 
hydroxybenzoate (3.04 g, 20.0 mmol 1.00 eq) and potassium carbonate (4.18 g, 30.0 mmol 1.50 
eq) were added as solids and suspended in 20 ml of DMF. To the reaction mixture was added 
propargyl bromide (80% weight solution in toluene, 3.12 ml 28.0 mmol, 1.40 eq) was added via 
syringe. A slight yellow solution resulted. After stirring for 2.5 hours the reaction mixture was 
diluted with ethyl acetate and H2O. The organic layer was separated and washed with 1M 
NaOH. The organics were again separated, dried over Na2SO4, filtered, and concentrated. 
Residual DMF was removed in vacuo over 12 hours. The resulting yellow liquid was used crude. 
1H NMR (300 MHz, CDCl3) δ 7.73-7.59 (m, 2H), 7.37 (t, J = 8.0 Hz, 1H), 7.18 (ddd, J = 8.2, 
2.7, 1.0 Hz, 1H), 4.74 (d, J = 2.4 Hz, 2H), 3.91 (s, 3H), 2.54 (t, J = 2.4 Hz, 1H). Spectrum is in 
agreement with literature report.74 
 
Synthesis of methyl 2H-chromene-5-carboxylate 3:  

 
 
A round bottomed flask containing a stir bar and the crude methyl 3-(prop-2-yn-1- yloxy)benzoate 
was placed under N2 and equipped with a reflux condenser. To the flask, 20 mL of ,-diethyl aniline 
was added and the reaction mixture heated to 215 °C. While heating, the solution began to turn 
dark brown in color beyond 150 °C. The reaction mixture was heated for 24 hours, after which it 
was cooled to room temperature and diluted with ethyl acetate. The combined organics were 
washed with two times with 1 M HCl, separated, dried over Na2SO4, and concentrated to afford 
a brown residue. The residue was purified by silica chromatography S4 (1.5%-2.5% ethyl acetate 
in hexanes) affording the product (1.31 g, 34% over 2 steps) as a yellow oil. 
1H NMR (300 MHz, CDCl3) δ 7.48 (dd, J = 7.8, 1.3 Hz, 1H), 7.31 (dtd, J = 10.2, 1.9, 0.8 Hz, 2H), 
7.14 (t, J = 8.0 Hz, 1H), 7.02 – 6.92 (m, 1H), 5.94 (dt, J = 10.2, 3.8 Hz, 1H), 4.78 (dd, J = 3.8, 1.9 
Hz, 2H) 3.89 (s, 3H). Spectrum is in agreement with literature report.74 

 

Synthesis of 2H-chromene-5-carboxylic acid  
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To a round bottomed flask equipped with a stir bar was added sodium hydroxide (412 mg, 10.3 
mmol, 1.50 eq) was added and dissolved in 37 mL of H2O. To the stirred solution methyl 
2Hchromene-5-carboxylate (1.31 g, 1.0 eq, 6.87 mmol) was added in 17 mL of MeOH resulting 
in a cloudy mixture. The reaction mixture was heated to 55 °C at which point a clear yellow 
solution formed. After heating for the 3 hours, the contents of the flask were cooled to room 
temperature and the MeOH was removed by a rotary evaporator. To the remaining aqueous 
solution, 15 mL of 1 M HCl was added forming a colorless precipitate. The precipitate was filtered 
and rinsed with water on a Büchner funnel and dried in vacuo for 12 hours affording the product 
(846 mg, 70% yield) as a colorless powder.  
1H NMR (300 MHz, CDCl3) δ 7.63 (dd, J = 7.8, 1.3 Hz, 1H), 7.42 (d, J = 10.2 Hz, 1H), 7.18 (t, J 
= 8.0 Hz, 1H), 7.03 (d, J = 8.0 Hz, 1H), 5.97 (dt, J = 10.3, 3.8 Hz, 1H), 4.80 (dd, J = 3.8, 1.9 Hz, 
2H). Spectrum is in agreement with literature report.75 

 

Synthesis of N-phenyl-2H-chromene-5-carboxamide 1a: 

 
To a solution of the 2-H-chromene-5-carboxylic acid (264 mg, 1.5 mmol, 1.00 equiv) in dcm (10 
mL) at 0 °C was added dropwise oxalyl chloride (381 mg, 3.0 mmol, 2.0 equiv) followed by a 
catalytic amount of dry dmf (2 drops). The reaction was allowed to stir at rt until completion 
(typically 4 h). The solvent was then removed under reduced pressure to afford the corresponding 
crude acid chloride. Aniline (168 mg, 1.8 mmol, 1.2 equiv) was added to solution of acid chloride 
in dcm (20 mL). Reaction was stirred for 12 h at rt followed by quenching with sat. NaHCO3 (20 
mL) solution. Organic layers were dried over MgSO4, filtered, evaporated and purified by silica 
chromatography (10-40% EtOAc:hexanes) to give the compound 1a as a white powder (300 mg, 
80%) . 
1H NMR (400 MHz, CDCl3) δ 7.61 (m, 3H), 7.37 (t, J = 7.9 Hz, 2H), 7.21 – 7.06 (m, 3H), 6.94 – 
6.83 (m, 2H), 5.88 (dt, J = 10.1, 3.7 Hz, 1H), 4.81 (dd, J = 3.8, 1.9 Hz, 2H).  
13C NMR (101 MHz, CDCl3) δ 166.6, 155.0, 138.1, 133.8, 129.3, 129.1, 124.9, 123.5, 122.2, 
120.9, 120.1, 119.9, 118.7, 65.3.  
HRMS (ESI) m/z (M+H)+ calculated for C16H14NO2: 252.1019 observed 252.1019. 
 
 Synthesis of N-(p-tolyl)-2H-chromene-5-carboxamide 1b: 

 
The same general procedure as that for the synthesis of 1a was followed using 2-H-chromene-5-
carboxylic acid (264 mg, 1.5 mmol, 1.00 equiv), oxalyl chloride (381 mg, 3.0 mmol, 2.0 equiv), 
p-toluidine (193 mg, 1.8 mmol, 1.2 equiv), and dmf (2 drops). The compound was purified by 
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silica chromatography (10-40% EtOAc:hexanes) to give the compound 1b as a white powder (334 
mg, 84%) . 
 
1H NMR (400 MHz, CDCl3) δ 7.50 (d, J = 8.3 Hz, 3H), 7.21 – 7.05 (m, 4H), 6.90 (t, J = 8.2 Hz, 
2H), 5.89 (dt, J = 10.1, 3.7 Hz, 1H), 4.82 (dd, J = 3.7, 1.8 Hz, 2H), 2.34 (s, 3H).  
13C NMR (101 MHz, CDCl3) δ 166.5, 155.1, 135.5, 134.6, 133.9, 129.8, 129.1, 123.5, 122.3, 
120.9, 120.1, 119.9, 118.6, 65.3, 21.1. 
HRMS (ESI) m/z (M+H)+ calculated for C17H15NO2: 266.1176 observed: 266.1190. 
 
Synthesis of N-(4-methoxyphenyl)-2H-chromene-5-carboxamide 1c: 

 
The same general procedure as that for the synthesis of 1a was followed using 2-H-chromene-5-
carboxylic acid (264 mg, 1.5 mmol, 1.00 equiv), oxalyl chloride (381 mg, 3.0 mmol, 2.0 equiv), 
p-anisidine (222 mg, 1.8 mmol, 1.2 equiv), and dmf (2 drops). The compound was purified by 
silica chromatography (10-40% EtOAc:hexanes) to give the compound 1c as a white powder (312 
mg, 74%) . 
1H NMR (400 MHz, CDCl3) δ 7.52 (d, J = 8.9 Hz, 2H), 7.41 (s, 1H), 7.13 (dd, J = 18.5, 7.1 Hz, 
2H), 6.91 (d, J = 8.8 Hz, 4H), 5.89 (d, J = 10.1 Hz, 1H), 4.82 (dd, J = 3.7, 1.8 Hz, 2H), 3.82 (s, 
3H). 
13C NMR (101 MHz, CDCl3) δ 166.5, 156.9, 155.1, 133.9, 131.1, 129.1, 123.5, 122.3, 121.9, 
121.0, 119.9, 118.6, 114.5, 65.3, 55.7. 
HRMS (ESI) m/z (M+H)+ calculated for C17H16NO3: 282.1125 observed: 282.1125. 
 
Synthesis of N-(4-acetylphenyl)-2H-chromene-5-carboxamide 1d: 

 
The same general procedure as that for the synthesis of 1a was followed using 2-H-chromene-5-
carboxylic acid (264 mg, 1.5 mmol, 1.00 equiv), oxalyl chloride (381 mg, 3.0 mmol, 2.0 equiv), 
p-acetylaniline (243 mg, 1.8 mmol, 1.2 equiv), and dmf (2 drops). The compound was purified by 
silica chromatography (10-40% EtOAc:hexanes) to give the compound 1d as a white powder (264 
mg, 60%) . 
1H NMR (400 MHz, CDCl3) δ 8.01 (d, J = 8.7 Hz, 2H), 7.74 (s, 2H), 7.72 (bs, 1H), 7.21 (t, J = 
7.8 Hz, 1H), 7.17 – 7.11 (m, 1H), 6.97 (d, J = 8.0 Hz, 1H), 6.90 (d, J = 10.1 Hz, 1H), 5.94 (dt, J 
= 10.1, 3.7 Hz, 1H), 4.86 (dd, J = 3.7, 1.9 Hz, 2H), 2.62 (s, 3H). 
13C NMR (101 MHz, CDCl3) δ 197.1, 166.7, 155.2, 142.3, 133.4, 133.1, 130.1, 129.2, 123.9, 
122.0, 121.1, 119.9, 119.2, 119.1, 65.3, 26.7. 
HRMS (ESI) m/z (M+H)+ calculated for C18H16NO3: 294.1125 observed: 294.1130. 
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Synthesis of N-(4-fluorophenyl)-2H-chromene-5-carboxamide 1e: 

 
The same general procedure as that for the synthesis of 1a was followed using 2-H-chromene-5-
carboxylic acid (264 mg, 1.5 mmol, 1.00 equiv), oxalyl chloride (381 mg, 3.0 mmol, 2.0 equiv), 
p-fluoroaniline (200 mg, 1.8 mmol, 1.2 equiv), and dmf (2 drops). The compound was purified by 
silica chromatography (10-40% EtOAc:hexanes) to give the compound 1e as a white powder (238 
mg, 59%) . 
1H NMR (400 MHz, CDCl3) δ 7.62 – 7.55 (m, 2H), 7.15 (t, J = 7.8 Hz, 1H), 7.11 – 7.03 (m, 
3H), 6.97 – 6.83 (m, 3H), 5.89 (dt, J = 10.1, 3.7 Hz, 1H), 4.81 (dd, J = 3.7, 1.8 Hz, 2H). 
13C NMR (101 MHz, CDCl3) δ 166.6, 159.7 (d, J = 244.0 Hz) , 155.1, 134.0 (d, J = 2.8 Hz), 
133.5, 129.1, 123.6, 122.1, 121.9 (d, J = 7.9 Hz), 119.9, 118.8, 116.0 (d, J = 22.5 Hz), 115.9, 
65.2. 
HRMS (ESI) m/z (M+H)+ calculated for C16H13FNO2: 270.0925 observed: 270.0926. 
 
Synthesis of N-(4-bromophenyl)-2H-chromene-5-carboxamide 1f: 

 
The same general procedure as that for the synthesis of 1a was followed using 2-H-chromene-5-
carboxylic acid (264 mg, 1.5 mmol, 1.00 equiv), oxalyl chloride (381 mg, 3.0 mmol, 2.0 equiv), 
p-bromoaniline (310 mg, 1.8 mmol, 1.2 equiv), and dmf (2 drops). The compound was purified by 
silica chromatography (10-40% EtOAc:hexanes) to give the compound 1f as a white powder (205 
mg, 62%) . 
1H NMR (400 MHz, CDCl3) δ 7.50 (q, J = 8.9, 8.5 Hz, 5H), 7.18 (t, J = 7.8 Hz, 1H), 7.10 (d, J = 
6.8 Hz, 1H), 6.93 (d, J = 8.0 Hz, 1H), 6.87 (d, J = 10.1 Hz, 1H), 5.91 (dt, J = 10.1, 3.7 Hz, 1H), 
4.83 (dd, J = 3.7, 1.9 Hz, 2H). 
13C NMR (101 MHz, CDCl3) δ 166.5, 155.1, 137.1, 132.3, 129.1, 123.8, 122.1, 121.6, 121.0, 
120.3, 119.8, 118.9, 117.5, 65.3. 
HRMS (ESI) m/z (M+H)+ calculated for C16H13NO2Br: 330.0124 observed: 330.0133. 
 
Synthesis of N-(4-chlorophenyl)-2H-chromene-5-carboxamide 1g: 

 
The same general procedure as that for the synthesis of 1a was followed using 2-H-chromene-5-
carboxylic acid (264 mg, 1.5 mmol, 1.00 equiv), oxalyl chloride (381 mg, 3.0 mmol, 2.0 equiv), 
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p-chloroaniline (230 mg, 1.8 mmol, 1.2 equiv), and dmf (2 drops). The compound was purified by 
silica chromatography (10-40% EtOAc:hexanes) to give the compound 1g as a white powder (236 
mg, 55%) . 
1H NMR (400 MHz, CDCl3) δ 7.57 (d, J = 8.7 Hz, 3H), 7.33 (d, J = 8.8 Hz, 2H), 7.16 (t, J = 7.8 
Hz, 1H), 7.09 (d, J = 7.0 Hz, 1H), 6.92 (d, J = 8.0 Hz, 1H), 6.85 (d, J = 10.1 Hz, 1H), 5.89 (dt, J 
= 10.1, 3.7 Hz, 1H), 4.82 (dd, J = 3.7, 1.8 Hz, 2H). 
 13C NMR (101 MHz, CDCl3) δ 166.6, 155.1, 136.6, 133.4, 129.8, 129.3, 129.1, 123.7, 122.1, 
121.3, 121.0, 119.9, 118.9, 65.2. 
HRMS (ESI) m/z (M+H)+ calculated for C16H13NO2Cl: 286.0629 observed: 286.0633. 
 
Synthesis of N-(3-chlorophenyl)-2H-chromene-5-carboxamide 1h: 

 
The same general procedure as that for the synthesis of 1a was followed using 2-H-chromene-5-
carboxylic acid (264 mg, 1.5 mmol, 1.00 equiv), oxalyl chloride (381 mg, 3.0 mmol, 2.0 equiv), 
m-chloroaniline (230 mg, 1.8 mmol, 1.2 equiv), and dmf (2 drops). The compound was purified 
by silica chromatography (10-40% EtOAc:hexanes) to give the compound 1h as a white powder 
(194 mg, 50%) . 
1H NMR (400 MHz, CDCl3) δ 7.76 (s, 1H), 7.58 (s, 1H), 7.44 (d, J = 7.9 Hz, 1H), 7.28 (d, J = 
8.1 Hz, 1H), 7.20 – 7.11 (m, 2H), 7.08 (dd, J = 7.6, 1.1 Hz, 1H), 6.97 – 6.89 (m, 1H), 6.86 (d, J = 
10.1 Hz, 1H), 5.90 (dt, J = 10.1, 3.7 Hz, 1H), 4.82 (dd, J = 3.7, 1.9 Hz, 2H). 
13C NMR (101 MHz, CDCl3) δ 166.6, 155.1, 139.1, 135.0, 133.3, 130.3, 129.1, 124.9, 123.8, 
122.0, 121.0, 120.1, 119.9, 119.0, 118.0, 65.3. 
HRMS (ESI) m/z (M+H)+ calculated for C16H13NO2Cl: 286.0629 observed: 286.0635. 
 
Synthesis of 2H-chromene 1i: 

 
Compound was prepared according to literature procedure.76  Analytical data matches the 
literature.77 
 
Synthesis of 6-fluoro-2H-chromene 1j: 

 
Compound was prepared according to literature procedure. Analytical data matches the 
literature.76 

 
Synthesis of 6-methoxy-2H-chromene 1k: 
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Compound was prepared according to literature procedure. Analytical data matches the 
literature.76 
 
Synthesis of 6H-[1,3]dioxolo[4,5-g]chromene 1l: 

 
Compound 1l was prepared according to literature procedure. Analytical data matches the 
literature.76 
 
Synthesis of 2H-benzo[h]chromene 1m: 

 
Compound 1m was prepared according to literature procedure.Analytical data matches the 
literature.76 
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1.4.3. Optimization, Preparation, and Characterization of Arylfluorination Products 
 
Procedure A: Synthesis of racemic 1,3-arylfluorination products 
Preparation of the catalyst (10 mol %): 
Pd(OAc)2 (2.2 mg, 0. 010 mmol, 0.10 eq) was added to a solution of 4,4'-di-tert-butyl-2,2'-
bipyridine (2.9 mg, 0.011 mmol, 0.11 eq) in CH2Cl2 (1 ml) and the reaction mixture was stirred 
for 30 min.  
The catalyst solution was then added to a solution of chromene 1 (25.0 mg, 0.100 mmol, 1.00 eq), 
aryl boronic acid (0.200 mmol, 2.00 eq), bis(2-ethylhexyl) hydrogen phosphate (12.8 mg, 0.040 
mmol, 0.40 eq), Selectfluor (71.0 mg, 0.200 mmol, 2.00 eq) and tert-butyl catechol (0.6 mg, 0.004 
mmol, 0.04 eq) in CH2Cl2 (0.8 ml)/water (0.2 ml). The reaction mixture was vigorously stirred for 
24 h. The reaction mixture was diluted with CH2Cl2, dried with Na2SO4, filtered through celite, 
and concentrated under reduce pressure.  The residue was purified by column chromatography to 
give the fluorinated products 2-5. 
 
Optimization of 1,3- asymmetric reaction conditions and 2,1- reaction conditions 
 

Chiral ligand classes surveyed for enantioselective 1,3-fluoroarylation 

 
 

Ligands surveyed that afforded 1,2-fluoroarylation product 
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Screening of pyridine based ligands 

 
 

Procedure B: Synthesis of racemic 2,1-arylfluorination products 
 
Preparation of the catalyst (10 mol %): 
 
Pd(OAc)2 (2.2 mg, 0. 010 mmol, 0.10 eq) was added to a solution of of 2,5-diphenyloxazole (4.9  
mg, 0.022 mmol)in CH2Cl2 (1 ml) and the reaction mixture was stirred for 30 min.  
The catalyst solution was then added to a solution of chromene 1 (25.0 mg, 0.100 mmol, 1.00 
eq), aryl boronic acid (0.200 mmol, 2.00 eq), bis(2-ethylhexyl) hydrogen phosphate (12.8 mg, 
0.040 mmol, 0.40 eq), Selectfluor (71.0 mg, 0.200 mmol, 2.00 eq) and tert-butyl catechol (0.6 
mg, 0.004 mmol, 0.04 eq) in CH2Cl2 (0.8 ml)/water (0.2 ml). The reaction mixture was 
vigorously stirred for 24 h. The reaction mixture was diluted with CH2Cl2, dried with Na2SO4, 
filtered through celite,  and concentrated under reduce pressure.  The residue was purified by 
column chromatography to give the fluorinated products 9. 
 
Procedure C: synthesis of enantioenriched 1,3-arylfluorination products 
 
The palladium complex 6 was prepared as previously reported in the literature.48 
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To a round bottom flask, chromene 1 (25.0 mg, 0.100 mmol, 1.00 eq), aryl boronic acid (0.150 
mmol, 1.50 eq), bis(2-ethylhexyl) hydrogen phosphate (12.8 mg, 0.040 mmol, 0.40 eq), Selectfluor 
(71.0 mg, 0.200 mmol, 2.00 eq), tert-butyl catechol (0.6 mg, 0.004 mmol, 0.04 eq), and palladium 
complex 5 (6.8 mg, 0.0150 mmol, 0.15 eq) were added and placed under N2.  To the flask, 1,2-
dichloroethane (1.5 ml)/water (0.5 ml) was added. The reaction mixture was vigorously stirred for 
24 h. The reaction mixture was diluted with CH2Cl2, dried with Na2SO4, filtered through celite, 
and concentrated under reduce pressure.  The residue was purified by column chromatography to 
give the fluorinated product.  The enantiomeric excess was determined by chiral HPLC ananlysis. 

 
Optimization of Asymmetric 1,3-arylfluorination 

O

Pd(OAc)2 (10 mol %)
Ligand (11 mol %)

Selectfluor (2.0 equiv)
t-Bu-catechol (4 mol %)
Phosphate (40 mol %)

CH2Cl2:H2O (9:1), rt, 24 h1.0 equiv 2.0 equiv

O O

Ar

F

F

Ar

PhHNOC PhHNOC
B(OH)2

Me

N

N

O
N

N

O
N

N

O
N

N

O

Ph

N

N

O

Ph

N

N

O
N

N

O

Ph

34% yield, A:B 3.1:1
ee of A = 32.8%

51% yield, A:B 5.1:1
ee of A = 50.5%

22% yield, A:B 1:1
ee of A = 78%

49% yield, A:B 3.9:1
ee of A = -36.2%

38% yield, A:B 10.3:1
ee of A = 11.6%

34% yield, A:B 3.9:1
ee of A = -33.8%

55% yield, A:B 2.5:1
ee of A = 49.2%

PyrOx Ligand Screen

A B

PhHNOC

 

 
Entry Solvent Additive 1,3:1,2 

ratioab 
% 
eec 

1 DCM/H2O 
9:1 

- 1:1 85% 

2 DCM/H2O 
9:1 

2 eq KF 5:1 80% 

3 DCM/H2O 
9:1 

1 eq KF 5:1 86% 
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4 DCM/H2O 
9:1 

0.5 eq 
KF 

2:1 - 

5 DCM/H2O 
9:1 

1 eq CsF 3:1d - 

6 DCM/H2O 
9:1 

1 eq NaF 4:1 86% 

7 DCM/H2O 
9:1 

1 eq NaF >10:1e - 

8 DCE/H2O 
9:1 

1 eq NaF 4:1 89% 

9 CHCl3/H2O 
9:1 

1 eq NaF 1:1 - 

10 DCE/H2O 
3:1 

1 eq NaF 5:1 89% 

11 DCE/H2O 
3:1 

1.5 eq 
NaF 

5:1f 9o% 

 
Standard conditions: 1 equiv Chromene, 2 equiv boronic acid, 15 mol% Pd(OAc)2, 16.5 mol% 
PyOx, 2 equiv Selectfluor, 40 mol% bis(2-ethylhexyl)hydrogenphosphate, 4 mol% t-butyl 
catechol, CH2Cl2/H2O 9:1, N2 atmosphere, 230 C, 24h.; (a) Reactions reach full conversion of the 
starting material unless otherwise noted. (b) Determined by 1H and 19F NMR; (c) Determined by 
Chiral HPLC; (d)Large amount of side product formation; (e) Reaction run at 00 C, trace 
conversion. (f) 1.5 equiv boronic acid, less side product formation. 
 
2-fluoro-N-phenyl-4-(p-tolyl)chroman-5-carboxamide 2a: 

 
• 1H NMR (400 MHz, CDCl3) δ 7.36 (t, J = 7.8 Hz, 1H), 7.25 - 7.14 (m, 4H), 7.08 – 6.91 (m, 
7H), 6.06 (d, J = 55.8 Hz, 1H), 4.75 – 4.67 (m, 1H), 2.58 – 2.33 (m, 2H), 2.26 (s, 3H). 
• 19F NMR (377 MHz, CDCl3): -118.4 
• 13C NMR (101 MHz, CDCl3) δ 166.9, 151.4, 141.4, 138.3, 137.1, 136.3, 129.3, 128.7, 128.7, 
128.1, 128.1, 124.5, 121.7, 120.9, 120.0, 119.7, 104.9 (d, J=221.5), 34.0, 33.8, 21.0. 
• HRMS (ESI): M+H+ found 362.1550; C23H21FNO2 requires 362.1551 
 
2-fluoro-N,4-diphenylchroman-5-carboxamide 2b: 
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• 1H NMR (400 MHz, CDCl3) δ 7.37 (t, J = 7.8 Hz, 1H), 7.26 – 7.00 (m, 10H), 6.99 – 6.91 (m, 
2H), 6.06 (d, J = 55.7 Hz, 1H), 4.78 (d, J = 5.6 Hz, 1H), 2.60 – 2.37 (m, 2H). 
• 19F NMR (377 MHz, CDCl3): -118.2 
• 13C NMR (101 MHz, CDCl3) δ 167.0, 151.6, 144.6, 138.3, 137.1, 128.9, 128.8, 128.8, 128.3, 
126.8, 124.7, 121.8, 120.8, 120.3, 119.9, 104.9 (d, J=221.7), 34.2, 34.0, 33.8. 
• HRMS (ESI): M+H+ found 348.1392; C22H19FNO2 requires 348.1394 
 
2-fluoro-4-(naphthalen-2-yl)-N-phenylchroman-5-carboxamide 2c: 

 
• 1H NMR (600 MHz, CDCl3) δ 7.75 (d, J = 7.7 Hz, 1H), 7.72 (d, J = 8.5 Hz, 1H), 7.63 (d, J = 
7.7 Hz, 1H), 7.51 (s, 1H), 7.44 – 7.37 (m, 3H), 7.29 – 7.27 (m, 1H), 7.25 – 7.21 (m, 2H), 6.98 (t, 
J = 7.6 Hz, 2H), 6.94 – 6.88 (m, 2H), 6.66 (d, J = 7.8 Hz, 2H), 6.09 (d, J = 55.6 Hz, 1H), 4.94 (d, 
J = 6.8 Hz, 1H), 2.67 – 2.48 (m, 2H). 
• 19F NMR (377 MHz, CDCl3): -118.3 
• 13C NMR (151 MHz, CDCl3) δ 167.1, 151.6, 141.9, 138.4, 136.8, 133.5, 132.4, 129.0 128.6, 
128.4, 127.8, 127.6, 127.1, 126.6, 126.3, 125.9, 124.6, 121.7, 121.1, 120.2, 119.9, 104.9 (d, 
J=221.6), 34.4, 33.9, 33.7. 
• HRMS (ESI): M+H+ found 398.1549; C26H21FNO2 requires 398.1551 
 
4-(4-bromophenyl)-2-fluoro-N-phenylchroman-5-carboxamide 2d: 

 
• 1H NMR (400 MHz, CD2Cl2) δ 7.38 ( t, J = 7.9 Hz, 1H), 7.33 – 7.15 (m, 6H), 7.14 – 7.02 (m, 
3H), 6.96 (d, J = 8.2 Hz, 2H), 6.06 (d, J = 55.3 Hz, 1H), 4.85 (d, J = 6.1 Hz, 1H), 2.58 – 2.42 (m, 
2H). 
• 19F NMR (377 MHz, CDCl3): -118.2 
• 13C NMR (101 MHz, CD2Cl2) δ 166.7, 151.8, 144.1, 138.1, 137.6, 131.5, 130.5, 129.2, 129.1, 
125.1, 121.4, 121.3, 120.7, 120.4, 120.2, 105.3 (d, J = 221.2 Hz), 33.7 (d, J = 21.2 Hz), 33.3. 
• HRMS (ESI): M+H+ found 426.0500; C22H18BrFNO2 requires 426.0499 
 
methyl 4-(2-fluoro-5-(phenylcarbamoyl)chroman-4-yl)benzoate 2e: 
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• 1H NMR (400 MHz, CD2Cl2) δ 7.87 (d, J = 8.4 Hz, 2H), 7.39 (t, J = 7.8 Hz, 1H), 7.26 – 7.13 
(m, 6H), 7.08 – 7.01 (m, 4H), 6.96 (s, 1H), 6.06 (dt, J = 55.2, 2.3 Hz, 1H), 4.98 (dd, J = 7.1, 2.8 
Hz, 1H), 3.82 (s, 3H), 2.60 – 2.47 (m, 2H). 
• 19F NMR (377 MHz, CDCl3): -118.2 
• 13C NMR (101 MHz, CDCl3) 167.0, 166.9, 151.7, 149.9, 138.0, 137.0, 129.9, 129.2, 129.0, 
128.6, 128.5, 125.0, 121.4, 120.8, 120.4, 120.2, 104.8 (d, J = 223.2 Hz), 52.2, 33.8, 33.6 (d, J = 
21.2 Hz). 
• HRMS (ESI): M+H+ found 406.1446  ; C24H21FNO4 requires 406.1449. 
 
2-fluoro-4-(4-methoxyphenyl)-N-phenylchromane-5-carboxamide 2f: 

 
• 1H NMR (500 MHz, CDCl3)δ 7.34 (t, J = 7.8 Hz, 1H), 7.24 – 7.18 (m, 3H), 7.17 – 7.13 (m, 
1H), 7.09 – 6.97 (m, 5H), 6.92 (s, 1H), 6.73 (d, J = 8.7 Hz, 2H), 6.06 (dt, J = 55.8, 2.4 Hz, 1H), 
4.70 (t, J = 4.7 Hz, 1H), 3.69 (s, 3H), 2.53 – 2.36 (m, 2H). 
• 19F NMR (377 MHz, CDCl3): -118.0 
• 13C NMR (101 MHz, CD2Cl2) δ 167.0, 158.6, 151.8, 138.5, 137.8, 136.9, 129.6, 129.0, 128.9, 
124.8, 121.8, 121.7, 120.4, 119.9, 114.0, 105.5 (d, J = 221.2 Hz), 55.5, 34.2 (d, J = 20.2 Hz ), 
33.4. 
• HRMS(ESI): M+H+ found 378.1497; C23H21FNO3 requires 378.1500. 
 
tert-butyl (4-(2-fluoro-5-(phenylcarbamoyl)chroman-4-yl)phenyl)carbamate 2g: 

 
• 1H NMR (500 MHz, CDCl3) δ 7.34 (t, J = 7.9 Hz, 1H), 7.23 – 7.12 (m, 6H), 7.08 – 7.03 (m, 
3H), 7.00 (d, J = 8.2 Hz, 2H), 6.93 (s, 1H), 6.35 (s, 1H), 6.04 (d, J = 55.5 Hz, 1H), 4.72 (t, J = 
4.8 Hz, 1H), 2.54 – 2.34 (m, 2H), 1.50 (s, 9H). 
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• 19F NMR (377 MHz, CDCl3): -118.1 
• 13C NMR (126 MHz, CDCl3) δ 167.1, 152.8, 151.6, 139.2, 138.3, 137.2, 137.1, 129.1, 129.1, 
128.9, 124.8, 121.7, 121.3, 120.4, 119.9, 118.8, 105.0 (d, J = 221.8 Hz), 34.0 (d, J = 20.2 Hz), 
33.6, 28.5. 
• HRMS (ESI): M+H+ found 463.2033; C27H28FN2O4 requires 463.2028. 
 
 
 
 
 
2-fluoro-4-(3-methoxyphenyl)-N-phenylchromane-5-carboxamide 2h: 

 
• 1H NMR (600 MHz, CDCl3) δ 7.35 (t, J = 7.9 Hz, 1H), 7.24 – 7.18 (m, 3H), 7.15 (ddd, J = 7.9, 
4.4, 3.2 Hz, 2H), 7.07 – 7.03 (m, 1H), 7.01 (d, J = 7.6 Hz, 1H), 6.98 (s, 1H), 6.05 (dt, J = 55.9, 
2.3 Hz, 1H), 4.71 (d, J = 6.7 Hz, 1H), 3.66 (s, 3H), 2.61 – 2.34 (m, 2H). 
• 19F NMR (377 MHz, CDCl3): -117.3 
• 13C NMR (151 MHz, CDCl3): δ 167.1, 160.0, 151.6, 146.3, 138.5, 137.3, 129.8, 129.0, 128.9, 
124.8, 121.9, 120.8, 120.2, 119.9, 114.8, 111.9, 104.9 (d, J = 222.0 Hz), 55.4, 34.3, 33.9 (d, J = 
19.6 Hz). 
• HRMS (ESI): M+H+ found 378.1492; C23H21FNO3 requires 378.1500. 
 
methyl 2-fluoro-4-(p-tolyl)chromane-5-carboxylate 3: 

 
• 1H NMR (600 MHz, CDCl3) δ 7.54 (d, J = 7.6 Hz, 1H), 7.32 (t, J = 7.9 Hz, 1H), 7.20 (d, J = 
8.3 Hz, 1H), 7.01 (d, J = 7.7 Hz, 2H), 6.88 (d, J = 7.7 Hz, 2H), 6.03 (dt, J = 55.6, 2.1 Hz, 1H), 
5.08 (d, J = 7.5 Hz, 1H), 3.54 (s, 3H), 2.59 – 2.38 (m, 3H), 2.27 (s, 3H). 
• 19F NMR (377 MHz, CDCl3): -119.2 
• 13C NMR (151 MHz, CDCl3) δ 167.6, 151.8, 142.1, 135.6, 131.7, 129.0, 128.2, 127.8, 125.0, 
124.2, 121.7, 104.9 (d, J = 222.0 Hz), 52.11, 34.3 (d, J = 19.6 Hz), 33.9, 21.25. 
• HRMS (ESI): M+Na+ found 323.1051  ; C18H17FO3Na requires 323.1054. 
 
6-fluoro-8-(p-tolyl)-7,8-dihydro-6H-[1,3]dioxolo[4,5-g]chromene 4: 
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• 1H NMR (500 MHz, CD2Cl2) δ 7.10 (d, J = 7.8 Hz, 2H), 7.02 (d, J = 7.9 Hz, 2H), 6.51 (s, 1H), 
6.31 (d, J = 0.8 Hz, 1H), 5.99 (ddd, J = 56.1, 4.1, 2.7 Hz, 1H), 5.89 (d, J = 1.4 Hz, 2H), 4.07 (t, J 
= 6.2 Hz, 1H), 2.53 – 2.32 (m, 2H), 2.31 (s, 3H). 
• 19F NMR (377 MHz, CD2Cl2): -120.5 
• 13C NMR (126 MHz, CD2Cl2) δ 147.7, 146.1, 143.2, 141.7, 136.6, 129.4, 128.51 (d, J = 2.5 
Hz), 116.5, 108.8, 106.1 (d, J = 220.5 Hz), 101.8, 99.0, 37.2, 35.2 (d, J = 21.4 Hz), 21.1. 
• HRMS (EI): M+ found 286.1007  ; C17H15FO3 requires 286.1005. 
 
 
2-fluoro-4-(p-tolyl)-3,4-dihydro-2H-benzo[h]chromene 5: 

 
• 1H NMR (500 MHz, CD2Cl2) δ 8.31 – 8.21 (m, 1H), 7.81 (dd, J = 7.2, 2.1 Hz, 1H), 7.53 (ddt, J 
= 10.7, 7.0, 3.5 Hz, 2H), 7.44 (d, J = 8.5 Hz, 1H), 7.10 (d, J = 7.8 Hz, 2H), 7.02 (m, 3H), 6.36 – 
6.17 (m, 1H), 4.34 (dd, J = 7.4, 4.3 Hz, 1H), 2.73 – 2.50 (m, 2H), 2.31 (s, 3H). 
• 19F NMR (377 MHz, CD2Cl2): -121.4 
• 13C NMR (126 MHz, CD2Cl2) δ 146.4, 141.8, 136.5, 134.0, 129.3, 128.7, 128.0, 127.9, 126.7, 
126.3, 125.2, 121.9, 121.7, 118.2, 106.1 (d, J = 219.2 Hz), 37.3, 35.1 (d, J = 20.2 Hz), 21.1. 
• HRMS (EI): M+ found 292.1264 ; C20H17FO requires 292.1263. 
 
4-fluoro-N-phenyl-3-(p-tolyl)chroman-5-carboxamide 10a: 

 
• 1H NMR (500 MHz, CDCl3) δ 8.01 (br d, J = 5.6 Hz, 1H), 7.60 (d, J = 7.6 Hz, 2H), 7.44 (td, J 
= 8.2, 2.1 Hz, 1H), 7.36 – 7.31 (m, 3H), 7.22 – 7.16 (m, 4H), 7.14 (dd, J = 10.6, 4.2 Hz, 1H), 
7.09 (d, J = 8.3 Hz, 1H), 5.96 (d, J = 50.6 Hz, 1H), 4.63 (ddd, J = 12.8, 10.7, 1.9 Hz, 1H), 4.40 
(dd, J = 10.6, 4.1 Hz, 1H), 3.34 (dddd, J = 33.2, 12.9, 3.9, 2.1 Hz, 1H), 2.36 (s, 3H). 
• 19F NMR (377 MHz, CDCl3): -158.1 
• 13C NMR (126 MHz, CDCl3) δ 166.1, 139.1, 137.7, 137.6, 133.0, 131.8, 129.5, 129.4, 129.2, 
129.1, 128.4, 128.4, 125.1, 124.7, 121.0, 120.9, 120.0, 120.0, 119.9, 84.7 (d, J=172.0), 64.1 (d, 
J=3.5), 42.6 (d, J=19.6), 21.1. 
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• HRMS (EI): M+ found 361.1480, C23H20FNO2 requires 361.1481 
 
4-fluoro-N,3-diphenylchroman-5-carboxamide 10b: 

 
• 1H NMR (600 MHz, CDCl3) δ 8.03 (br s, 1H), 7.61 (d, J = 7.8 Hz, 2H), 7.45 (td, J = 8.2, 1.7 
Hz, 1H), 7.40 – 7.30 (m, 8H), 7.14 (t, J = 7.4 Hz, 1H), 7.10 (d, J = 8.3 Hz, 1H), 6.00 (d, J = 50.6 
Hz, 1H), 4.70 – 4.62 (m, 1H), 4.43 (dd, J = 10.6, 4.0 Hz, 1H), 3.37 (dd, J = 33.1, 11.5 Hz, 1H). 
• 19F NMR (377 MHz, CDCl3): -158.3 
• 13C NMR  (151 MHz, CDCl3) δ 166.2, 155.1, 155.1, 139.2, 137.8, 136.2, 131.9, 131.8, 129.2, 
128.9, 128.6, 128.6, 128.0, 124.8, 121.0, 121.0, 120.1, 84.6 (d, J=171.8), 64.1 (d, J=2.7), 43.1 (d, 
J=19.3). 
• HRMS (EI): M+ found 347.1319, C22H18FNO2 requires 347.1322 
 
 
4-fluoro-3-(naphthalen-2-yl)-N-phenylchroman-5-carboxamide 10c: 

 
• 1H NMR (400 MHz, CDCl3) δ 8.06 (br s, 1H), 7.89 – 7.81 (m, 3H), 7.77 (s, 1H), 7.60 (d, J = 
7.9 Hz, 2H), 7.53 – 7.40 (m, 4H), 7.32 (dd, J = 15.2, 7.5 Hz, 3H), 7.17 – 7.08 (m, 2H), 6.09 (d, J 
= 50.6 Hz, 1H), 4.77 (t, J = 11.7 Hz, 1H), 4.53 (dd, J = 10.6, 3.7 Hz, 1H), 3.53 (dd, J = 33.0, 
11.8 Hz, 1H). 
• 19F NMR (377 MHz, CDCl3): -157.8 
• 13C NMR (151 MHz, CDCl3) δ 166.2, 155.1, 155.1, 139.2, 137.8, 133.6, 133.5, 132.9, 131.9, 
131.9, 129.2, 128.6, 128.0, 127.8, 127.5, 127.5, 126.5, 126.3, 124.8, 121.1, 120.1, 116.5, 116.4, 
84.6 (d, J=171.9), 64.2, 43.2 (d, J=19.4). 
• HRMS (ESI): M+H+ found 398.1549; C26H21FNO2 requires 398.1551 
 
3-(4-bromophenyl)-4-fluoro-N-phenylchroman-5-carboxamide 10d: 

 
• 1H NMR (400 MHz, CD2Cl2) δ 7.93 (s, 1H), 7.58 (d, J = 7.5 Hz, 2H), 7.53 – 7.42 (m, 3H), 
7.40 – 7.27 (m, 3H), 7.22 (d, J = 8.2 Hz, 2H), 7.17 – 7.09 (m, 2H), 6.00 (d, J = 50.7 Hz, 1H), 
4.58 (t, J = 11.5 Hz, 1H), 4.39 (d, J = 9.7 Hz, 1H), 3.40 (dd, J = 32.4, 11.8 Hz, 1H). 
• 19F NMR (377 MHz, CDCl3): -158.7 
• 13C NMR (101 MHz, CD2Cl2) δ 166.2, 155.3, 139.3, 138.2, 135.8, 132.1, 132.0, 131.7, 130.7, 
129.4, 125.0, 122.0, 120.9, 120.2, 116.7 (d, J = 19.2 Hz), 84.3 (d, J = 172.7 Hz), 64.1, 42.8 (d, J 
= 20.2 Hz). 
• HRMS (ESI): M+H+ found 426.0500; C22H18BrFNO2 requires 426.0499 
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methyl 4-(4-fluoro-5-(phenylcarbamoyl)chroman-3-yl)benzoate 10e: 
 

 
• 1H NMR (400 MHz, CD2Cl2) δ 8.01 (d, J = 8.4 Hz, 2H), 7.93 (bs, 1H), 7.58 (d, J = 7.8 Hz, 2H) 
7.50 – 7.39 (m, 3H), 7.35 – 7.26 (m, 3H), 7.12 (dd, J = 18.8, 7.9 Hz, 2H), 6.07 (d, J = 50.7 Hz, 
1H), 4.64 (t, J = 11.8 Hz, 1H), 4.44 (dd, J = 10.6, 3.4 Hz, 1H), 3.88 (s, 3H), 3.47 (dd, J = 32.3, 
12.3 Hz, 1H). 
• 19F NMR (377 MHz, CDCl3): -158.8 
• 13C NMR (101 MHz, CD2Cl2) δ 166.9, 166.2, 155.4, 141.8, 139.3, 138.2, 132.1, 130.1, 129.4, 
129.0, 125.0, 120.9, 120.2, 120.1, 116.7 (d, J = 19.2 Hz), 84.2 (d, J = 172.7 Hz), 64.1, 52.4, 43.3 
(d, J = 19.2 Hz). 
• HRMS (ESI): M+H+ found 406.1445 ; C24H21FNO4 requires 406.1449. 
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1.4.4. Preparation and Characterization of Deuterated Substrate 
 
Synthesis of (1,1-2H2)-1-bromoprop-2-yne 

 
 
The deutero alkyne was synthesized according to a literature report.78 
 
Synthesis of (2,2-2H2)-N-phenyl-2H-chromene-5-carboxamide 

 
 
The deuterated chromene was synthesized via an analogous procedure as the non-deuterated 
substrate using the d2-propargyl bromide. 
 
N-phenyl-2H-chromene-2,2-d2-5-carboxamide d2-1: 

 
• 1H NMR (400 MHz, CHCl3) δ 7.61 (d, J = 8.1 Hz, 3H), 7.37 (t, J = 7.8 Hz, 2H), 7.21 – 7.06 
(m, 3H), 6.89 (dd, J = 12.1, 9.0 Hz, 2H), 5.87 (d, J = 10.1 Hz, 1H). 
• 13C NMR (101 MHz, CDCl3) δ 166.6, 155.0, 138.1, 133.8, 129.3, 129.0, 124.9, 123.3, 122.3, 
120.9, 120.1, 119.9, 118.7. 
• HRMS (ESI): M+H+ found 254.1146; C16H12

2H2NO2 requires 254.1145. 
 
2-fluoro-N-phenyl-4-(p-tolyl)chromane-2,3-d2-5-carboxamide d2-2a: 

 
• 1H NMR (500 MHz, CDCl3) δ 7.35 (t, J = 7.9 Hz, 1H), 7.19 (m, 4H), 7.04 (m, 3H), 7.00 – 6.94 
(m, 4H), 6.92 (s, 1H), 4.69 (d, J = 7.5 Hz, 1H), 2.42 (dd, J = 38.4, 7.6 Hz, 1H), 2.25 (s, 3H). 
• 19F NMR (377 MHz, CDCl3): -118.5 
• 13C NMR (126 MHz, CDCl3) δ 167.1, 151.6, 141.6, 138.4, 137.3, 136.5, 129.5, 128.9, 128.8, 
128.3, 124.7, 121.9, 121.1, 120.2, 119.8, 33.9, 21.2. 
• HRMS (ESI): M+H+ found 364.1675; C23H19

2H2FNO2 requires 364.1676. 



36 
 

1.4.5. Preparation and Characterization Derivativatization Products 
 
N-phenyl-2-(phenylethynyl)-4-(p-tolyl)chromane-5-carboxamide 8: 

 
Procedure: 
 
An adapted procedure from the literature was used.49 2-pyranyl fluoride 2a (17.8 mg, 0.050 mmol, 
1.0 eq) and trifluoroborate salt 7 (12.5 mg, 0.060 mmol, 1.2 eq) were added to a 1 dram vial with 
a septum cap and placed under an atmosphere of N2.  The solids were dissolved in 0.3 mL of dry 
acetonitrile and stirred. To the vial, boron trifluoride etherate (8 µL, 0.065 mmol, 1.3 eq) was 
added via syringe.  A yellow solution resulted.  The solution was stirred for 20 minutes.  The 
contents of the vial were diluted with CH2Cl2 and washed 2 times with a saturated solution of 
NaHCO3.  The organic layer was separated, dried over Na2SO4, and concentrated.  The crude solid 
was purified by silica chromatography (15:1 pentane/ ethyl acetate) to afford 8 as a colorless 
powder (13 mg, 59%). 
• 1H NMR (600 MHz, CDCl3) δ 7.44 (dd, J = 7.9, 1.7 Hz, 2H), 7.35 – 7.27 (m, 4H), 7.20 (dd, J 
= 8.4, 7.3 Hz, 2H), 7.14 (d, J = 8.0 Hz, 2H), 7.10 (d, J = 7.8 Hz, 2H), 7.08 – 7.03 (m, 1H), 7.03 – 
6.96 (m, 4H), 6.92 (s, 1H), 5.04 (dd, J = 11.0, 2.5 Hz, 1H), 4.74 (dd, J = 5.3, 3.3 Hz, 1H), 2.52 
(ddd, J = 13.8, 11.0, 5.3 Hz, 1H), 2.32 (t, J = 2.9 Hz, 1H), 2.30 (s, 3H). 
• 13C NMR (151 MHz, CDCl3) δ 167.3, 154.8, 142.3, 138.3, 137.5, 136.9, 132.1, 129.8, 128.9, 
128.9, 128.7, 128.6, 128.5, 124.6, 122.3, 120.6, 120.6, 120.0, 119.7, 86.8, 86.1, 63.0, 37.6, 37.0, 
21.2. 
• HRMS (ESI): M+Na+ found 466.1778; C31H25NO2Na requires 466.1785. 
 
2-fluoro-4-(p-tolyl)chromane-5-carboxylic acid 9: 

 
Procedure: 
2-pyranyl fluoride 2a (35.0 mg, 0.097 mmol, 1.0 eq) and 4-dimethylaminopyridine (85.0 mg, 0.146 
mmol, 1.5 eq) were added to a 1 dram vial with a septum cap.  The solids were dissolved in 0.8 
mL of 1,2-dichloroethane and stirred. To the vial, di-tert-buryl dicarbonate (40.0 mg, 0.388 mmol, 
4.0 eq) was added as a solution in 0.2 ml of 1,2-dichloroethane.  The reaction mixture was then 
heated to 60 oC and stirred for 36 hours. A yellow solution resulted.  The reaction mixture was 
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cooled to room temperature, and the contents of the vial were diluted with CH2Cl2 and washed 
with a saturated aqueous solution of NH4Cl.  The organic layer was separated, dried over Na2SO4, 
and concentrated.  Full consumption of 2a was confirmed by 1H-NMR analysis of the crude 
reaction mixture.  The crude mixture was utilized without purification.  In a round bottomed flask, 
the resulting residue was dissolved in 1.6 mL of tetrahydrofuran and 0.4 mL of H2O and stirred.  
To the flask, as a 30% by weight aqueous solution, H2O2 (195 µL, 1.940 mmol, 20.0 eq) was added 
via syringe.  As a solid, LiOH (23 mg, 0.970 mmol, 10.0 eq) was added.  The reaction mixture was 
stirred at room temperature for 18 hours.  The contents of the flask were diluted with CH2Cl2 and 
washed with a saturated aqueous solution of NH4Cl.  The organic layer was separated, dried over 
Na2SO4, and concentrated.  Analysis of the crude reaction mixture revealed that both 9 and 2a 
were present in the reaction mixture in a 1.0:0.4 ratio, respectively.  The crude solid was purified 
by silica chromatography (25:25:1 pentane/CHCl3/Et2O to 25:1 CHCl3/Et2O) to afford 9 as a 
colorless powder (12.3 mg, 44%). 
 
• 1H NMR (600 MHz, CD2Cl2) δ δ 7.70 (d, J = 7.7 Hz, 1H), 7.37 (t, J = 8.0 Hz, 1H), 7.26 (d, J = 
8.2 Hz, 1H), 7.00 (d, J = 7.7 Hz, 2H), 6.84 (d, J = 7.7 Hz, 2H), 6.03 (d, J = 56.1 Hz, 1H), 5.17 (d, 
J = 7.2 Hz, 1H), 2.60 – 2.35 (m, 2H), 2.26 (s, 3H). 
• 19F NMR (377 MHz, CDCl3): -118.8  
• 13C NMR (151 MHz, CDCl3) δ 13C NMR (151 MHz, CD2Cl2) δ 169.5, 152.1, 142.4, 135.9, 
129.0, 128.5,127.9 (d, J = 30.2 Hz), 126.2, 125.5, 122.8, 105.3 (d, J = 222.0 Hz), 34.1 (d, J = 
21.1 Hz), 33.55, 21.08. 
• HRMS (ESI): M+ found 285.0929; C17H14O3F requires 285.0932. 
 
For analysis by chiral HPLC, further derivatization to the corresponding methyl ester, 3, was 
necessary.  A general procedure for derivatization was used as follows:  A sample of 9 (12.3 mg, 
0.043 mmol, 1.0 eq) in a 1 dram septum capped vial was dissolved in 0.3 mL of C6H6 and 0.3 
mL of MeOH.  To the vial, as a 2.0M solution in Et2O, trimethylsilyldiazomethane (22 µL, 0.043 
mmol, 1.0 eq) was added via syringe.  The solution became yellow.  The solution was stirred for 
45 minutes, after which the reaction mixture was diluted with CH2Cl2 and H2O.  The organic 
layer was separated, dried over MgSO4, and concentrated to afford a colorless oil, 3, 
quntitatively.  No further purification was necessary. 
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1.4.6. Experimental Data Set for Statistical Analysis 
 

Screening of sp2-Nitrogen based bidentate ligands 

 
 
Procedure D  
 
Pd(OAc)2 (2.2 mg, 0. 010 mmol, 0.10 equiv) was added to a solution of Ligand (0.011 mmol, 0.11 
equiv) in CH2Cl2 (1 ml) and the reaction mixture was stirred for 30 min. The catalyst solution was 
then added to a solution of chromene 1 (25.0 mg, 0.100 mmol, 1.00 equiv), p-tolyl phenylboronic 
acid (27 mg, 0.200 mmol, 2.00 equiv), bis(2-ethylhexyl) hydrogen phosphate (12.8 mg, 0.040 
mmol, 0.40 equiv), Selectfluor (71.0 mg, 0.200 mmol, 2.00 equiv) and tert-butyl catechol (0.6 mg, 
0.004 mmol, 0.04 equiv) in CH2Cl2 (0.8 ml)/water (0.2 ml). The reaction mixture was vigorously 
stirred for 24 h. The reaction mixture was diluted with CH2Cl2, dried with Na2SO4, filtered through 
celite, and concentrated under reduce pressure.  Then, a known amount of 4-fluorobenzoic acid as 
an internal standard was added to the crude extract. Yield and regioselectivity was determined 
using 19F NMR (CD2Cl2, 400 MHz, d1=10). The reaction was repeated twice and results obtained 
are described above. Note: 1- and 2-represents first and second run, respectively. The percentage 
figure represents total yield (A+B) of the reaction. 
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Screening of various boronic acids 
 

 
 
Procedure: The general procedure D was followed with the following modification. Ligand L 
(0.011 mmol, 0.11 equiv) and different boronic acids (0.022 mmol, 0.22 equiv) as described in the 
Table 4 were used. The yields and selectivities were obtained by 19F NMR using 4-fluorobenzoic 
acid as an internal standard and are described below. 
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Screening of different chromene substrates for Hammett plot 

 
Procedure: The general procedure D was followed with the following modification. Ligand L 
and the chromene substrates as shown above were used and the corresponding yield and selectivity 
obtained is described below each substrate. The yields and selectivities were obtained by 19F NMR 
using 4-fluorobenzoic acid as an internal standard. The product formation was later confirmed by 
LCMS.  
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1.4.7. Spectral Data 
 

1H NMR (400 MHz, CDCl3) of methyl 3-(prop-2-yn-1-yloxy)benzoate  

 
 

CO2CH3

O
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1H NMR (400 MHz, CDCl3) of methyl 2H-chromene-5-carboxylate 3 

 

O

CO2CH3
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1H NMR (400 MHz, CDCl3) of 2H-chromene-5-carboxylic acid 9 

 
 

O
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1H NMR (300 MHz, CDCl3) of N-phenyl-2H-chromene-5-carboxamide 1a 
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1H NMR (400 MHz, CDCl3) and 13C NMR (101 MHz, CDCl3) of d2-1 
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1H NMR (400 MHz, CDCl3) and 13C NMR (101 MHz, CDCl3) of 1b: 
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1H NMR (400 MHz, CDCl3) and 13C NMR (101 MHz, CDCl3) of 1c: 
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1H NMR (400 MHz, CDCl3) and 13C NMR (101 MHz, CDCl3) of 1d: 
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1H NMR (400 MHz, CDCl3) and 13C NMR (101 MHz, CDCl3) of 1e: 
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1H NMR (400 MHz, CDCl3) and 13C NMR (101 MHz, CDCl3) of 1f: 
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1H NMR (400 MHz, CDCl3) and 13C NMR (101 MHz, CDCl3) of 1g: 
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1H NMR (400 MHz, CDCl3) and 13C NMR (101 MHz, CDCl3) of1h: 
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1H NMR (400 MHz, CDCl3) and 13C NMR (101 MHz, CDCl3) of2a:  
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1H NMR (500 MHz, CDCl3) and 13C NMR (126 MHz, CDCl3) of d2-2a 
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1H 2D NOESY spectrum of d2-2a : 
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1H NMR (400 MHz, CDCl3) and 13C NMR (101 MHz, CDCl3) of 2b:  
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1H NMR (600 MHz, CDCl3) and 13C NMR (151 MHz, CDCl3) of 2c:  
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1H NMR (400 MHz, CD2Cl2) and 13C NMR (101 MHz, CD2Cl2) of 2d:  
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1H NMR (400 MHz, CD2Cl2) and 13C NMR (101 MHz, CDCl3) of 2e: 
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1H NMR (500 MHz, CDCl3) and 13C NMR (101 MHz, CD2Cl2) of 2f : 
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1H NMR (600 MHz, CDCl3) and 13C NMR (151 MHz, CDCl3) of 2g : 
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1H NMR (600 MHz, CDCl3) and 13C NMR (151 MHz, CDCl3) of 2f : 
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1H NMR (500 MHz, CDCl3) and 13C NMR (126 MHz, CDCl3) of 3:
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1H NMR (500 MHz, CDCl3) and 13C NMR (126 MHz, CDCl3) of 4: 
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1H NMR (600 MHz, CDCl3) and 13C NMR (151 MHz, CDCl3) of 5: 
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1H NMR (600 MHz, CDCl3) and 13C NMR (151 MHz, CDCl3) of 8
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1H 2D NOESY spectrum of 8:  
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1H NMR (600 MHz, CDCl3) and 13C NMR (151 MHz, CDCl3) of 9: 
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1H NMR (500 MHz, CDCl3) and 13C NMR (126 MHz, CDCl3) of 10a:  
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1H NMR (600 MHz, CDCl3) and 13C NMR (151 MHz, CDCl3) of 10b:  
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1H NMR (400 MHz, CDCl3) and 13C NMR (151 MHz, CDCl3) of 10c:  
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1H NMR (400 MHz, CD2Cl2) and 13C NMR (101 MHz, CD2Cl2) of 10d: 

  

 



76 
 

1H NMR (400 MHz, CD2Cl2) and 13C NMR (101 MHz, CD2Cl2) of 10e: 
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1.4.8. Chiral HPLC/SFC Analysis 
 
HPLC Analysis of 2a  
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HPLC Analysis of 2b 
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HPLC Analysis of 2c 
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HPLC Analysis of 2d 
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HPLC Analysis of 2e 
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HPLC Analysis of 2f 
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HPLC Analysis of 2g 
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HPLC Analysis of 2h 
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HPLC Analysis of 3 
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HPLC Analysis of 8 
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SFC Analysis of 10a: 
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1.4.9. X-ray Crystallographic Data for rac-2d: 
 

X-ray crystallography quality crystals of rac-2d were grown by solvent layering from 
CHCl3 and n-pentane. A colorless needle 0.01 x 0.02 x 0.06 mm in size was mounted on a Cryoloop 
with  Paratone oil. Data were collected in a nitrogen gas stream at 100(2) K using phi and omega  
scans. Crystal-to-detector distance was 60 mm and exposure time was 5 seconds per frame using  
a scan width of 1.0°. Data collection was 99.7% complete to 67.00° in . A total of 24648  
reflections were collected covering the indices, -18<=h<=18, -14<=k<=14, -11<=l<=12. 3399 
reflections were found to be symmetry independent, with an Rint of 0.0469. Indexing and unit  cell 
refinement indicated a primitive, monoclinic lattice. The space group was found to be P2(1)/c (No. 
14). The data were integrated using the Bruker SAINT software program and  scaled using the 
SADABS software program. Solution by direct methods (SIR-2011) produced a complete heavy-
atom phasing model consistent with the proposed structure. All non-hydrogen  atoms were refined 
anisotropically by full-matrix least-squares (SHELXL-2014). All hydrogen atoms were placed 
using a riding model. Their positions were constrained relative to their parent atom using the 
appropriate HFIX command in SHELXL-2014. 
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Crystal data and structure refinement for rac-2d. 
Identification code  shelx 
Empirical formula  C22 H17 Br F N O2 
Formula weight  426.27 
Temperature  100(2) K 
Wavelength  1.54178 Å 
Crystal system  Monoclinic 
Space group  P 21/c 
Unit cell dimensions a = 15.3026(6) Å = 90°. 
 b = 12.0184(4) Å = 90.552(3)°. 
 c = 10.1214(4) Å  = 90°. 

Volume 1861.37(12) Å3 
Z 4 

Density (calculated) 1.521 Mg/m3 

Absorption coefficient 3.238 mm-1 
F(000) 864 

Crystal size 0.060 x 0.020 x 0.010 mm3 
Theta range for data collection 2.888 to 68.325°. 
Index ranges -18<=h<=18, -14<=k<=14, -11<=l<=12 
Reflections collected 24648 
Independent reflections 3399 [R(int) = 0.0469] 
Completeness to theta = 67.000° 99.7 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7531 and 0.6139 

Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 3399 / 0 / 244 

Goodness-of-fit on F2 1.038 
Final R indices [I>2sigma(I)] R1 = 0.0372, wR2 = 0.0915 
R indices (all data) R1 = 0.0447, wR2 = 0.0963 
Extinction coefficient n/a 

Largest diff. peak and hole 0.870 and -0.325 e.Å-3 
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Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 

for rac-2d.  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 
______________________________________________________________________________
__  
 x y z U(eq) 
______________________________________________________________________________
__   
C(1) 1366(2) -2975(2) 9430(3) 21(1) 
C(2) 2218(2) -3351(2) 9158(3) 23(1) 
C(3) 2366(2) -4394(2) 8630(3) 25(1) 
C(4) 1664(2) -5106(2) 8371(3) 26(1) 
C(5) 823(2) -4749(2) 8586(3) 25(1) 
C(6) 680(2) -3686(2) 9094(3) 23(1) 
C(7) -386(2) -2307(2) 9520(3) 27(1) 
C(8) 233(2) -1759(2) 10480(3) 26(1) 
C(9) 1195(2) -1850(2) 10055(3) 22(1) 
C(10) 2993(2) -2631(2) 9515(3) 23(1) 
C(11) 4292(2) -1739(2) 8571(3) 28(1) 
C(12) 4440(2) -950(3) 7600(3) 34(1) 
C(13) 5193(2) -298(3) 7664(4) 42(1) 
C(14) 5783(2) -435(3) 8692(4) 42(1) 
C(15) 5629(2) -1215(3) 9650(4) 40(1) 
C(16) 4888(2) -1887(3) 9598(3) 33(1) 
C(17) 1513(2) -890(2) 9198(3) 21(1) 
C(18) 1516(2) -926(2) 7825(3) 26(1) 
C(19) 1861(2) -63(2) 7087(3) 28(1) 
C(20) 2215(2) 845(2) 7741(3) 24(1) 
C(21) 2200(2) 921(2) 9092(3) 24(1) 
C(22) 1849(2) 54(2) 9813(3) 24(1) 
N(1) 3519(2) -2401(2) 8484(2) 26(1) 
O(1) -190(1) -3413(2) 9261(2) 27(1) 
O(2) 3128(1) -2322(2) 10653(2) 27(1) 
F(1) -365(1) -1730(1) 8314(2) 31(1) 
Br(1) 2791(1) 1982(1) 6774(1) 33(1) 
______________________________________________________________________________
__ 



92 
 

Bond lengths [Å] and angles [°] for  rac-2d. 
_____________________________________________________  
C(1)-C(6)  1.393(4) 
C(1)-C(2)  1.410(4) 
C(1)-C(9)  1.516(4) 
C(2)-C(3)  1.383(4) 
C(2)-C(10)  1.509(4) 
C(3)-C(4)  1.396(4) 
C(3)-H(3)  0.9500 
C(4)-C(5)  1.376(4) 
C(4)-H(4)  0.9500 
C(5)-C(6)  1.394(4) 
C(5)-H(5)  0.9500 
C(6)-O(1)  1.383(3) 
C(7)-O(1)  1.389(3) 
C(7)-F(1)  1.405(3) 
C(7)-C(8)  1.502(4) 
C(7)-H(7)  1.0000 
C(8)-C(9)  1.542(4) 
C(8)-H(8A)  0.9900 
C(8)-H(8B)  0.9900 
C(9)-C(17)  1.526(4) 
C(9)-H(9)  1.0000 
C(10)-O(2)  1.226(3) 
C(10)-N(1)  1.353(4) 
C(11)-C(12)  1.385(4) 
C(11)-C(16)  1.389(4) 
C(11)-N(1)  1.428(4) 
C(12)-C(13)  1.395(4) 
C(12)-H(12)  0.9500 
C(13)-C(14)  1.381(5) 
C(13)-H(13)  0.9500 
C(14)-C(15)  1.371(5) 
C(14)-H(14)  0.9500 
C(15)-C(16)  1.392(4) 
C(15)-H(15)  0.9500 
C(16)-H(16)  0.9500 
C(17)-C(18)  1.390(4) 
C(17)-C(22)  1.391(4) 
C(18)-C(19)  1.386(4) 
C(18)-H(18)  0.9500 
C(19)-C(20)  1.384(4) 
C(19)-H(19)  0.9500 
C(20)-C(21)  1.371(4) 
C(20)-Br(1)  1.902(3) 
C(21)-C(22)  1.383(4) 
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C(21)-H(21)  0.9500 
C(22)-H(22)  0.9500 
N(1)-H(1)  0.8800 
 
C(6)-C(1)-C(2) 116.8(2) 
C(6)-C(1)-C(9) 121.2(2) 
C(2)-C(1)-C(9) 122.1(2) 
C(3)-C(2)-C(1) 121.5(2) 
C(3)-C(2)-C(10) 118.7(2) 
C(1)-C(2)-C(10) 119.7(2) 
C(2)-C(3)-C(4) 119.9(3) 
C(2)-C(3)-H(3) 120.0 
C(4)-C(3)-H(3) 120.0 
C(5)-C(4)-C(3) 119.9(3) 
C(5)-C(4)-H(4) 120.0 
C(3)-C(4)-H(4) 120.0 
C(4)-C(5)-C(6) 119.6(3) 
C(4)-C(5)-H(5) 120.2 
C(6)-C(5)-H(5) 120.2 
O(1)-C(6)-C(1) 123.2(2) 
O(1)-C(6)-C(5) 114.7(2) 
C(1)-C(6)-C(5) 122.1(2) 
O(1)-C(7)-F(1) 107.5(2) 
O(1)-C(7)-C(8) 113.9(2) 
F(1)-C(7)-C(8) 109.1(2) 
O(1)-C(7)-H(7) 108.8 
F(1)-C(7)-H(7) 108.8 
C(8)-C(7)-H(7) 108.8 
C(7)-C(8)-C(9) 112.8(2) 
C(7)-C(8)-H(8A) 109.0 
C(9)-C(8)-H(8A) 109.0 
C(7)-C(8)-H(8B) 109.0 
C(9)-C(8)-H(8B) 109.0 
H(8A)-C(8)-H(8B) 107.8 
C(1)-C(9)-C(17) 112.3(2) 
C(1)-C(9)-C(8) 110.4(2) 
C(17)-C(9)-C(8) 114.6(2) 
C(1)-C(9)-H(9) 106.3 
C(17)-C(9)-H(9) 106.3 
C(8)-C(9)-H(9) 106.3 
O(2)-C(10)-N(1) 124.5(3) 
O(2)-C(10)-C(2) 121.6(2) 
N(1)-C(10)-C(2) 113.9(2) 
C(12)-C(11)-C(16) 120.5(3) 
C(12)-C(11)-N(1) 118.6(3) 
C(16)-C(11)-N(1) 120.9(3) 
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C(11)-C(12)-C(13) 119.5(3) 
C(11)-C(12)-H(12) 120.2 
C(13)-C(12)-H(12) 120.2 
C(14)-C(13)-C(12) 120.1(3) 
C(14)-C(13)-H(13) 119.9 
C(12)-C(13)-H(13) 119.9 
C(15)-C(14)-C(13) 119.9(3) 
C(15)-C(14)-H(14) 120.1 
C(13)-C(14)-H(14) 120.1 
C(14)-C(15)-C(16) 121.1(3) 
C(14)-C(15)-H(15) 119.5 
C(16)-C(15)-H(15) 119.5 
C(11)-C(16)-C(15) 118.9(3) 
C(11)-C(16)-H(16) 120.6 
C(15)-C(16)-H(16) 120.6 
C(18)-C(17)-C(22) 117.9(2) 
C(18)-C(17)-C(9) 123.3(2) 
C(22)-C(17)-C(9) 118.8(2) 
C(19)-C(18)-C(17) 121.4(3) 
C(19)-C(18)-H(18) 119.3 
C(17)-C(18)-H(18) 119.3 
C(20)-C(19)-C(18) 118.8(3) 
C(20)-C(19)-H(19) 120.6 
C(18)-C(19)-H(19) 120.6 
C(21)-C(20)-C(19) 121.3(3) 
C(21)-C(20)-Br(1) 118.5(2) 
C(19)-C(20)-Br(1) 120.1(2) 
C(20)-C(21)-C(22) 119.1(2) 
C(20)-C(21)-H(21) 120.5 
C(22)-C(21)-H(21) 120.5 
C(21)-C(22)-C(17) 121.5(3) 
C(21)-C(22)-H(22) 119.3 
C(17)-C(22)-H(22) 119.3 
C(10)-N(1)-C(11) 124.4(2) 
C(10)-N(1)-H(1) 117.8 
C(11)-N(1)-H(1) 117.8 
C(6)-O(1)-C(7) 117.4(2) 
_____________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  
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Anisotropic displacement parameters  (Å2x 103) for rac-2d.  The anisotropic 

displacement factor exponent takes the form:  -22[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 
______________________________________________________________________________  

 U11 U22  U33 U23 U13 U12 
______________________________________________________________________________  
C(1) 29(1)  20(1) 14(1)  4(1) 1(1)  1(1) 
C(2) 28(1)  24(1) 16(1)  4(1) 2(1)  0(1) 
C(3) 29(1)  25(1) 20(1)  2(1) 3(1)  4(1) 
C(4) 39(2)  20(1) 20(1)  0(1) 2(1)  2(1) 
C(5) 34(1)  22(1) 19(1)  3(1) 0(1)  -4(1) 
C(6) 28(1)  23(1) 17(1)  5(1) 0(1)  0(1) 
C(7) 27(1)  27(1) 28(2)  5(1) 4(1)  3(1) 
C(8) 29(1)  24(1) 24(1)  2(1) 5(1)  2(1) 
C(9) 27(1)  21(1) 19(1)  2(1) 1(1)  0(1) 
C(10) 25(1)  22(1) 21(2)  1(1) 1(1)  3(1) 
C(11) 26(1)  31(1) 28(2)  -8(1) 6(1)  -3(1) 
C(12) 37(2)  38(2) 28(2)  -2(1) 5(1)  -6(1) 
C(13) 44(2)  40(2) 42(2)  -6(2) 16(2)  -13(1) 
C(14) 31(2)  48(2) 48(2)  -17(2) 10(1)  -11(1) 
C(15) 24(1)  53(2) 43(2)  -16(2) 3(1)  -1(1) 
C(16) 30(1)  38(2) 30(2)  -4(1) 3(1)  1(1) 
C(17) 22(1)  19(1) 21(1)  0(1) 0(1)  2(1) 
C(18) 36(2)  19(1) 22(1)  -1(1) -1(1)  -2(1) 
C(19) 42(2)  24(1) 18(1)  1(1) 1(1)  -2(1) 
C(20) 26(1)  21(1) 25(1)  3(1) 2(1)  2(1) 
C(21) 26(1)  22(1) 23(1)  -5(1) 1(1)  -1(1) 
C(22) 29(1)  25(1) 19(1)  -4(1) 2(1)  -1(1) 
N(1) 27(1)  30(1) 19(1)  -2(1) 2(1)  -4(1) 
O(1) 26(1)  23(1) 31(1)  2(1) 1(1)  -2(1) 
O(2) 28(1)  33(1) 20(1)  -2(1) 0(1)  -1(1) 
F(1) 35(1)  31(1) 26(1)  7(1) -2(1)  4(1) 
Br(1) 42(1)  26(1) 32(1)  8(1) 4(1)  -6(1) 
______________________________________________________________________________ 
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Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) 
for rac-2d. 
______________________________________________________________________________
__  
 x  y  z  U(eq) 
______________________________________________________________________________
__  
  
H(3) 2946 -4627 8443 30 
H(4) 1767 -5836 8048 31 
H(5) 343 -5223 8389 30 
H(7) -991 -2264 9881 33 
H(8A) 167 -2109 11359 31 
H(8B) 76 -964 10564 31 
H(9) 1554 -1827 10886 27 
H(12) 4032 -854 6896 41 
H(13) 5301 241 6998 51 
H(14) 6295 12 8737 51 
H(15) 6034 -1300 10360 48 
H(16) 4793 -2437 10255 39 
H(18) 1276 -1555 7384 31 
H(19) 1856 -95 6149 34 
H(21) 2428 1560 9528 29 
H(22) 1838 105 10749 29 
H(1) 3375 -2677 7707 31 
 
Hydrogen bonds for rac-2d  [Å and °]. 
____________________________________________________________________________  
D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 
____________________________________________________________________________  
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1.4.10. DFT Calculations  
DFT for cis- and trans- 1,3-Arylfluorination Products 
 
Density functional theory (DFT) calculations were performed with Gaussian 09 revision D01. 
Geometry optimizations were carried out at the B3LYP level of theory with the 6-31G(d) basis 
set. Optimized geometries were verified as a minima by frequency computations (zero imaginary 
frequencies). Single-point energy calculations on the optimized geometries were then evaluated 
using different density functionals and the triple-zeta valence quality def2-TZVPP basis set, within 
the SMD/IEF-PCM model (dichloromethane). The thermal corrections evaluated from the 
unscaled vibrational frequencies at the B3LYP/6-31G(d) level on the optimized geometries were 
then added to these electronic energies to obtain the free energies. 
 
Level of theory ΔGtrans (H) ΔGcis (H) ΔΔG 

(kcal/mol) 
B3LYP-D3/Def2TZVPP//B3LYP/6-
31G(d) 

-1193,784844 -1193,785210 0.2 

M062X/Def2TZVPP//B3LYP/6-
31G(d) 

-1193,255521 -1193,256118 0.4 

wB97XD/Def2TZVPP//B3LYP/6-
31G(d) 

-1193,338696 -1193,338928 0.1 
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Cartesian coordinates 
 

 
cis 
C        2.063478000     -3.498878000      9.462858000 
C        3.383647000     -3.921528000      9.188372000 
C        3.627527000     -5.138860000      8.543560000 
C        2.564865000     -5.962666000      8.165411000 
C        1.260913000     -5.566418000      8.424425000 
C        1.020531000     -4.344933000      9.063853000 
C       -0.671707000     -2.772870000      9.674276000 
C        0.303289000     -2.160004000     10.658846000 
C        1.767114000     -2.174542000     10.154978000 
C        4.563655000     -3.107398000      9.665544000 
C        6.766021000     -2.250800000      8.793077000 
C        7.517474000     -2.128112000      7.613282000 
C        8.755738000     -1.493016000      7.628204000 
C        9.264367000     -0.971008000      8.819092000 
C        8.515427000     -1.094025000      9.989920000 
C        7.272332000     -1.727235000      9.992764000 
C        2.143215000     -0.950619000      9.314909000 
C        1.925407000     -0.872766000      7.933760000 
C        2.271420000      0.273260000      7.219439000 
C        2.849776000      1.380849000      7.852350000 
C        3.068179000      1.300325000      9.232746000 
C        2.727642000      0.153360000      9.948594000 
N        5.525946000     -2.918544000      8.699594000 
O       -0.312647000     -4.070431000      9.295043000 
O        4.654899000     -2.692870000     10.816394000 
F       -0.759618000     -1.980774000      8.535201000 
C        3.253307000      2.607289000      7.067239000 
H        4.650571000     -5.461139000      8.371595000 
H        2.757251000     -6.912937000      7.675755000 
H        0.409424000     -6.178700000      8.145350000 
H       -1.683984000     -2.861643000     10.077877000 
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H        0.232785000     -2.747454000     11.582811000 
H       -0.013904000     -1.139076000     10.890364000 
H        2.402673000     -2.136823000     11.043061000 
H        7.126441000     -2.532621000      6.681470000 
H        9.322568000     -1.407454000      6.704986000 
H       10.230746000     -0.475227000      8.832793000 
H        8.899407000     -0.691437000     10.923660000 
H        6.690896000     -1.816573000     10.899136000 
H        1.466154000     -1.705656000      7.411855000 
H        2.084078000      0.308508000      6.148065000 
H        3.521534000      2.140733000      9.754256000 
H        2.928013000      0.111205000     11.016757000 
H        5.272655000     -3.229550000      7.771171000 
H        2.630678000      2.734583000      6.175120000 
H        4.296347000      2.539965000      6.729311000 
H        3.168156000      3.516858000      7.671781000 

 
trans 
C        2.147467000     -3.435812000      9.428133000 
C        3.457745000     -3.906447000      9.189522000 
C        3.670352000     -5.127200000      8.538224000 
C        2.585702000     -5.898397000      8.113882000 
C        1.291133000     -5.446375000      8.322280000 
C        1.078532000     -4.221077000      8.968294000 
C       -0.566919000     -2.605673000      9.666016000 
F       -1.809000000     -2.772686000     10.228436000 
C        0.427256000     -2.173687000     10.718509000 
C        1.861852000     -2.126423000     10.147427000 
C        4.654675000     -3.129700000      9.686473000 
C        6.926267000     -2.405997000      8.870318000 
C        7.725975000     -2.363540000      7.716784000 
C        8.989005000     -1.780358000      7.754507000 
C        9.474927000     -1.231138000      8.942631000 
C        8.678377000     -1.274653000     10.087362000 
C        7.409911000     -1.855090000     10.067172000 
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C        2.107456000     -0.886067000      9.286114000 
C        1.850417000     -0.850608000      7.910182000 
C        2.043601000      0.319333000      7.173028000 
C        2.507979000      1.491414000      7.779422000 
C        2.771414000      1.452366000      9.155719000 
C        2.578684000      0.286731000      9.893088000 
N        5.662294000     -3.023675000      8.753482000 
O       -0.238542000     -3.862091000      9.103771000 
O        4.722068000     -2.663113000     10.819190000 
C        2.748537000      2.748899000      6.977097000 
H        4.682699000     -5.495746000      8.399882000 
H        2.754046000     -6.853043000      7.623738000 
H        0.426028000     -6.016228000      7.998912000 
H       -0.671856000     -1.874292000      8.855539000 
H        0.374879000     -2.899829000     11.538591000 
H        0.131023000     -1.196381000     11.111159000 
H        2.545154000     -2.065779000     10.996527000 
H        7.353053000     -2.789743000      6.787161000 
H        9.592923000     -1.756816000      6.851379000 
H       10.460554000     -0.775762000      8.974308000 
H        9.044471000     -0.850434000     11.018682000 
H        6.792511000     -1.882743000     10.953477000 
H        1.505598000     -1.746364000      7.399753000 
H        1.831873000      0.317197000      6.105819000 
H        3.140704000      2.345479000      9.655530000 
H        2.803103000      0.282440000     10.957369000 
H        5.436375000     -3.370249000      7.830746000 
H        2.209053000      2.725849000      6.024590000 
H        3.814664000      2.877228000      6.747112000 
H        2.428114000      3.642281000      7.524958000 
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DFT for Statistical Analysis 
 
DFT Calculations 

 
Compounds were geometrically optimized, with an ultrafine integration grid and ideal gas 

phase approximation using Gaussian 09 software.79 DFT calculations of benzoic acid (as 
surrogates for arylboronic acid) ground state structures were performed using M06-2x functional 
and a triple zeta potential basis set (JUN-CC-PVTZ).80 DFT calculations of PdLCl2 complexes 
were performed using B3LYP functional and LANL2DZ basis set for the palladium atom and 6-
31G(d,p) basis set for other atoms. NBO charges55 and torsion angles were obtained from the 
geometry optimized structures. Hammett values were acquired from the compilation made by 
Hansch, Leo, and Taft.60  

 
According to Curtin-Hammett principle,81 the relative rate of formation of competing 

products (X and Y) is logarithmically related to the difference in transition state energies, 
represented by the measured ΔΔG‡ (equation 1), where R is the gas constant and T is temperature.

 

To derive measured ΔΔG‡ values, product ratios resulting from differences in selectivity were 
obtained experimentally. 

measured ∆∆𝐺‡= −𝑅𝑇𝑙𝑛 ቀ
௑

௒
ቁ   (1) 

 
Regioselectivity ratios (rr) of 1,3- vs 2,1-arylfluorinated product and corresponding measured 
ΔΔG‡ from reactions run with various arylboronic acids.  

R 
Trial 1  

rr  
Trial 2  

rr 
Average 

rr 
Measure
d ΔΔG‡ 

p-Me 8.2 7.5 7.9 1.22 
H 7.6 8.2 7.9 1.22 
p-COMe 30.0 28.0 29.0 1.99 
p-CO2Me 17.7 20.8 19.3 1.75 
p-OMe 15.2 13.4 14.3 1.58 
p-F 10.8 11.7 11.3 1.43 
p-CF3 17.8 16.4 17.1 1.68 
p-Br 14.0 12.0 13.0 1.52 
m-OMe 16.2 16.5 16.4 1.66 
m-
CO2Me 27.0 36.0 31.5 2.04 
m-Cl 7.6 8.3 8.0 1.23 

 
ΔΔG‡ is reported in kcal/mol. 
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Calculated parameters for benzoic acids as surrogates for arylboronic acids.  

R vCOH vC=O NBOC NBO=O NBOO  NBOH 
p-Me 1395.02 1844.66 0.78588 -0.60618 -0.70599 0.50033 
H 1394.60 1847.85 0.80516 -0.60208 -0.70358 0.50087 
p-COMe 1399.86 1851.01 0.80289 -0.59612 -0.69999 0.50263 
p-CO2Me 1397.72 1851.64 0.80291 -0.59567 -0.70074 0.50254 
p-OMe 1396.68 1839.37 0.80480 -0.61182 -0.70667 0.49976 
p-F 1396.19 1847.75 0.80562 -0.60242 -0.70414 0.50193 
p-CF3 1401.11 1854.66 0.78303 -0.59324 -0.70152 0.50390 
p-Br 1395.33 1849.58 0.80491 -0.59850 -0.70255 0.50251 
m-OMe 1396.67 1847.51 0.80599 -0.60040 -0.70218 0.50019 
m-CO2Me 1404.11 1850.19 0.80428 -0.59917 -0.70153 0.50178 
m-Cl 1394.82 1852.53 0.80547 -0.59554 -0.70118 0.50252 

 
Regioselectivity ratios (rr) of 1,3- vs 2,1-arylfluorinated product and corresponding measured 
ΔΔG‡ from reactions run with various ligands.    

R 
Trial 
1 rr  

Trial 
2 rr 

Average 
rr 

Measured 
ΔΔG‡ NBOPd 

N-Pd-
N 

angle 
bpyH 47 42 44.5 2.25 0.69727 79.18 
bpytBu 16 19 17.5 1.70 0.69774 79.02 
bpyMeO 9 7 8.0 1.23 0.69592 79.05 
bpyCHO 26 28 27.0 1.95 0.70455 79.44 
bpyBr 16 14 15.0 1.60 0.69882 79.09 
phenH 17 20 18.5 1.73 0.69779 80.13 
phenMe 4 4.5 4.25 0.86 0.69779 79.80 
phenPh 15 17 16.0 1.64 0.69909 79.71 
phenOMe 11 10 10.5 1.39 0.69662 79.93 
dipyridylketone 0.16 0.21 0.19 -0.99 0.67595 88.93 
diazafluorenone 0.83 0.71 0.77 -0.15 0.68843 81.95 

ΔΔG‡ is reported in kcal/mol. 
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Calculated parameters of PdLCl2 complexes. 

R NBOPd N-Pd-N angle 
bpyH 0.69727 79.18 
bpytBu 0.69774 79.02 
bpyMeO 0.69592 79.05 
bpyCHO 0.70455 79.44 
bpyBr 0.69882 79.09 
phenH 0.69779 80.13 
phenMe 0.69779 79.80 
phenPh 0.69909 79.71 
phenOMe 0.69662 79.93 
dipyridylketone 0.67595 88.93 
diazafluorenone 0.68843 81.95 

 
Table 15. Regioselectivity ratios (rr) of 1,3- vs 2,1-arylfluorinated product and corresponding 
measured ΔΔG‡ from reactions run with various chromene derivatives. 

R 
Trial 1 

rr 
Trial 2 

rr 
Average 

rr 
log(1,3 vs 

2,1) σ 
p-MeO 7.4 6.9 7.15 0.85 -0.268 
p-Me 6.5 7.5 7 0.85 -0.170 
H 8.2 7.5 7.85 0.89 0.000 
p-F 9.4 9 9.2 0.96 0.062 
p-Cl 13.8 12 12.9 1.11 0.227 
p-Br 10 9.4 9.7 0.99 0.232 
m-Cl 12.6 14 13.3 1.12 0.373 
p-Ac 15 14.2 14.6 1.16 0.502 

 
 
Cartesian Coordinates of Geometry Optimized Structures 
benzoic acids 
p-Me 

 
 C                  0.01585300   -1.18043900   -0.00046100 
 C                  0.69479800    0.03528100   -0.00007300 
 C                 -0.02119700    1.22592400   -0.00038400 
 C                 -1.40566400    1.20074200   -0.00086500 
 C                 -2.09820700   -0.00711500   -0.00092100 
 C                 -1.36715300   -1.19470100   -0.00098400 
 C                  2.17540700    0.10956600    0.00027900 
 O                  2.81336200    1.12865700    0.00040300 



104 
 

 H                  0.52268400    2.16035600   -0.00047100 
 O                  2.76678400   -1.10215000    0.00051500 
 H                  3.72007700   -0.94452100    0.00078200 
 H                  0.57432800   -2.10515500   -0.00062500 
 C                 -3.60005100   -0.04406700    0.00137000 
 H                 -3.97456200   -0.59589800   -0.86127400 
 H                 -3.97199100   -0.54629100    0.89513400 
 H                 -4.02137700    0.95861300   -0.02558100 
 H                 -1.89366300   -2.14100400   -0.00165800 
 H                 -1.95937100    2.13069400   -0.00141400 
 
H 

 
 C                 -0.44402200   -1.19534300    0.00000300 
 C                  0.21414500    0.03015800    0.00000100 
 C                 -0.51131500    1.21709800   -0.00000900 
 C                 -1.89521100    1.17807200   -0.00001800 
 C                 -2.55361800   -0.04512600   -0.00001800 
 C                 -1.83002100   -1.22936000   -0.00000600 
 C                  1.69655400    0.12263600    0.00001000 
 O                  2.31942600    1.15033800    0.00001000 
 H                  0.02644800    2.15487200   -0.00000900 
 O                  2.30214000   -1.08088000    0.00002000 
 H                  3.25377400   -0.91298100    0.00002600 
 H                  0.12950800   -2.11060000    0.00001300 
 H                 -2.34520100   -2.17929700   -0.00000400 
 H                 -2.46171800    2.09828100   -0.00002400 
 H                 -3.63440400   -0.07475400   -0.00002000 
 
p-COMe 

 
 C                  0.75387100   -1.19713600   -0.00010900 
 C                  1.39803500    0.03767500    0.00005600 
 C                  0.66028200    1.21495300    0.00016400 
 C                 -0.72312400    1.15915000    0.00010600 
 C                 -1.37448200   -0.07194600   -0.00005800 
 C                 -0.62781100   -1.24769700   -0.00016200 
 C                  2.88194100    0.14936200    0.00012300 
 O                  3.48709000    1.18679100    0.00026300 
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 H                  1.18540900    2.15963000    0.00029300 
 O                  3.49953700   -1.04561000    0.00001000 
 H                  4.45023800   -0.87123500    0.00006400 
 H                  1.33804100   -2.10549500   -0.00019100 
 H                 -1.15363100   -2.19196200   -0.00028500 
 H                 -1.29081500    2.07893000    0.00019200 
 C                 -2.87314700   -0.18115500   -0.00012000 
 O                 -3.40427000   -1.26515900   -0.00020300 
 C                 -3.68588100    1.08881600   -0.00007700 
 H                 -3.45333100    1.68978600    0.87979700 
 H                 -3.45308200    1.69002800   -0.87971900 
 H                 -4.73979800    0.83000300   -0.00025300 
 
p-CO2Me 

 
 C                  1.22816500    1.20896200    0.00018000 
 C                  1.81363100   -0.05345800   -0.00001800 
 C                  1.02324200   -1.19778400   -0.00019500 
 C                 -0.35543300   -1.08354400   -0.00017500 
 C                 -0.94165300    0.17882000    0.00002400 
 C                 -0.15098200    1.32253100    0.00020100 
 C                  3.29119900   -0.23094400   -0.00004700 
 O                  3.85017900   -1.29384200   -0.00019900 
 H                  1.50643900   -2.16452500   -0.00034800 
 O                  3.96152600    0.93566000    0.00011500 
 H                  4.90337700    0.71864000    0.00008300 
 H                  1.85261600    2.08993700    0.00031700 
 H                 -0.63432700    2.28913300    0.00035700 
 H                 -0.98025000   -1.96402600   -0.00031200 
 C                 -2.42295600    0.36026800    0.00006800 
 O                 -2.97034900    1.43069500    0.00024500 
 O                 -3.08436900   -0.80237400   -0.00011300 
 C                 -4.50750000   -0.69047900   -0.00008100 
 H                 -4.84232700   -0.15419300   -0.88556900 
 H                 -4.88534000   -1.70712700   -0.00064300 
 H                 -4.84235700   -0.15518100    0.88599300 
 
p-OMe 
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 C                 -0.54036400   -1.25921700   -0.00000100 
 C                 -1.10322000    0.01844700    0.00001000 
 C                 -0.27295300    1.13031900    0.00003700 
 C                  1.10518200    0.98855300    0.00005900 
 C                  1.65889000   -0.29081900    0.00006200 
 C                  0.82810500   -1.41383700    0.00002300 
 C                 -2.56500500    0.23625900   -0.00001300 
 O                 -3.10388200    1.31210600   -0.00000200 
 H                 -0.72332700    2.11335600    0.00003000 
 O                 -3.27191500   -0.91314400   -0.00005100 
 H                 -4.20495200   -0.66250400   -0.00006400 
 H                 -1.18431500   -2.12656000   -0.00002100 
 H                  1.28665600   -2.39234900    0.00002000 
 H                  1.73158200    1.86698300    0.00006100 
 O                  2.98595500   -0.54028400    0.00005700 
 C                  3.86948900    0.56222200   -0.00011000 
 H                  4.87193800    0.14617600   -0.00032700 
 H                  3.73002700    1.17697800   -0.89167400 
 H                  3.73038400    1.17693400    0.89154100 
 
p-F 

 
 C                 -0.02419300   -1.18621600    0.00000600 
 C                  0.64653300    0.03313600    0.00000300 
 C                 -0.07009400    1.22634300   -0.00000600 
 C                 -1.45265600    1.20957700   -0.00001400 
 C                 -2.09278900   -0.01675200   -0.00001100 
 C                 -1.40848900   -1.21753200   -0.00000100 
 C                  2.12719200    0.11305200    0.00001100 
 O                  2.75798600    1.13593600    0.00000900 
 H                  0.47468000    2.15990100   -0.00000800 
 O                  2.72118000   -1.09608900    0.00002000 
 H                  3.67462700   -0.93852200    0.00002400 
 H                  0.53959700   -2.10729900    0.00001300 
 H                 -1.96052200   -2.14590900    0.00000100 
 H                 -2.03835900    2.11710000   -0.00002200 
 F                 -3.43070800   -0.04152100   -0.00001800 
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p-CF3 

 
 C                 -1.01934400   -1.17122900    0.00003600 
 C                 -1.70568300    0.03997600    0.00000800 
 C                 -1.01221400    1.24296100   -0.00004600 
 C                  0.37336700    1.24293100   -0.00008100 
 C                  1.05146300    0.03417300   -0.00005300 
 C                  0.36359800   -1.17285800    0.00001500 
 C                 -3.19348700    0.09687500    0.00000800 
 O                 -3.83476100    1.11153000   -0.00003500 
 H                 -1.57173800    2.16757300   -0.00006800 
 O                 -3.76480100   -1.12051700    0.00005700 
 H                 -4.72177400   -0.98394300    0.00004900 
 H                 -1.56941600   -2.10032100    0.00004400 
 H                  0.91183300   -2.10523500   -0.00002900 
 H                  0.92323900    2.17238600   -0.00013500 
 C                  2.55436100   -0.00807700   -0.00001200 
 F                  3.02531600   -0.65730200   -1.07343800 
 F                  3.02540400   -0.65395300    1.07539900 
 F                  3.09949900    1.21046800   -0.00188200 
 
p-Br 

 
 C                 -1.08086200   -1.17814400   -0.00001000 
 C                 -1.76098700    0.03467400   -0.00000600 
 C                 -1.05313100    1.23171900    0.00000300 
 C                  0.33033200    1.22383500    0.00000700 
 C                  0.99439000    0.00511500    0.00000300 
 C                  0.30449000   -1.19763200   -0.00000600 
 C                 -3.24420100    0.10341400   -0.00001000 
 O                 -3.88061600    1.12224900   -0.00000700 
 H                 -1.60244700    2.16282000    0.00000600 
 O                 -3.82770300   -1.10986500   -0.00001800 
 H                 -4.78274700   -0.96167200   -0.00002000 
 H                 -1.63533600   -2.10508200   -0.00001600 
 H                  0.84429300   -2.13290900   -0.00000900 
 H                  0.89042900    2.14708700    0.00001400 
 Br                 2.88606200   -0.01563400    0.00000900 
m-OMe 
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 C                 -0.06746300   -0.70787700    0.00020400 
 C                  1.00403700    0.16787900    0.00006400 
 C                  0.80094100    1.54713600   -0.00000100 
 C                 -0.49090000    2.03256500    0.00005200 
 C                 -1.58137300    1.16620200    0.00015500 
 C                 -1.36808400   -0.20794700    0.00024700 
 C                  2.40565400   -0.32859600   -0.00007100 
 O                  3.37977700    0.37475100   -0.00023500 
 H                  1.65728000    2.20519200   -0.00009600 
 O                  2.49293100   -1.67245900   -0.00001500 
 H                  3.43442600   -1.88994700   -0.00015300 
 H                  0.08346900   -1.77713700    0.00025600 
 H                 -0.66722400    3.09927400    0.00000600 
 H                 -2.58171400    1.57183900    0.00018700 
 O                 -2.35724400   -1.13503300    0.00044000 
 C                 -3.69063600   -0.67415900   -0.00054100 
 H                 -4.31807500   -1.55999000   -0.00025500 
 H                 -3.90295100   -0.07866100    0.89039500 
 H                 -3.90198100   -0.07985900   -0.89250800 
 
m-CO2Me 

 
 C                 -0.77288200    0.59735200    0.00000000 
 C                  0.26156100   -0.32947700    0.00000000 
 C                  1.57677200    0.11741400    0.00000000 
 C                  1.85726800    1.48035400    0.00000000 
 C                  0.82173700    2.40068600    0.00000000 
 C                 -0.49253500    1.95989400    0.00000000 
 H                  2.89144100    1.79582200    0.00000000 
 H                  1.03803100    3.45949600    0.00000000 
 H                 -1.31937800    2.65668500    0.00000000 
 C                 -2.20389200    0.18119700    0.00000000 
 O                 -3.12893800    0.94968500    0.00000100 
 O                 -2.35410200   -1.14796500    0.00000000 
 C                 -3.70597000   -1.60591100    0.00000000 
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 H                 -4.22515000   -1.24568100    0.88574300 
 H                 -4.22515100   -1.24567600   -0.88574000 
 H                 -3.65230100   -2.68919200   -0.00000300 
 H                  0.04487500   -1.38661700    0.00000000 
 C                  2.72341100   -0.82831600    0.00000000 
 O                  2.34239100   -2.11904200    0.00000000 
 O                  3.87874600   -0.49944300    0.00000000 
 H                  3.15004100   -2.64987900    0.00000000 
 
m-Cl 

 
 C                  0.20187900   -0.61564900   -0.00000400 
 C                 -0.93114000    0.19006800   -0.00000200 
 C                 -0.81745600    1.57547200    0.00000800 
 C                  0.43821200    2.15895900    0.00001700 
 C                  1.57868000    1.36765200    0.00001500 
 C                  1.44719800   -0.01240200    0.00000500 
 C                 -2.29748900   -0.39842500   -0.00001100 
 O                 -3.31385200    0.24088500   -0.00001000 
 H                 -1.71822200    2.17228400    0.00001000 
 O                 -2.29081700   -1.74370500   -0.00002000 
 H                 -3.21387200   -2.03021200   -0.00002600 
 H                  0.11426500   -1.69153500   -0.00001200 
 H                  0.53684800    3.23526800    0.00002500 
 H                  2.56435800    1.81042900    0.00002200 
 Cl                 2.87262800   -1.00398400    0.00000300 
 
 
ligands 
bipyH 

 
 C                  0.43838500   -2.66065300    0.00006800 
 C                  1.77380600   -0.73776300   -0.00002300 
 C                  2.93260100   -1.51628600   -0.00004300 
 C                  2.82397000   -2.90443500   -0.00000100 
 C                  1.55889600   -3.48659300    0.00006200 
 H                 -0.58130000   -3.03328600    0.00010200 
 H                  3.90828500   -1.04694600   -0.00008600 
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 H                  3.71775900   -3.51954100   -0.00001400 
 H                  1.43015200   -4.56273900    0.00010200 
 C                  1.77380100    0.73777400   -0.00002800 
 C                  2.93259000    1.51630500   -0.00007300 
 C                  2.82394900    2.90445400   -0.00003700 
 H                  3.90827800    1.04697300   -0.00013500 
 C                  0.43836600    2.66065500    0.00007500 
 C                  1.55887000    3.48660200    0.00004600 
 H                  3.71773400    3.51956700   -0.00007200 
 H                 -0.58132200    3.03328000    0.00012300 
 H                  1.43011900    4.56274800    0.00008300 
 N                  0.54985300   -1.32530700    0.00002400 
 N                  0.54984300    1.32530900    0.00003400 
 Pd                -1.05274600   -0.00000400    0.00000800 
 Cl                -2.66331900    1.67456000   -0.00001000 
 Cl                -2.66330900   -1.67457600   -0.00005700 
 
bipytBu 

 
 C                 -2.65822100   -0.82469600   -0.00055600 
 C                 -0.73816000    0.49431600   -0.00017700 
 C                 -1.51348200    1.65521800    0.00010000 
 C                 -2.90884200    1.58383300    0.00003100 
 C                 -3.47126100    0.29921600   -0.00040100 
 H                 -3.04348200   -1.83939900   -0.00076200 
 H                 -1.02054200    2.61642900    0.00045600 
 H                 -4.54565600    0.15861100   -0.00055000 
 C                  0.73814800    0.49432500   -0.00010500 
 C                  1.51345800    1.65523600   -0.00045700 
 C                  2.90881800    1.58386500   -0.00017100 
 H                  1.02050600    2.61644100   -0.00100600 
 C                  2.65822300   -0.82466700    0.00065600 
 C                  3.47125000    0.29925300    0.00051400 
 H                  3.04349400   -1.83936600    0.00100900 
 H                  4.54564600    0.15866000    0.00088200 
 N                 -1.32070500   -0.72869200   -0.00040100 
 N                  1.32070700   -0.72867600    0.00031500 
 C                 -3.80486800    2.82400200    0.00030400 
 C                  3.80484300    2.82403600   -0.00027400 
 C                  4.69249200    2.79821400    1.26386100 
 H                  5.34570200    3.67631500    1.27864000 
 H                  4.08195500    2.81060100    2.17191700 
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 H                  5.32730200    1.90879300    1.29685800 
 C                  4.69637800    2.79566400   -1.26159900 
 H                  4.08865300    2.80594900   -2.17156400 
 H                  5.34940100    3.67390100   -1.27624100 
 H                  5.33158800    1.90640500   -1.29076600 
 C                 -4.69536400    2.79608600    1.26237700 
 H                 -4.08688800    2.80673300    2.17183600 
 H                 -5.34840900    3.67430400    1.27723100 
 H                 -5.33049900    1.90679900    1.29239300 
 C                 -4.69355900    2.79773500   -1.26308300 
 H                 -5.34671800    3.67587600   -1.27765900 
 H                 -4.08377800    2.80973000   -2.17165200 
 H                 -5.32847800    1.90836300   -1.29521800 
 C                 -2.99234300    4.12882500    0.00178400 
 H                 -2.35847100    4.21468300   -0.88676700 
 H                 -3.67472300    4.98325600    0.00211000 
 H                 -2.35940900    4.21320900    0.89114600 
 C                  2.99232500    4.12886000   -0.00292300 
 H                  2.35995000    4.21278100   -0.89272700 
 H                  2.35789500    4.21518500    0.88518300 
 H                  3.67470800    4.98328900   -0.00324700 
 Pd                 0.00001100   -2.33033100   -0.00001500 
 Cl                -1.68092200   -3.93873800   -0.00057300 
 Cl                 1.68096600   -3.93871400    0.00060100 
 
bipyMeO 

N N
Pd

Cl Cl

MeO OMe

 
 C                 -2.65681900   -0.21049800   -0.00000800 
 C                 -0.73898800    1.11688200   -0.00011800 
 C                 -1.50570200    2.27223700   -0.00014200 
 C                 -2.90503800    2.17399100   -0.00006900 
 C                 -3.48960900    0.90199600   -0.00000800 
 H                 -3.03888700   -1.22690600    0.00004500 
 H                 -1.05730800    3.25695000   -0.00019900 
 H                 -4.56140800    0.75726500    0.00004300 
 C                  0.73899400    1.11688000   -0.00013200 
 C                  1.50571200    2.27223000   -0.00004800 
 C                  2.90504800    2.17398100   -0.00001300 
 H                  1.05732100    3.25694500    0.00003000 
 C                  2.65682000   -0.21050600   -0.00019600 
 C                  3.48961600    0.90198500   -0.00011400 
 H                  3.03888600   -1.22691500   -0.00024600 
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 H                  4.56141300    0.75724500   -0.00011000 
 N                 -1.32237500   -0.11223800   -0.00005400 
 N                  1.32237700   -0.11224300   -0.00018700 
 O                  3.57872100    3.33870200    0.00013100 
 O                 -3.57871900    3.33870700   -0.00005200 
 C                 -5.00594600    3.29423900    0.00011200 
 H                 -5.38446200    2.78963500    0.89576500 
 H                 -5.33384000    4.33312300    0.00016300 
 H                 -5.38467400    2.78965700   -0.89546300 
 C                  5.00594500    3.29423900    0.00032100 
 H                  5.38469600    2.78975800   -0.89530200 
 H                  5.33382900    4.33312600    0.00049400 
 H                  5.38444400    2.78953900    0.89592800 
 Pd                -0.00000200   -1.71491300   -0.00002700 
 Cl                -1.68470900   -3.32197600    0.00026300 
 Cl                 1.68470000   -3.32198100   -0.00004800 
 
bipyCHO 

 
 C                  0.26055400   -2.66200300    0.00016600 
 C                 -1.07991400   -0.73742300    0.00013800 
 C                 -2.23689100   -1.50911000    0.00006000 
 C                 -2.12815200   -2.90173400    0.00000500 
 C                 -0.86184200   -3.48590300    0.00009400 
 H                  1.28017100   -3.03488100    0.00020400 
 H                 -3.22577900   -1.06711900   -0.00001000 
 H                 -0.74036200   -4.56438300    0.00008000 
 C                 -1.07981600    0.73749500    0.00010300 
 C                 -2.23669400    1.50932800    0.00013600 
 C                 -2.12778000    2.90193700   -0.00000300 
 H                 -3.22563600    1.06745900    0.00026500 
 C                  0.26089900    2.66190700   -0.00017400 
 C                 -0.86139500    3.48594600   -0.00020400 
 H                  1.28056500    3.03465200   -0.00029500 
 H                 -0.73977900    4.56441000   -0.00034900 
 N                  0.14678600   -1.32744100    0.00013400 
 N                  0.14695700    1.32735800    0.00000200 
 C                 -3.36317700   -3.73669100   -0.00019800 
 C                 -3.36270200    3.73704700    0.00006400 
 O                 -4.48024200   -3.26540700   -0.00032500 
 O                 -4.47982500    3.26590000    0.00029200 
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 H                 -3.19095600   -4.83241000   -0.00024200 
 H                 -3.19034700    4.83274500   -0.00010000 
 Pd                 1.74447200   -0.00010800   -0.00005100 
 Cl                 3.35387100   -1.66958700    0.00015300 
 Cl                 3.35390600    1.66937200   -0.00009400 
 
bipyBr 

 
 C                  2.66050200    0.85806100    0.00018900 
 C                  0.73840400   -0.47152600   -0.00000700 
 C                  1.50775000   -1.63456800   -0.00005700 
 C                  2.89537000   -1.51785400    0.00003200 
 C                  3.48952200   -0.25869400    0.00017500 
 H                  3.03973100    1.87584100    0.00026100 
 H                  1.04734000   -2.61287100   -0.00015600 
 H                  4.56554900   -0.14093500    0.00026300 
 C                 -0.73839100   -0.47154100   -0.00000300 
 C                 -1.50771300   -1.63460000   -0.00006700 
 C                 -2.89533500   -1.51791500    0.00003000 
 H                 -1.04728200   -2.61289300   -0.00018600 
 C                 -2.66051700    0.85800500    0.00022200 
 C                 -3.48951300   -0.25876700    0.00019600 
 H                 -3.03976700    1.87577700    0.00031000 
 H                 -4.56554200   -0.14103200    0.00029100 
 N                  1.32468100    0.75198400    0.00009200 
 N                 -1.32469400    0.75195600    0.00011500 
 Br                 3.96571300   -3.07869500   -0.00003200 
 Br                -3.96564500   -3.07877900   -0.00005600 
 Pd                -0.00002600    2.35634400    0.00001600 
 Cl                -1.67621900    3.96011600   -0.00008600 
 Cl                 1.67612500    3.96016000   -0.00015900 
 
phenH 

 
 C                  1.33559800    3.45201000    0.00034100 
 C                  2.57163100    2.83587700    0.00017800 
 C                  2.64605100    1.42484600    0.00002500 
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 C                  1.42470900    0.71548600    0.00016800 
 C                  0.16455400    2.67145200    0.00025700 
 C                  3.87441200    0.68213000   -0.00030800 
 C                  1.42472000   -0.71548000    0.00011400 
 C                  2.64606900   -1.42482900   -0.00012700 
 C                  3.87442100   -0.68210000   -0.00039500 
 C                  2.57165600   -2.83586000   -0.00011600 
 H                  3.48656400   -3.42064200   -0.00022300 
 C                  1.33562600   -3.45200000    0.00007600 
 C                  0.16457500   -2.67145100    0.00016200 
 H                  4.81008500    1.23241300   -0.00046700 
 H                  1.24739100    4.53236400    0.00045400 
 H                  3.48653800    3.42066200    0.00018700 
 H                 -0.83473100    3.09625000    0.00016000 
 H                  4.81010100   -1.23237200   -0.00062600 
 H                  1.24742500   -4.53235500    0.00009900 
 H                 -0.83468700   -3.09628500    0.00015900 
 N                  0.21568700    1.34363700    0.00024000 
 N                  0.21570400   -1.34363300    0.00020500 
 Pd                -1.38198900   -0.00000400   -0.00000100 
 Cl                -2.97266300   -1.69066100    0.00015500 
 Cl                -2.97269400    1.69063900   -0.00045300 
 
phenMe 

 
 C                  3.47196900    0.92685900   -0.00001000 
 C                  2.86123100    2.18143600    0.00000700 
 C                  1.43792900    2.24080800    0.00001100 
 C                  0.71567000    1.02995900    0.00000000 
 C                  2.66109200   -0.22824000   -0.00001500 
 C                  0.68287100    3.46215200    0.00002500 
 C                 -0.71567600    1.02995500   -0.00000200 
 C                 -1.43794200    2.24079900   -0.00000200 
 C                 -0.68289100    3.46214800    0.00001800 
 C                 -2.86124200    2.18141800   -0.00001500 
 C                 -3.47197300    0.92683700   -0.00000800 
 C                 -2.66109000   -0.22825700   -0.00000400 
 H                  1.21311900    4.40713300    0.00004000 
 H                  3.08385200   -1.22887700   -0.00002200 
 H                 -1.21314500    4.40712500    0.00003500 
 H                 -3.08384300   -1.22889700   -0.00000100 
 N                  1.33642200   -0.18117700   -0.00000900 
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 N                 -1.33642000   -0.18118600   -0.00000500 
 C                  3.66002000    3.45766100    0.00001700 
 H                  3.42669000    4.06473300   -0.88157700 
 H                  3.42664100    4.06475100    0.88158600 
 H                  4.73235500    3.26865600    0.00004900 
 C                 -3.66004700    3.45763100   -0.00002200 
 H                 -3.42700200    4.06452100    0.88177600 
 H                 -3.42640300    4.06491000   -0.88138700 
 H                 -4.73238000    3.26860800   -0.00042600 
 C                  4.96930400    0.74264600   -0.00002600 
 H                  5.43091900    1.19655900   -0.88318200 
 H                  5.43094900    1.19662700    0.88307900 
 H                  5.22478400   -0.31883400    0.00001000 
 C                 -4.96930700    0.74262600   -0.00000300 
 H                 -5.43093900    1.19662600    0.88309900 
 H                 -5.43093300    1.19652800   -0.88316000 
 H                 -5.22479200   -0.31885300    0.00005300 
 Pd                 0.00000600   -1.77962300   -0.00000100 
 Cl                -1.69527800   -3.37237900    0.00001500 
 Cl                 1.69529900   -3.37236900    0.00000300 
 
phenPh 

 
 C                 -3.44492900    0.25288500   -0.05854300 
 C                 -2.86169800   -1.00698400    0.00274200 
 C                 -1.43545400   -1.07820300    0.00722600 
 C                 -0.71730600    0.13928200   -0.00645500 
 C                 -2.65954300    1.41348200   -0.07325100 
 C                 -0.68262800   -2.29963800    0.00068600 
 C                  0.71733200    0.13910000    0.00660500 
 C                  1.43517200   -1.07856800   -0.00700900 
 C                  0.68203400   -2.29981100   -0.00029500 
 C                  2.86143500   -1.00770900   -0.00266200 
 C                  3.44498700    0.25202000    0.05849200 
 C                  2.65989400    1.41281400    0.07319800 
 H                 -1.22044200   -3.23919300   -0.00912100 
 H                 -4.52458300    0.34983800   -0.05881800 
 H                 -3.07981800    2.41426200   -0.09826500 
 H                  1.21961000   -3.23950100    0.00963600 
 H                  4.52466400    0.34870600    0.05865000 
 H                  3.08042300    2.41349000    0.09812600 
 N                 -1.33267300    1.35534000   -0.03492300 
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 N                  1.33300800    1.35500500    0.03495600 
 C                  3.71786800   -2.21484700   -0.06072500 
 C                  4.74577200   -2.38807700    0.87833700 
 C                  3.55178300   -3.17410500   -1.07247500 
 C                  5.57911000   -3.50322100    0.81637000 
 H                  4.87485000   -1.65382200    1.66752400 
 C                  4.39151500   -4.28421000   -1.13654100 
 H                  2.78158700   -3.03210400   -1.82382000 
 C                  5.40377100   -4.45394700   -0.19031400 
 H                  6.36392800   -3.63013900    1.55542600 
 H                  4.25995100   -5.01262400   -1.93056000 
 H                  6.05502100   -5.32092800   -0.23978100 
 C                 -3.71843200   -2.21391300    0.06074300 
 C                 -3.55280500   -3.17310400    1.07263000 
 C                 -4.74614100   -2.38700800   -0.87855600 
 C                 -4.39280100   -4.28301400    1.13660300 
 H                 -2.78275300   -3.03119900    1.82414300 
 C                 -5.57974000   -3.50196300   -0.81668300 
 H                 -4.87486100   -1.65280200   -1.66784700 
 C                 -5.40486000   -4.45262500    0.19014200 
 H                 -4.26159500   -5.01137800    1.93072800 
 H                 -6.36440100   -3.62878400   -1.55592200 
 H                 -6.05631300   -5.31945700    0.23953500 
 Pd                 0.00036800    2.95235900   -0.00000800 
 Cl                -1.68976800    4.54765300   -0.05244000 
 Cl                 1.69091100    4.54722400    0.05237700 
 
phenOMe 

 
 C                 -0.74440700    3.45526800    0.00016300 
 C                 -1.99106700    2.84217200    0.00002400 
 C                 -2.06218100    1.41624800   -0.00003300 
 C                 -0.84122600    0.71558400    0.00004200 
 C                  0.41527300    2.66547400    0.00020300 
 C                 -3.29042800    0.68374400   -0.00015800 
 C                 -0.84129600   -0.71550400    0.00003300 
 C                 -2.06231900   -1.41604800   -0.00005100 
 C                 -3.29049500   -0.68342500   -0.00016600 
 C                 -1.99134600   -2.84197900   -0.00000500 
 C                 -0.74474500   -3.45519800    0.00011900 
 C                  0.41501200   -2.66551800    0.00016500 
 H                 -4.22049400    1.23864800   -0.00024000 
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 H                 -0.63711700    4.53145900    0.00022700 
 H                  1.41206500    3.09650900    0.00027100 
 H                 -4.22061300   -1.23824000   -0.00025400 
 H                 -0.63756100   -4.53139900    0.00016300 
 H                  1.41176200   -3.09664800    0.00022400 
 N                  0.37337600    1.33894800    0.00013500 
 N                  0.37324500   -1.33898700    0.00011800 
 O                 -3.17159500    3.48519700   -0.00006200 
 O                 -3.17194000   -3.48488000   -0.00008700 
 C                 -3.16818900   -4.91287400    0.00003500 
 H                 -4.21583700   -5.21128600   -0.00015300 
 H                 -2.67300900   -5.30313100   -0.89554400 
 H                 -2.67337200   -5.30297100    0.89588300 
 C                 -3.16766600    4.91318900   -0.00003800 
 H                 -4.21527600    5.21172900   -0.00018900 
 H                 -2.67274900    5.30328900    0.89575500 
 H                 -2.67248300    5.30331800   -0.89567200 
 Pd                 1.97113600   -0.00009500    0.00003200 
 Cl                 3.56052300    1.69967500   -0.00013200 
 Cl                 3.56034900   -1.70002700   -0.00013500 
 
dipyridylketone 

 
 C                 -3.70963500    0.90845900    0.93719400 
 C                 -2.63814000    0.02238900    0.86410500 
 C                 -1.31412500    1.61193600   -0.19407500 
 C                 -2.36312100    2.53430800   -0.19089300 
 C                 -3.57790500    2.18044800    0.38759200 
 H                 -4.63233100    0.58532300    1.40541900 
 H                 -2.71014900   -1.00068600    1.20876600 
 H                 -2.19582300    3.50482800   -0.64037900 
 H                 -4.40308300    2.88467000    0.40837300 
 C                  0.00000300    2.09432400   -0.74656200 
 C                  1.31412600    1.61193900   -0.19406000 
 C                  2.36310900    2.53432600   -0.19082800 
 C                  2.63815400    0.02236500    0.86406200 
 C                  3.57789200    2.18045800    0.38765500 
 H                  2.19580400    3.50486300   -0.64027700 
 C                  3.70963700    0.90844400    0.93719600 
 H                  2.71017200   -1.00072600    1.20867800 
 H                  4.40305900    2.88469200    0.40847800 
 H                  4.63233500    0.58530000    1.40541100 
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 O                  0.00000800    3.02543100   -1.53576600 
 N                  1.46385500    0.37075100    0.30993700 
 N                 -1.46384300    0.37076300    0.30996700 
 Pd                 0.00000000   -1.08623700   -0.00860300 
 Cl                -1.65386200   -2.67741100   -0.39968000 
 Cl                 1.65385600   -2.67740000   -0.39974800 
 
 
diazafluorenone  

 
 C                  0.28908100   -2.76295500   -0.00010900 
 C                  1.55521100   -3.36317200   -0.00013300 
 C                  2.73399000   -2.59354100   -0.00006200 
 C                  2.58104500   -1.21174100    0.00010700 
 C                  1.27987700   -0.72178700    0.00015400 
 H                 -0.63719200   -3.32794500   -0.00021400 
 H                  1.61416100   -4.44567100   -0.00024000 
 H                  3.71248100   -3.06242700   -0.00014700 
 C                  2.58102000    1.21177000    0.00011100 
 C                  2.73393700    2.59357300   -0.00005200 
 C                  1.55514200    3.36318000   -0.00012300 
 C                  0.28902500    2.76293800   -0.00010600 
 C                  1.27986200    0.72179000    0.00015500 
 H                  3.71241900    3.06247900   -0.00013300 
 H                  1.61407100    4.44568000   -0.00022500 
 H                 -0.63726000    3.32790900   -0.00021300 
 C                  3.51035400    0.00002400    0.00008600 
 O                  4.71916000    0.00003700    0.00003500 
 N                  0.15027400    1.42186100   -0.00002500 
 N                  0.15030300   -1.42188100   -0.00002300 
 Pd                -1.48695700   -0.00000800    0.00000700 
 Cl                -3.03433200    1.71358600    0.00001200 
 Cl                -3.03432900   -1.71360400    0.00003100 
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Chapter 2 

Palladium-Catalyzed Functionalizations of Fluoroalkenes: A Defluorinative Coupling of 1-Aryl-
2,2’-Dfluoroalkenes and Boronic Acids and the Enantioselective Aminofluorination 1-Aryl-2-

Fluoroalkenes 
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2.1. Introduction 
 

The use of bioisosteres, sometimes simply referred to as isosteres, has long attracted interest 
in the field of medicinal chemistry.1-2 Several definitions of a bioisostere can be found in the 
literature, but a useful definition offered by Alfred Burger states that a bioisosteric compounds are 
“compounds that poses near-equal molecular shapes and volumes, approximately the same 
distribution of electrons, and which exhibit similar physiochemical properties”.3 In short, these 
compounds have similar properties, despite having molecularly unique chemical structures. The 
utility of such compounds, however, is found in the subtle differences that remain between two 
bioisosteres. In an ideal scenario, the isostere would mimic the desirable properties of its molecular 
partner, while providing new or different properties that might be more desirable. 

 
The amide bond is a ubiquitous structural motif found medicinal chemistry, and consequently 

much effort has been made to develop amide bond mimics.4 Monofluoroalkenes exhibit a similar 
steric and electronic profile to amides, and thus have been used frequently as amide isosteres.4-12 
In comparison to amides, monofluoroalkenes have some important orthogonal properties which 
could make them useful mimics in medicinal chemistry. Some of these include enhanced stability 
to peptidases, increased lipophilicity, conformational rigidity, and in some cases improved 
molecular recognition.4 Monofluoroalkenes could also serve as a low toxicity alternatives to 
anilides, which have a well-documented toxicity in medicinal chemistry.2, 13 

 
Monofluoroalkenes can be prepared via several types of transformations including 

elimination, olefination, cross-coupling, and cross metathesis reactions. 14-15 Despite the variety of 
methods that have been developed to access different classes of monofluoroalkenes, challenges 
still remain. Amongst these challenges are the lack of syntheses that enable rapid diversification 
and methods that are highly stereoselective.14-15 The latter is of particular concern because 
traditional chromatographic techniques, including preparative HPLC, often fail to separate E and 
Z isomers of monofluoroalkenes, highlighting the importance of stereoselective methods.16  

 
The independent works of Hu and Cao are representative examples of the successes 

and remaining challenges in monofluoroalkene synthesis. Hu and co-workers have recently 
developed Julia-Kocienski olefination procedure that utilizes a selective decomposition 
strategy of sulfinate intermediates to isolate the E and Z isomers by extraction (Scheme 
2.1).16 While the procedure allows for isolation of both fluoroalkenes stereoisomers from 
the same reaction, this still leaves the issue of selective synthesis unsolved. Additionally, 
this protocol requires the synthesis of a new olefination reagent for each derivative, an 
impediment to modularity that is inherent to olefination strategies for monofluoroalkene 
synthesis.14-15 Cao and co-workers have recently reported a nickel-catalyzed Suzuki type 
coupling of boronic acids and difluorostyrenes that affords monofluoroalkenes 
stereoselectively (Scheme 2.1).17 It is proposed that reaction proceeds through oxidative 
addition into one of the vinyl C‒F bond,18-20 followed by cross-coupling with an aryl 
boronic acid. While a cross-coupling strategy provides the opportunity for more rapid 
diversification, the high temperature and reactive catalysts required for C‒F bond activation 
led to limited functional group tolerance. In order to make a cross-coupling strategy with 
difluoroalkenes tolerant of functional groups relevant to pharmaceutical, agrochemical and 
material sciences, we believed a mechanistically distinct process would be required. Herein 



126 
 

we report the development of a palladium-catalyzed defluorinative coupling reaction to 
access single isomers of monofluorostilbenes under mild conditions (Scheme 2.1). 
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Scheme 2.1. Strategies for the synthesis of monofluorostilbenes 

 
2.2. Results and Discussion 
 
2.2.1. Defluorinative Coupling of Difluorostyrenes 
 

As an extension of our arylfluorination chemistry,21-23 we questioned whether we might be 
able to construct molecules with trifluoromethyl-containing stereocenters via a palladium-
catalyzed difunctionalization of difluoroalkenes (Scheme 2.2).24-25 We hypothesized that this 
unconventional trifluoromethylation strategy could give us access to moieties not easily accessible 
by existing asymmetric trifluoromethylation methodologies.26 It should also be noted that 
difluoroalkenes alkenes are a readily accessible class of substrates.27-30 While a variety of methods 
exist for their synthesis, perhaps the most notable is through a Julia-Kocienski olefination protocol 
utilizing commercially available difluoromethyl 2-pyridyl sulfone (Hu’s reagent) and aldehydes 
or ketones, which we found to be useful for our purposes.  

 

 
Scheme 2.2. Proposed retrosynthetic approach to trifluoromethyl functional group from 

difluoroalkene 
 

During our studies on the arylfluorination of difluoroalkenes, we made some interesting 
observations. Under conditions similar to those employed in our arylfluorination reactions, we 
observed only traces of the desired trifluoromethyl-containing product (Scheme 2.3). Instead we 
observed monofluoroalkene 3 as the major product of the reaction. To rationalize this outcome, 
we envisioned a mechanistic scenario as outlined in Figure 2.2. Insertion of a difluoroalkene into 
a palladium-aryl bond of A would lead to the palladium alkyl intermediate, B. In an analogous 
fashion to beta-hydride elimination in the Heck reaction, β-fluoride elimination would lead to 
formation of the olefin product. The resulting palladium (II) species, C, could readily 
transmetallate with an aryl boronic acid to close the catalytic cycle. Importantly, such a process 
circumvents the generation of palladium(0) and is a redox neutral process, thus not requiring the 
use of external oxidants or added base. These aspects would be expected to help minimize issues 
with functional group compatibility. This serendipitous result led us to wonder if stereoselective 
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monofluoroalkene synthesis might be achieved via a defluorinative coupling reaction with 
difluoroalkenes. 

 
Perhaps the most interesting aspect of this proposed mechanism is the β-fluoride elimination 

step. At the time of this report, β-fluoride elimination from organometallic intermediates was not 
without precedent; however, it was infrequently designed into catalytic transformations.31-37 The 
most frequent application of this elementary step was in coupling reactions with trifluoromethyl-
substituted alkenes.31, 33-34, 37 In recent years, several new reports of defluorinative coupling 
reactions with difluoroalkenes, including carbo-, boryl-, and hydrodefluorination, have begun to 
emerged, further demonstrating that difluoroalkenes are useful for constructing fluorinated 
building blocks.38-44 

 
10 mol% Pd(OAc)2, 11 mol% (dtbbpy)

2 equiv Selectfluor
40 mol% (2-ethyl hexyl-O)2PO2H

4 mol% tert-butylcatechol
9:1 DCE/H2O, RT, 24h

+ Ar-B(OH)2

1
1.0 equiv

2
2.0 equiv
Ar = p-tolyl

3
Major Product

F

F

Ar

F

MeO
MeO

(dtbbpy) = 4,4'-di-tert-butyl-2,2'-bipyridine

Scheme 2.3. Defluorinative coupling observed under arylfluorination conditions 
 
 

 
Figure 2.1. Proposed catalytic cycle for observed defluorinative coupling 

 
With a variety of difluoroalkenes and boronic acids on hand we began to develop conditions 

for a palladium catalyzed defluorinative coupling (see supporting information). Our optimization 
efforts lead us to employ palladium(II) trifluoroacetate as a palladium source along with 4,4’-di-
tert-butyl-2,2’-bipyridine as a ligand in dimethylformamide (DMF) solvent at 50 °C. We 
investigated the scope of this reaction (Table 2.1). 
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Table 2.1. Scope of defluorinative couplinga,b 
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In all cases the monofluoroalkene products were formed in ≥50:1 diastereomeric ratio. With 
respect to difluoroalkene, we found that a wide variety of functional groups were tolerated 
including alkyl, ester, nitro, trifluoromethyl, ether, and halogen substituents, as well as substitution 
at ortho-, meta-, and para- positions of the aromatic ring. The reaction also tolerates a variety of 
functional groups on the boronic acid coupling partner including halogens, esters, methoxy, 
trifluoromethoxy, trimethylsilyl, free alcohol, and protected amine substituents, as well as 
substitution at ortho-, meta-, and para- positions. Some heteroarene substituted difluoroalkenes 
are tolerated as well, although they require extended reaction times and/or elevated temperature 
(Table 2.1, footnotes c and d). Both benzofuran product 3j and pyridine 3k can be synthesized, 
increasing the diversity of molecules accessible by this method. 

 
The reaction developed herein exhibits some interesting chemoselectivity and functional 

group tolerances worth further comment. First, in addition to being highly stereoselective, the 
reaction was also highly selective for mono-coupled products. Only in the case of 3m, did we 
observe over-reaction side products. However, this could be easily remedied by reduction of 
boronic acid loading to near stoichiometric quantities, and 3m was isolated in moderate yield. 

 
Second, we have observed that the reaction conditions are uniquely suited to boron-based 

nucleophiles including boronic acids and potassium tetrafluoroborate salts (Table 2.1, footnote e), 
although boronic esters react sluggishly. Interestingly, we found that arylstannanes and arylsilanes 
were inert under our reaction conditions both with and without added equivalents of fluoride, 
affording the opportunity for orthogonal cross coupling.45-47 

 
And finally, a variety of functional groups are tolerated that might be useful for further 

synthetic manipulations. Importantly, aryl halides are tolerated under these reaction conditions, 
including chlorides, bromides, and iodide. Even a substrate bearing a 2-bromopyridine is tolerated. 
In no case did we observe cross coupling with these functional groups, which stands in stark 
contrast to the nickel catalyzed procedure developed by Cao and co-workers who observe cross-
coupling even with arylchlorides.5 These results together strongly suggest that our process does 
not involve formation of Pd(0), and supports our initial mechanistic hypothesis. We believe this 
distinct reactivity manifold enables significant expansion of functional group tolerance.  

 
In an effort to lend support to our mechanistic hypothesis, we subjected a difluoroacrylate 4 

to our reaction conditions. Analysis of the proton and fluorine NMR spectra revealed a mixture of 
defluorocoupled product 6, and 1,4-conjugate addition product, 7 (Scheme 2.4A). Formation of 7 
presumably proceeds through a palladium alkyl intermediate,48 further supporting our proposal 
that the reaction proceeds through a migratory insertion, β-fluoride elimination pathway. Although 
we had never observed protonolysis products for the difluorostyrene substrates, observation of the 
protonolysis product, 7, lead us to consider whether protonolysis followed by base catalyzed 
elimination might be responsible for the formation of the monofluoroalkenes. To test for this 
possibility, we subjected 1,1-difluoro-1,2-dipheneylethane, 8, to our standard reaction conditions 
(Scheme 2.4B). The corresponding monofluoroalkene, 9, was not observed, thus suggesting the β-
fluoride elimination is not simply base mediated and occurs from a palladium alkyl intermediate. 
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Scheme 2.4. Mechanistic investigations. Ar = p-Br-C6H4-. A) Difluoroacrylate as mechanistic 

probe. B) Stability of difluoromethylene under reaction conditions 
 
In order to demonstrate the utility of this palladium-catalyzed defluorinative coupling, we 

sought to apply our methodology to the synthesis of a Gleevec® isostere. Gleevec® is a tyrosine 
kinase inhibitor, and the first of its class to be approved for the treatment of a variety of cancers.49-

50 Gleevec® contains a benzamide moiety, in its structure (Scheme 2.5), that we sought substitute 
with a monofluoroalkene moiety. Crystallographic studies suggest that the benzamide moiety 
adopts a trans- geometry in the enzyme binding site, making our stereoselective method 
particularly useful for accessing a conformationally locked analogue of Gleevec®.51 From 
commercially available 3-bromo-4-methyl-benzaldehyde, difluoroalkene 11 was synthesized 
using Hu’s reagent, and then subjected to our reaction conditions in presence of 4-
formylphenylboronic acid. Gratifyingly, the defluorocoupled product 13 was obtained in 57% 
yield. Reductive amination with 1-methylpiperazine followed by palladium-catalyzed Buchwald-
Hartwig coupling with commercially available 4-(3-pyridinyl)-2-pyrimidine amine affords the 
monofluoroalkene derivative of Gleevec®, 10, in 2 additional steps (See supporting information 
for details).52 Critical to the synthesis was the compatibility of functional groups such as the 
benzaldehyde moiety and the aryl bromide.  
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Scheme 2.5. Synthesis of Gleevec® Analogue 10 

 
2.2.2. Aminofluorination of Fluoroalkenes 
 

In addition to the arylfluorination of fluoroalkenes, we also investigated the aminofluorination 
of fluoroalkenes as a means to access trifluoromethyl and difluoromethyl containing products. Liu 
and co-workers reported the palladium-catalyzed aminofluorination of styrenes with N-
fluorobenzenesulfonimide (NFSI), wherein the amino fragment is the bis-sulfonimide moiety from 
NFSI.53 We questioned whether this strategy could be extended to difluoro- and 
monofluoroalkenes, and whether it might be possible to render the reaction asymmetric. We were 
pleased to find that indeed both monofluoro- and difluorostyrenes are competent in this reactions. 
We were further encouraged to find modest levels of enantioselectivity for the aminofluorination 
reaction, affording difluoromethyl-containing products (Scheme 2.6).  
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Scheme 2.6. Moderately enantioselective aminofluorination of monofluorostyrenes 
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Unfortunately, the maximum enantiomeric excess that was obtained was 26%. It should be 
noted that the presence of a non-hydrogen substituent (such as a methyl group) at the 6-position 
of the pyridine or a quinoline moiety in place of the pyridine was required on the ligand in order 
to obtain high yield (see supporting information for ligand screen data). The low enantiomeric 
excesses observed could conceivably be a function of these ligand requirements. Steric hindrance 
around the pyridine or quinoline nitrogen atom may encourage lability in the ligand.54-55 As shown 
in chapter 1 scheme 1.6 of this dissertation and in the literature, loss of rigidity in binding of the 
chiral ligand to palladium often results in poorer enantioselectivities.56-58 Future investigations 
should consider this possibility in addition to trying to identify other competent ligand classes. 
 
2.3. Conclusion 
 

In conclusion, we have developed the palladium catalyzed defluorinative coupling of 1-
aryl-2,2-difluoroalkenes with boronic acids to afford a monofluoroalkenes with high 
diastereoselectivity. The relatively mild reaction conditions and distinct mechanistic manifold 
allow for the incorporation of variety of synthetically useful functional groups. The utility of this 
method and these monofluoroalkene building blocks was demonstrated by the synthesis of a 
Gleevec® amide isostere. Moreover, this method represents a promising general strategy to 
synthesize products that can serve as isosteres for anilides, which have known toxicity in a 
medicinal setting. 

 
In addition, a moderately enantioselective aminofluorination of monofluorostyrenes has 

been developed. The unique ligand effects on reaction performance suggest that lability of the 
ligand may play an important role in catalyst performance and merits further study. 
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2.4. Supporting Information 
 
2.4.1. General Information 
 
Unless otherwise noted, reagents were obtained from commercial sources and used without further 
purification. All reactions were carried out without rigorous exclusion of water and air and at room 
temperature (23 °C) except where otherwise indicated. All reactions were magnetically stirred and 
monitored by analytical thin layer chromatography (TLC) using Merck 60 pre-coated silica gel 
plates with F254 indicator. Visualization was accomplished by UV light (254 nm). Flash column 
chromatography was performed using ICN SiliTech 32-63 D 60Å silica gel. Commercial grade 
solvents were used without further purification except as indicated below. Tetrahydrofuran (THF), 
diethyl ether (Et2O), dichloromethane (CH2Cl2), and, N,N’-dimethylformamide (DMF) were dried 
by passing commercially available pre-dried, oxygen-free formulations through activated alumina 
columns. 1H NMR, 13C NMR, and 19F spectra were recorded on Bruker AMX-300, AVQ-400, 
AVB-400, DRX-500 and AV-600 spectrometers and referenced to CDCl3 or CD2Cl2. 
Tetramethylsilane was used as an internal standard for 1H NMR (δ: 0.0 ppm), and CDCl3 or CD2Cl2 
for 13C NMR (δ: 77.23 ppm and 53.84 respectively). Multiplicities are indicated by s (singlet), d 
(doublet), t (triplet), q (quartet), and m (multiplet). Mass spectral data were obtained from the 
QB3/Chemistry Mass Spectrometry Facility at the University of California, Berkeley.  
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2.4.2. Preparation and Characterization of Difluoroalkene Substrates 
 

Unless otherwise noted, all difluoroalkene substrates were synthesized according to an 
adapted procedure of the method developed by Hu et al.16 A general procedure is provided below: 
To a flame dried 3-neck flask under N2 difluoromethyl 2-pyridnyl sulfone (386 mg, 1.0 mmol, 1.0 
eq) and the corresponding aldehyde (2.4 mmol, 1.2 eq) were added and dissolved in 4.0 mL of dry 
DMF. The contents of the flask were cooled to -50 °C on a dry ice acetone bath. Potassium tert-
butoxide (404 mg, 3.6 mmol, 1.8 eq) was added dropwise as a solution in 4.0 mL of DMF. The 
solution was stirred, and allowed to slowly warm to -40 °C over the course of 45 minutes. The 
reaction mixture was then quenched with 4.0 mL of a saturated aqueous solution of NH4Cl and 4.0 
mL of 1 M aqueous HCl. The flask was allowed to warm to room temperature and stir for 2 hours. 
The contents of the flask were then transferred to a separatory funnel and diluted with H2O and 
Et2O. The aqueous layer was removed, and the organic layer was washed 3 times with a saturated 
aqueous NaCl solution. The organic layer was separated, dried over MgSO4, filtered, and 
concentrated. The crude residue was purified by silica gel column chromatography (100 % hexanes 
to 90:10 hexanes ethyl acetate). 
Spectra for compounds 1a-j, o, s were in agreement with literature reports.16-17, 27, 59-60 
 
2-bromo-3-(2,2-difluorovinyl)pyridine 1k: 

 
Pale yellow oil : 
• 1H NMR (400 MHz, CD2Cl2) δ 8.23 (dd, J = 4.5, 1.9 Hz, 1H), 7.80 (d, J = 7.7 Hz, 1H), 7.29 (dd, 
J = 7.8, 4.7 Hz, 1H), 5.67 (dd, J = 25.3, 3.1 Hz, 1H). 
• 19F NMR (377 MHz, CD2Cl2): δ -77.85 (dd, J = 21.3, 3.3 Hz), -80.46 (dd, J = 25.3, 21.2 Hz). 
• 13C NMR (126 MHz, CD2Cl2) δ 157.3 (dd, J = 299.9, 291.1 Hz), 148.7, 143.0 (d, J = 6.3 Hz), 
137.2 (d, J = 8.8 Hz), 128.5 (d, J = 7.6 Hz), 123.3, 80.8 (dd, J = 34.0, 12.6 Hz). 
• HRMS (EI): M+ found 218.9496; C7H5BrF2N requires 218.9495 
 
1-chloro-3-(2,2-difluorovinyl)benzene 1r: 

 
Colorless oil : 
• 1H NMR (500 MHz, CD2Cl2) δ 7.34 (d, J = 2.1 Hz, 1H), 7.31 – 7.17 (m, 3H), 5.28 (dd, J = 26.0, 
3.7 Hz, 1H). 
• 19F NMR (377 MHz, CD2Cl2) δ -80.45 (dd, J = 28.5, 25.9 Hz), -82.54 (dd, J = 28.8, 3.5 Hz). 
• 13C NMR (126 MHz, CD2Cl2) δ 157.0 (dd, J = 299.9, 289.8 Hz), 134.8, 132.6 (m), 130.4, 127.8 
(dd, J = 7.6, 3.8 Hz), 127.5, 126.2 (dd, J = 6.3, 3.8 Hz), 81.8 (dd, J = 30.2, 13.9 Hz). 
• HRMS (EI): M+ found 174.0050; C8H5ClF2 requires 174.0048 
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2-bromo-4-(2,2-difluorovinyl)-1-methylbenzene11: 

 
Colorless oil : 
• 1H NMR (500 MHz, CD2Cl2) δ 7.52 (d, J = 1.8 Hz, 1H), 7.28 – 7.11 (m, 2H), 5.25 (dd, J = 26.2, 
3.7 Hz, 1H), 2.37 (s, 3H). 
• 19F NMR (377 MHz, CD2Cl2): δ -81.33 (dd, J = 30.7, 26.0 Hz), -83.53 (dd, J = 31.3, 3.8 Hz). 
• 13C NMR (126 MHz, CD2Cl2) δ 13C NMR (126 MHz, CDCl3) δ 156.7 (dd, J = 299.3, 289.2 Hz), 
137.2, 131.4 (dd, J = 7.6, 3.8 Hz), 131.3, 130.0 (m), 126.8 (dd, J = 6.3, 3.8 Hz), 125.4, 81.4 (dd, J 
= 29.0, 12.6 Hz), 22.7. 
• HRMS (EI): M+H+ found 231.9700; C9H7BrF2 requires 231.9699 
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2.4.3. Optimization, Preparation, and Characterization of Defluoro-coupling Products 
 
Selected Optimization on Substrate 3a: 
 
Entry Pd Source Ligand Solvent Temp. Yield 
1 Pd(TFA)2 dtbbpy DMF 50 °C 65%isolated 

2 Pd(TFA)2 dtbbpy MeCN 50 °C < 10% 
3 Pd(TFA)2 dtbbpy Dioxane 50 °C 30% 
4 Pd(OAc)2 dtbbpy Dioxane 100 °C 37% 
5 Pd(OAc)2 dtbbpy THF 50 °C 25% 
6 Pd(OAc)2 Phenanthorline Dioxane 50 °C 13% 
7 (MeCN)2PdCl2 dtbbpy Dioxane 50 °C 0% 
8 Pd(OAc)2 dtbbpy Dioxane 50 °C 24% 
9 (dppp)PdCl2 N/A Dioxane 50 °C 0% 

 
General Defluoro-coupling procedure: 
 
To an oven dried septum capped vial, palladium (II) trifluoroacetate (6.6 mg, 0.020 mmol, 0.10 
eq.) was added in a N2 atmosphere glovebox. The vial was removed from the glovebox, and 4,4’-
di-tert-butyl-2,2’-dipyridyl (6.0 mg, 0.022 mmol, 0.11 eq.). The solids were suspended in 0.25 mL 
of DMF and stirred for 30 minutes. Difluoroalkene substrate (0.200 mmol, 1.0 eq.) was added as 
a solution in 0.25 mL of DMF. Aryl boronic acid (0.400 mmol, 2.00 eq.) was added as a solid. The 
vial was capped and the vial was placed in a 50 °C oil bath. The contents of the vial were stirred 
and the progress of the reaction was monitored by TLC. After complete consumption of the starting 
material, the solution was cooled to room temperature and diluted with EtOAc and transferred to 
a separatory funel. The organic layer was washed 3 times with a saturated aqueous NaCl solution. 
The organic layer was separated, dried over MgSO4, and concentrated. The crude residue was 
purified by silca gel chromatography (hexanes/ethyl acetate mixtures). 
 
(Z)-2-(2-fluoro-2-phenylvinyl)naphthalene 3a: 

 
White solid: 
Spectra were in agreement with literature report.16 
• 1H NMR (400 MHz, CD2Cl2) δ 8.10 (d, J = 1.6 Hz, 1H), 7.92 – 7.80 (m, 4H), 7.77 – 7.69 (m, 
2H), 7.58 – 7.36 (m, 6H), 6.54 (d, J = 40.0 Hz, 1H). 
• 19F NMR (376 MHz, CD2Cl2): δ -113.61 (d, J = 40.0 Hz). 
• 13C NMR (126 MHz, CD2Cl2) δ 157.9 (d, J = 259.6 Hz), 133.9, 133.1 (d, J = 27.7 Hz), 132.9, 
131.6 (d, J = 2.5 Hz), 129.5, 129.1, 129.0, 128.4, 128.4, 127.9, 127.1 (d, J = 7.6 Hz), 126.6, 126.5, 
124.6 (d, J = 7.6 Hz), 106.3 (d, J = 10.1 Hz). 
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(Z)-1-(2-fluoro-2-phenylvinyl)-3-nitrobenzene 3b: 

 
White solid: 
Spectra were in agreement with literature report.16 
• 1H NMR (400 MHz, CDCl3) δ 8.50 (s, 1H), 8.16 – 8.06 (m, 1H), 7.95 (d, J = 7.8 Hz, 1H), 7.68 
(dd, J = 7.9, 1.8 Hz, 2H), 7.55 (t, J = 8.0 Hz, 1H), 7.45 (d, J = 7.1 Hz, 3H), 6.38 (d, J = 37.9 Hz, 
1H). 
 • 19F NMR (376 MHz, CDCl3): δ -109.45 (d, J = 38.0 Hz). 
• 13C NMR (126 MHz, CD2Cl2) δ 159.4 (d, J = 262.1 Hz), 148.9, 135.7 (d, J = 2.5 Hz), 134.9 (d, 
J = 8.8 Hz), 132.2 (d, J = 27.7 Hz), 130.2, 129.9, 129.1 (d, J = 1.3 Hz), 124.9 (d, J = 7.6 Hz), 123.6 
(d, J = 8.8 Hz), 122.1 (d, J = 1.3 Hz), 104.2 (d, J = 10.1 Hz). 
 
 (Z)-1-(2-fluoro-2-phenylvinyl)-4-(trifluoromethyl)benzene 3c: 

 
White solid: 
Spectra were in agreement with literature report.16 
• 1H NMR (400 MHz, CDCl3) δ 7.74 (d, J = 8.2 Hz, 2H), 7.67 (dd, J = 7.9, 1.8 Hz, 2H), 7.62 (d, 
J = 8.2 Hz, 2H), 7.51 – 7.37 (m, 3H), 6.35 (d, J = 38.6 Hz, 1H). 
• 19F NMR (376 MHz, CDCl3): δ -61.76 , -110.26 (d, J = 38.6 Hz). 
• 13C NMR (126 MHz, CD2Cl2) δ 159.1 (d, J = 262.1 Hz), 137.7, 132.5 (d, J = 27.7 Hz), 130.1, 
129.4 (d, J = 8.8 Hz), 129.1 (d, J = 2.5 Hz), 125.8 (q, J = 3.8 Hz), 124.9 (d, J = 7.6 Hz), 124.7 (q, 
J = 272.2 Hz), 104.9 (d, J = 10.1 Hz). The resonance for the aromatic carbon ipso- to the 
trifluoromethyl substituent could not be resolved. This is in agreement with the previous literature 
report.16 
 
 (Z)-5-(2-fluoro-2-phenylvinyl)benzo[d][1,3]dioxole 3d: 

 
White solid: 
Spectra were in agreement with literature report.17 
• 1H NMR (400 MHz, CDCl3) δ 7.65 – 7.58 (m, 2H), 7.44 – 7.32 (m, 3H), 7.29 (d, J = 1.8 Hz, 
1H), 7.03 (dd, J = 8.1, 1.7 Hz, 1H), 6.82 (d, J = 8.1 Hz, 1H), 6.24 (d, J = 39.2 Hz, 1H), 5.99 (s, 
2H). 
• 19F NMR (377 MHz, CDCl3): δ -115.4 (d, J = 39.2 Hz). 
• 13C NMR (151 MHz, CDCl3): δ 156.3 (d, J = 256.7 Hz), 148.0, 147.0 (d, J = 3.0 Hz), 133.1 (d, 
J = 27.2 Hz), 128.9, 128.7 (d, J = 1.5 Hz), 128.0 (d, J = 23.0 Hz), 124.2 (d, J = 7.6 Hz), 123.4 (d, 
J = 6.0 Hz), 109.1 (d, J = 10.6 Hz), 108.5, 105.8 (d, J = 10.6 Hz), 101.3. 
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(Z)-1-(2-fluoro-2-phenylvinyl)-2-methoxybenzene 3e: 

 
White solid: 
Spectra were in agreement with literature report.16 
• 1H NMR (400 MHz, CDCl3) δ 7.95 (dd, J = 7.8, 1.7 Hz, 1H), 7.73 – 7.61 (m, 2H), 7.47 – 7.23 
(m, 4H), 7.00 (t, J = 7.6 Hz, 1H), 6.91 (dd, J = 8.2, 1.1 Hz, 1H), 6.79 (d, J = 40.8 Hz, 1H), 3.88 (s, 
3H). 
• 19F NMR (377 MHz, CDCl3): -115.2 (d, J = 41.3 Hz) 
• 13C NMR (126 MHz, CD2Cl2) 13C NMR (126 MHz, CDCl3) δ 157.4 (d, J = 257.0 Hz), 157.0, 
133.65 (d, J = 27.7 Hz), 130.1 (d, J = 13.9 Hz), 129.2, 128.9, 128.9, 124.5 (d, J = 7.6 Hz), 122.6, 
121.0, 110.9, 99.7 (d, J = 8.8 Hz), 55.9. 
 
(Z)-2-(2-(4-bromophenyl)-2-fluorovinyl)naphthalene 3f: 

 
White solid: 
Spectra were in agreement with literature report.16 
• 1H NMR (400 MHz, CDCl3) δ 8.07 (s, 1H), 7.88 – 7.76 (m, 4H), 7.56 (s, 4H), 7.52 – 7.44 (m, 
2H), 6.48 (d, J = 39.3 Hz, 1H). 
• 19F NMR (377 MHz, CDCl3): δ -113.61 (d, J = 39.3 Hz). 
• 13C NMR (126 MHz, CD2Cl2) δ 156.9 (d, J = 258.3 Hz), 133.9, 133.0, 132.2 (d, J = 27.7 Hz), 
132.2 (d, J = 2.5 Hz), 131.3 (d, J = 3.8 Hz), 128.6 (d, J = 8.8 Hz), 128.5 (d, J = 3.8 Hz), 127.9, 
127.0 (d, J = 7.6 Hz), 126.7, 126.7, 126.2, 126.1, 123.5, 106.9 (d, J = 10.1 Hz). 
 
tert-butyl (Z)-(3-(2-(4-(tert-butyl)phenyl)-1-fluorovinyl)phenyl)carbamate 3g: 

F
t-Bu

NHBoc

 
White solid : 
• 1H NMR (500 MHz, CD2Cl2) δ 1H NMR (500 MHz, Chloroform-d) δ 7.72 (s, 1H), 7.59 (d, J = 
8.0 Hz, 2H), 7.42 (d, J = 8.0 Hz, 2H), 7.39 – 7.29 (m, 3H), 6.75 (s, 1H), 6.35 (d, J = 40.2 Hz, 1H), 
1.54 (s, 9H), 1.34 (s, 9H). 
• 19F NMR (377 MHz, CD2Cl2): δ -114.87 (d, J = 40.6 Hz). 
• 13C NMR (126 MHz, CD2Cl2) δ 156.8 (d, J = 257.0 Hz) 153.0, 151.0 (d, J = 2.5 Hz), 139.5 (d, 
J = 2.5 Hz), 134.0 (d, J = 27.7 Hz), 131.1 (d, J = 2.5 Hz), 129.6 (d, J = 2.5 Hz), 129.1 (d, J = 7.6 
Hz), 125.9, 119.1, 119.0 (d, J = 7.6 Hz), 114.2 (d, J = 8.8 Hz), 106.3 (d, J = 10.1 Hz), 80.9, 34.9, 
31.4, 28.4. 
• HRMS (ESI): M+Na+ found 392.1995; C23H28FNO2Na requires 392.1996 
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(Z)-1-(2-fluoro-2-(4-(trifluoromethoxy)phenyl)vinyl)-2-methoxybenzene 3h: 

 
Colorless oil : 
• 1H NMR (400 MHz, CDCl3) δ 7.93 (dd, J = 7.7, 1.7 Hz, 1H), 7.69 (d, J = 8.9 Hz, 2H), 7.34 – 
7.20 (m, 3H), 7.01 (t, J = 7.6 Hz, 1H), 6.91 (dd, J = 8.3, 1.1 Hz, 1H), 6.78 (d, J = 40.6 Hz, 1H), 
3.88 (s, 3H). 
• 19F NMR (377 MHz, CDCl3): δ -57.00 , -115.36 (d, J = 40.6 Hz). 
• 13C NMR (126 MHz, CD2Cl2) δ 157.0, 156.2 (d, J = 257.0 Hz), 149.68, 132.4 (d, J = 29.0 Hz), 
130.1 (d, J = 13.7 Hz), 129.3 (d, J = 2.5 Hz), 126.2 (d, J = 7.6 Hz), 122.3 (d, J = 3.8 Hz), 121.4, 
121.0, 120.9 (q, J = 258.3 Hz), 110.9, 100.6 (d, J = 8.8 Hz), 55.9. 
• HRMS (EI): M+ found 312.0773; C16H12F4O2 requires 312.0773  
 
(Z)-2-(2-fluoro-2-(4-iodophenyl)vinyl)naphthalene 3i: 

 
Off white solid : 
• 1H NMR (400 MHz, CD2Cl2) δ 8.09 (s, 1H), 7.91 – 7.76 (m, 6H), 7.53 – 7.47 (m, 2H), 7.45 (d, 
J = 8.6 Hz, 2H), 6.55 (d, J = 39.7 Hz, 1H). 
• 19F NMR (377 MHz, CD2Cl2): δ -114.62 (d, J = 39.9 Hz).  
• 13C NMR (151 MHz, CD2Cl2) δ 157.1(d, J = 258.2 Hz), 138.3 (d, J = 3.0 Hz),  134.0, 133.1 (d, 
J = 3.0 Hz), 132.8 (d, J = 28.7 Hz), 131.4 (d, J = 4.5 Hz),  128.7 (d, J = 7.6 Hz), 128.5, 128.5, 
128.0, 127.1 (d, J = 9.1 Hz),  126.8, 126.7, 126.3 (d, J = 7.6 Hz), 107.1 (d, J = 9.1 Hz), 95.2. 
• HRMS (EI): M+ found 373.9975; C18H12FI requires 373.9968  
 
(Z)-2-(2-fluoro-2-phenylvinyl)benzofuran 3j: 

 
White solid: 
• 1H NMR (600 MHz, CD2Cl2) δ 7.71 – 7.66 (m, 2H), 7.63 – 7.57 (m, 1H), 7.51 – 7.39 (m, 4H), 
7.29 (td, J = 8.2, 7.7, 1.4 Hz, 1H), 7.24 (td, J = 7.5, 1.1 Hz, 1H), 7.07 (s, 1H), 6.56 (d, J = 38.0 Hz, 
1H). 
• 19F NMR (377 MHz, CDCl3): δ -106.98 (d, J = 38.2 Hz). 
• 13C NMR (151 MHz, CD2Cl2) δ 158.9 (d, J = 261.2 Hz), 154.7 (d, J = 1.5 Hz), 151.5 (d, J = 3.0 
Hz), 132.0 (d, J = 27.2 Hz), 130.1, 129.7, 129.2 (d, J = 3.0 Hz), 124.9, 124.7 (d, J = 7.6 Hz), 123.5, 
121.4, 111.3, 106.9 (d, J = 12.1 Hz), 96.6 (d, J = 13.6 Hz). 
• HRMS (EI): M+ found 238.0797; C16H11FO requires 238.0794 
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(Z)-2-bromo-3-(2-fluoro-2-phenylvinyl)pyridine 3k: 

 
White solid : 
• 1H NMR (600 MHz, CDCl3) δ 8.30 – 8.18 (m, 2H), 7.69 (dd, J = 7.7, 1.8 Hz, 2H), 7.45 (m, 3H), 
7.30 (dd, J = 7.8, 4.6 Hz, 1H), 6.66 (d, J = 37.7 Hz, 1H). 
• 19F NMR (377 MHz, CDCl3): δ -111.58 (d, J = 37.7 Hz) 
• 13C NMR (151 MHz, CDCl3) δ 159.7 (d, J = 262.7 Hz), 148.2 (d, J = 3.0 Hz), 143.3, 138.3 (d, J 
= 13.6 Hz), 132.0 (d, J = 27.2 Hz), 131.1 (d, J = 1.5 Hz), 130.2, 128.9 (d, J = 3.0 Hz), 124.9 (d, J 
= 7.6 Hz), 123.0, 102.7 (d, J = 7.6 Hz). 
• HRMS (EI): M+ found 276.9902; C13H9BrFN requires 276.9902 
 
 (Z)-(4-(2-(3-bromo-4-methylphenyl)-1-fluorovinyl)phenyl)methanol 3l: 

 
White solid : 
• 1H NMR (400 MHz, CD2Cl2) δ 7.84 (d, J = 1.8 Hz, 1H), 7.63 (d, J = 8.3 Hz, 2H), 7.48 (dd, J = 
7.9, 1.8 Hz, 1H), 7.42 (d, J = 8.0 Hz, 2H), 7.25 (d, J = 7.9 Hz, 1H), 6.27 (d, J = 39.5 Hz, 1H), 4.81 
– 4.62 (m, 2H), 2.40 (s, 3H). 
• 19F NMR (377 MHz, CD2Cl2): δ -112.98 (d, J = 39.4 Hz). 
• 13C NMR (151 MHz, CDCl3) 13C NMR (151 MHz, CD2Cl2) δ 157.9 (d, J = 258.2 Hz), 142.9, 
137.4 (d, J = 3.0 Hz), 133.5 (d, J = 3.0 Hz), 132.7 (d, J = 9.1 Hz), 132.0 (d, J = 28.7 Hz), 131.3, 
128.2 (d, J = 7.6 Hz), 127.4 (d, J = 3.0 Hz), 125.4, 124.8 (d, J = 7.6 Hz), 104.7 (d, J = 10.6 Hz), 
65.0, 22.9. 
 • HRMS (EI): M+ found 320.0211; C16H14BrFO requires 320.0212 
 
methyl (Z)-4-(2-fluoro-2-phenylvinyl)benzoate 3m: 

 
White solid : 
• 1H NMR (600 MHz, CDCl3 δ 8.04 (d, J = 8.4 Hz, 2H), 7.74 – 7.63 (m, 4H), 7.49 – 7.35 (m, 3H), 
6.36 (d, J = 38.9 Hz, 1H), 3.93 (s, 3H). 
• 19F NMR (565 MHz, CDCl3):δ -111.46 (d, J = 39.0 Hz). 
• 13C NMR (151 MHz, CDCl3) δ 167.0, 158.9 (d, J = 262.7 Hz), 138.4 (d, J =  3.0 Hz), 132.5 (d, 
J = 27.2 Hz), 130.0, 129.7, 128.9, 128.8, 128.7 (d, J = 3.0 Hz), 124.7, 105.2 (d, J = 9.1 Hz), 52.2. 
• HRMS (EI): M+ found 256.0906; C16H13FO2 requires 256.0900 
 



141 
 

(Z)-(4-(2-(4-(tert-butyl)phenyl)-1-fluorovinyl)phenyl)trimethylsilane 3n: 

 
White solid : 
• 1H NMR (600 MHz, CDCl3) δ 7.61 (m, 4H), 7.56 (d, J = 7.8 Hz, 2H), 7.41 (d, J = 8.1 Hz, 2H), 
6.33 (d, J = 39.8 Hz, 1H), 1.35 (s, 9H), 0.29 (s, 9H). 
• 19F NMR (377 MHz, CDCl3): δ -114.80 (d, J = 39.8 Hz).  
• 13C NMR (151 MHz, CDCl3) δ 157.0 (d, J = 258.2 Hz), 150.6 (d, J = 3.0 Hz), 141.8, 133.7 (d, J 
= 3.0 Hz), 133.5 (d, J = 27.2 Hz), 131.0 (d, J = 3.0 Hz), 128.9 (d, J = 7.6 Hz), 125.7, 123.4 (d, J = 
7.6 Hz), 105.9 (d, J = 10.6 Hz), 34.8, 31.4, -1.0. 
• HRMS (EI): M+ found 326.1870; C21H27FSi requires 326.1866 
 
(Z)-2-(2-(4-(tert-butyl)phenyl)-1-fluorovinyl)-4-fluoro-1-methoxybenzene 3o: 

 
Viscous colorless oil: 
• 1H NMR (400 MHz, CD2Cl2) δ 7.57 (d, J = 8.5 Hz, 2H), 7.41 (d, J = 8.5 Hz, 2H), 7.34 (dd, J = 
9.8, 3.1 Hz, 1H), 7.03 (ddd, J = 9.1, 7.5, 3.1 Hz, 1H), 6.94 (ddd, J = 9.1, 4.5, 1.2 Hz, 1H), 6.84 (d, 
J = 43.4 Hz, 1H), 3.93 (s, 3H), 1.34 (s, 9H). 
• 19F NMR (377 MHz, CDCl3): δ -108.51 (d, J = 43.4 Hz), -123.53 (m). 
• 13C NMR (126 MHz, CD2Cl2) δ 157.2 (d, J = 238.1 Hz), 152.9 (d, J = 253.3 Hz), 153.2 (d, J = 
5.0 Hz), 151.0 (d, J = 3.0 Hz), 131.5, 129.4 (d, J = 7.6 Hz), 125.9, 123.1 (dd, J = 20.2, 8.8 Hz), 
115.9 (d, J = 22.7 Hz), 113.8 (dd, J = 25.2, 12.6 Hz), 112.8 (dd, J = 5.0 2.5 Hz), 112.0 (d, J = 8.8 
Hz), 56.5, 34.9, 31.4. 
• HRMS (EI): M+ found 302.1483; C19H20F2O requires 302.1482 
 
(Z)-2-(2-(4-(tert-butyl)phenyl)-1-fluorovinyl)naphthalene 3p: 

 
White solid: 
• 1H NMR (500 MHz, CD2Cl2) δ 8.14 (s, 1H), 7.96 – 7.82 (m, 3H), 7.74 (d, J = 8.6 Hz, 1H), 7.65 
(d, J = 8.2 Hz, 2H), 7.53 (m, 2H), 7.45 (d, J = 8.1 Hz, 2H), 6.50 (d, J = 40.4 Hz, 1H), 1.36 (s, 9H). 
• 19F NMR (377 MHz, CD2Cl2): δ -115.38 (d, J = 40.5 Hz).  
• 13C NMR (126 MHz, CD2Cl2) δ 13C NMR (126 MHz, CDCl3) δ 157.2 (d, J = 257.0 Hz), 151.1 
(d, J = 2.5 Hz), 133.7, 133.5, 131.2 (d, J = 2.5 Hz), 130.5 (d, J = 27.7 Hz), 129.1, 129.1, 128.8, 
128.7 (d, J = 2.5 Hz), 128.0, 127.1, 126.0, 123.6 (d, J = 8.8 Hz), 122.0 (d, J = 6.3 Hz), 106.6 (d, J 
= 10.1 Hz), 34.9, 31.4. 
• HRMS (EI): M+ found 304.1640; C22H21F requires 304.1627 
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(Z)-1-(tert-butyl)-4-(2-fluoro-2-phenylvinyl)benzene 3q: 

 
White solid: 
Spectra were in agreement with literature report.16 
• 1H NMR (400 MHz, CDCl3) δ 7.64 (d, J = 7.0 Hz, 1H), 7.59 (d, J = 8.5 Hz, 2H), 7.46 – 7.31 (m, 
5H), 6.31 (d, J = 39.8 Hz, 1H), 1.34 (s, 9H). 
• 19F NMR (376 MHz, CDCl3)  δ -114.42 (d, J = 39.8 Hz). 
• 13C NMR (126 MHz, CD2Cl2) δ 157.1 (d, J = 257.0 Hz), 151.0 (d, J = 2.5 Hz), 133.3 (d, J = 27.7 
Hz), 131.1 (d, J = 2.5 Hz), 129.3, 129.0, 129.0, 125.9, 124.4 (d, J = 7.6 Hz), 106.0 (d, J = 11.3 
Hz), 34.9, 31.4. 
 
methyl (Z)-4-(2-(3-chlorophenyl)-1-fluorovinyl)benzoate 3r: 

 
White solid : 
• 1H NMR (400 MHz, CD2Cl2) δ 8.08 (d, J = 8.2 Hz, 2H), 7.78 – 7.66 (m, 3H), 7.54 (d, J = 7.7 
Hz, 1H), 7.35 (t, J = 7.9 Hz, 1H), 7.29 (d, J = 8.1 Hz, 1H), 6.44 (d, J = 38.7 Hz, 1H), 3.91 (s, 3H). 
• 19F NMR (377 MHz, CD2Cl2): δ -112.78 (d, J = 38.8 Hz). 
• 13C NMR (126 MHz, CD2Cl2) δ 166.6, 157.4 (d, J = 259.6 Hz), 136.7 (d, J = 27.7 Hz), 135.3 (d, 
J = 3.8 Hz), 134.8, 131.2, 130.3, 130.2 (d, J = 2.5 Hz), 129.2 (d, J = 8.8 Hz), 128.2 (d, J = 2.5 Hz), 
127.8 (d, J = 7.6 Hz), 124.6 (d, J = 7.6 Hz), 107.1 (d, J = 10.1 Hz), 52.5. 
• HRMS (EI): M+ found 290.0512; C16H12ClFO2 requires 290.0510 
 
(Z)-4-(2-(3-bromo-4-methylphenyl)-1-fluorovinyl)benzaldehyde 13: 

 
White solid : 
• 1H NMR (400 MHz, CD2Cl2) δ 10.02 (s, 1H), 7.92 (d, J = 8.0 Hz, 2H), 7.87 (s, 1H), 7.79 (d, J = 
8.1 Hz, 2H), 7.52 (d, J = 8.0 Hz, 1H), 7.28 (d, J = 7.9 Hz, 1H), 6.44 (d, J = 39.0 Hz, 1H), 2.41 (s, 
3H). 
• 19F NMR (377 MHz, CD2Cl2): δ -114.03 (d, J = 38.9 Hz). 
• 13C NMR (126 MHz, CDCl3) δ 191.7, 156.6 (d, J = 259.6 Hz), 138.3 (d, J = 1.3 Hz), 138.1 (d, J 
= 27.7 Hz), 136.8, 132.9 (d, J = 8.8 Hz), 132.8 (d, J = 2.5 Hz), 131.3, 130.2 (d, J = 2.5 Hz), 128.5 
(d, J = 8.8 Hz), 125.4, 124.9 (d, J = 7.6 Hz), 107.7 (d, J = 10.1 Hz), 23.0. 
• HRMS (EI): M+ found 318.0059; C16H12BrFO requires 318.0056 
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2.4.4. Mechanistic Experiments 
Experimental :  

 
8 was prepared according to literature procedure61 and subjected to the reaction conditions detailed 
in section 3 with phenylboronic acid as the arylboronic acid. No monofluoroalkene product was 
observed. 

 
Difluoroacrylate 4 was prepared62 and subjected to same reaction conditions detailed in section 3. 
Products 6 and 7 were identified in the crude reaction mixture by 1H and 19F NMR spectroscopy. 
Co-polarity of 6 and 7 precluded their isolation from eachother however, diagnostic signals were 
in agreement with related reports from the literature.63-64 Crude spectra are provided below : 
Diagnotic resonances: 
• 1H NMR (400 MHz, CD2Cl2) For comopund 6: δ 5.98 (d, J = 33.5 Hz, 1H), For compound 7:  δ  
3.29 (t, J = 15.0 Hz). 
• 19F NMR (377 MHz, CD2Cl2): For compound 7: δ  -91.27 (t, J = 14.9 Hz), For compound 6: δ -
95.00 (d, J = 33.7 Hz). 
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2.4.5. Synthesis of Gleevec Derivative 
(Z)-1-(4-(2-(3-bromo-4-methylphenyl)-1-fluorovinyl)benzyl)-4-methylpiperazine 14 

 
Compound 12 was synthesized as described above. 
 
To a flame dried Schlenk flask under N2 12 (79.8 mg, 0.25 mmol, 1.0 eq) was added in 2.0 mL of 
1,2-dichloroethane (used as received). To the flask, 1-methylpiperazine (138.0 µL, 1.25 mmol, 5.0 
eq) was added via syringe. Contents of flask were stirred for 20 minutes resulting in a slightly 
yellow solution. Sodium cyanoborohydride (31.4 mg, 0.5 mmol, 2.0 eq) was added as a solid, and 
the contents of the flask were stirred. The reaction progress was monitored by thin-layer 
chromatography. After 12 hours, the reaction was incomplete. At this time an additional portion 
of sodium cyanoborohydride (equivalent to first portion) was added. After 18 hours of totat 
reaction time the reaction was complete. The contents of the flask were diluted with water and 
DCM. The aqueous layer was washed twice with DCM. The combined organic layers were dried 
over MgSO4, filtered, and concentrated. Crude NMR analysis indicated that 3m was formed as a 
side product (2.5 : 1 13/3m). The crude solid was purified by silica gel chromatography 
(99.5 :0.5 :0 to 98.5 :0.5 :1.0 DCM/TEA/MeOH) to afford 13 (45 mg, 45%, Z/E = 50 :1) as a white 
solid.  
• 1H NMR (400 MHz, CD2Cl2) δ 7.83 (d, J = 1.7 Hz, 1H), 7.58 (d, J = 8.4 Hz, 2H), 7.48 (dd, J = 
7.9, 1.8 Hz, 1H), 7.37 (d, J = 8.1 Hz, 2H), 7.29 – 7.19 (m, 1H), 6.25 (d, J = 39.5 Hz, 1H), 3.52 (s, 
2H), 2.44 (m, 11H), 2.28 (s, 3H). 
• 19F NMR (377 MHz, CD2Cl2): δ -112.82 (d, J = 39.6 Hz). 
• 13C NMR (126 MHz, CDCl3) δ 157.6 (d, J = 259.6 Hz), 140.2, 136.9 (d, J = 2.5 Hz), 133.2 (d, J 
= 2.5 Hz), 132.2 (d, J = 8.8 Hz), 131.1 (d, J = 27.7 Hz), 130.8, 129.3, 127.7 (d, J = 8.8 Hz), 124.9, 
124.1 (d, J = 7.6 Hz), 104.0 (d, J = 10.1 Hz), 62.3, 53.1, 45.6, 22.5. 
• HRMS (ESI): M+H+ found 403.1173; C21H25BrFN2 requires 403.1180 
 
(Z)-N-(5-(2-fluoro-2-(4-((4-methylpiperazin-1-yl)methyl)phenyl)vinyl)-2-methylphenyl)-4-
(pyridin-3-yl)pyrimidin-2-amine 10 

 
A procedure was adapted from Buchwald et al.52 The following palladium pre-catalyst was 
synthesized according to literature report.65 

 
To a flame 2 dram vial equipped with a stir bar, 14 (40.3 mg, 0.100 mmol, 1.0 eq), XPhos pre-
catalyst (4.2 mg, 0.005 mmol, 5 mol%), Xphos (2.4 mg, 0.005 mmol, 5 mol%), 4-(pyridin-3-
yl)pyrimidin-2-amine (20.7 mg, 0.120 mmol, 1.2 eq), and potassium carbonate (30.4 mg, 0.220 
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mmol, 2.2 eq)  were added as solids. The vial was evacuated and back-filled 4 times with N2. The 
contents of the vial were dissolved in 0.5 mL of dry degassed tert-butanol. The solution was heated 
to 110 °C for 6 hours, after which the reaction the starting material was completely consumed. The 
contents of the flask were cooled to room temperature and were diluted with EtOAc and H2O. The 
organic layer was washed once with H2O and once with brine. The organic layer was separated 
and dried over MgSO4, filtered, and concentrated. The crude solid was purified by silica gel 
chromatography (99.5 :0.5 :0 to 98.5 :0.5 :1.0 DCM/TEA/MeOH) to afford a white solid. The 
solid was taken up in DCM and washed with H2O to remove triethylammonium salts. The DCM 
layer was dried over Na2SO4 filtered and concentrated to afford 9 (16 mg, 34%, Z/E = 12:1) as a 
white solid. 
• 1H NMR (600 MHz, CD2Cl2) δ 9.26 (s, 1H), 8.69 (d, J = 4.7 Hz, 1H), 8.51 (d, J = 5.1 Hz, 1H), 
8.48 – 8.37 (m, 2H), 7.60 (d, J = 8.3 Hz, 2H), 7.47 – 7.40 (m, 1H), 7.38 (d, J = 8.1 Hz, 2H), 7.32 
(dd, J = 7.8, 1.8 Hz, 1H), 7.26 (d, J = 7.9 Hz, 1H), 7.22 (d, J = 5.1 Hz, 1H), 7.05 (s, 1H), 6.36 (d, 
J = 40.2 Hz, 1H), 3.51 (s, 2H), 2.37 (br, piperazine protons), 2.23 (s, 3H). 
• 19F NMR (377 MHz, CD2Cl2): δ -95.91 (d, J = 22.0 Hz, minor E diastereomer), -114.03 (d, J = 
40.1 Hz). 
• 13C NMR (151 MHz, CD2Cl2) δ 162.6, 160.9, 159.1, 156.9 (d, J = 256.7 Hz), 151.4, 148.5, 139.9, 
137.7, 134.3, 132.6, 132.0, 131.5 (d, J = 28.7 Hz), 130.5, 129.2 (d, J = 1.5 Hz), 128.5, 124.4 (d, J 
= 7.6 Hz), 123.9 (d, J = 7.6 Hz), 123.5, 122.2 (d, J = 7.6 Hz), 108.2, 105.4 (d, J = 10.6 Hz), 62.4, 
55.1, 45.7, 17.7. (One carbon resonance corresponding to the pipearzine moeity under the CD2Cl2 
peak) 
• HRMS (ESI): M+H+ found 495.2654; C30H32FN6 requires 495.2667 
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2.4.6. Data for aminofluorination of monofluorostyrenes 
 
Procedure for asymmetric aminofluorination of fluoroalkenes: 
 
To a 1 dram vial, Pd(OAc)2 (.02 mmol, 0.1 eq) and chiral ligand (0.04 mmol, 0.2 eq) were added 
and suspended in 0.5 mL of bench top dioxane. The contents of the vial were stirred for 15 minutes. 
The substrate (0.2 mmol, 1.0 eq) was added as a solution in 0.5 mL of dioxane. NFSI (0.3 mmol, 
1.5 eq) was added as a solid followed by 0.1 mL of acetonitrile. The reaction mixture was stirred 
at room temperature and monitored by TLC (10:1 Hex/EA) (18-36 hours). After completion, the 
reaction mixture was concentrated and immediately purified by silica gel chromatography (20:1 
Hex/EA). The spectral data for the product was consistent with literature reports.53 Yields refer to 
isolated yields. Enantiomeric excess determined by Chiral HPLC analysis (AD-H, 95:5 
hexanes/IPA, 1.0 mL/min). 
 
Ligand survey: 

CF2H

N

F

PhO2S SO2Ph
N

F

PhO2S SO2Ph

t-Bu t-Bu

+

10 mol% Pd(OAc)2
11 mol% Ligand

10:1 Dioxane/MeCN

N

N

O

R

N

OO

N RR N

OO

N

RR

MeMe

N

OO

N

RR

R R

N

O

R

Ph2P

PPh2

PPh2
HN

OO

N

RR

CN

HNNH

O O

N N

N

N

O

i-Pr
32 % yield

12 %ee

N N

PhPh

Me Me

75% yield  
Trace or no product observed where yield is not indicated. 

 



149 
 

 
 



150 
 

HPLC data for fluoroamination product: 
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2.4.7. Spectral Data 
2-bromo-3-(2,2-difluorovinyl)pyridine 1k 
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1-chloro-3-(2,2-difluorovinyl)benzene 1r: 
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2-bromo-4-(2,2-difluorovinyl)-1-methylbenzene10 
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(Z)-2-(2-fluoro-2-phenylvinyl)naphthalene 3a: 
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(Z)-1-(2-fluoro-2-phenylvinyl)-3-nitrobenzene 3b: 
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(Z)-1-(2-fluoro-2-phenylvinyl)-4-(trifluoromethyl)benzene 3c: 

 

 



162 
 

 



163 
 

(Z)-5-(2-fluoro-2-phenylvinyl)benzo[d][1,3]dioxole 3d: 
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(Z)-1-(2-fluoro-2-phenylvinyl)-2-methoxybenzene 3e: 
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(Z)-2-(2-(4-bromophenyl)-2-fluorovinyl)naphthalene 3f: 
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tert-butyl (Z)-(3-(2-(4-(tert-butyl)phenyl)-1-fluorovinyl)phenyl)carbamate 3g: 
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(Z)-1-(2-fluoro-2-(4-(trifluoromethoxy)phenyl)vinyl)-2-methoxybenzene 3h  
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(Z)-2-(2-fluoro-2-(4-iodophenyl)vinyl)naphthalene 3i 
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(Z)-2-(2-fluoro-2-phenylvinyl)benzofuran 3j 
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 (Z)-2-bromo-3-(2-fluoro-2-phenylvinyl)pyridine 3k 
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 (Z)-(4-(2-(3-bromo-4-methylphenyl)-1-fluorovinyl)phenyl)methanol 3l 
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methyl (Z)-4-(2-fluoro-2-phenylvinyl)benzoate 3m: 
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(Z)-(4-(2-(4-(tert-butyl)phenyl)-1-fluorovinyl)phenyl)trimethylsilane 3n 
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(Z)-2-(2-(4-(tert-butyl)phenyl)-1-fluorovinyl)-4-fluoro-1-methoxybenzene 3o  
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(Z)-2-(2-(4-(tert-butyl)phenyl)-1-fluorovinyl)naphthalene 3p 
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(Z)-1-(tert-butyl)-4-(2-fluoro-2-phenylvinyl)benzene 3q: 
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methyl (Z)-4-(2-(3-chlorophenyl)-1-fluorovinyl)benzoate 3r: 
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2-bromo-4-(2,2-difluorovinyl)-1-methylbenzene11 
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 (Z)-4-(2-(3-bromo-4-methylphenyl)-1-fluorovinyl)benzaldehyde 13 
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 (Z)-1-(4-(2-(3-bromo-4-methylphenyl)-1-fluorovinyl)benzyl)-4-methylpiperazine 13 
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(Z)-N-(5-(2-fluoro-2-(4-((4-methylpiperazin-1-yl)methyl)phenyl)vinyl)-2-methylphenyl)-4-
(pyridin-3-yl)pyrimidin-2-amine 10 
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