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Abstract

This Article describes the development of a decarbonylative Pd-catalyzed aryl-fluoroalkyl bond-
forming reaction that couples fluoroalkylcarboxylic acid-derived electrophiles [REC(O)X] with
aryl organometallics (Ar-M’). This reaction was optimized by interrogating the individual steps
of the catalytic cycle (oxidative addition, carbonyl de-insertion, transmetalation, and reductive
elimination) to identify a compatible pair of coupling partners and an appropriate Pd catalyst.
These stoichiometric organometallic studies revealed several critical elements for reaction design.
First, uncatalyzed background reactions between R:C(O)X and Ar-M’ can be avoided by using
M’ = boronate ester. Second, carbonyl de-insertion and Ar-Rg reductive elimination are the two
slowest steps of the catalytic cycle when Rg = CF3. Both steps are dramatically accelerated upon
changing to Rg = CHF,. Computational studies reveal that a favorable FoC—H----X interaction
contributes to accelerating carbonyl de-insertion in this system. Finally, transmetalation is slow
with X = difluoroacetate but fast with X = F. Ultimately, these studies enabled the development
of an (SPhos)Pd-catalyzed decarbonylative difluoromethylation of aryl neopentylglycol boronate
esters with difluoromethyl acetyl fluoride.
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INTRODUCTION

Due to the prevalence of fluoroalkyl (Rg) substituents in bio-active molecules, there is a
high demand for reagents and synthetic methods for the formation of (heteroaryl)aryl-Rg
bonds.1:2 The prevailing approach involves transition metal-catalyzed cross-coupling of aryl
halide electrophiles (ArX) with fluoroalkyl nucleophiles (Re—M).3# Despite extensive work
in this area, the scope and broad utility of these transformations remain limited, largely due
to challenges associated with the fluoroalkyl nucleophiles.# The most common fluoroalkyl
nucleophiles, R3SiRg, have limited availability for diverse Rg substituents, undergo sluggish
transmetalation in the absence of bases, and exhibit poor stability in the presence of the basic
additives required for transmetalation.*® While some designer Ag and Zn-based fluoroalkyl
nucleophiles have been developed to address these challenges, these reagents still have
limitations with respect to synthetic accessibility and/or broad availability, particularly for
diverse Rg groups.*6.7

A complementary cross-coupling approach to form (hetero)aryl-Rg bonds would involve the
reaction of fluoroalkyl carboxylic acid-derived electrophiles (ReC(O)X) with (hetero)aryl
nucleophiles (Ar-M’, Scheme 1).8-123 This strategy eliminates the challenges associated with
transmetalation from a weakly nucleophilic R reagent.*° Furthermore, it leverages the
abundance, low cost, and stability of fluoroalkyl carboxylic acid derivatives.13

A putative catalytic cycle for this transformation is shown in Scheme 2 and involves (/)
oxidative addition of ReC(O)X to form [M]-acyl complex I, (/i) carbonyl de-insertion

to generate [M]-Rg intermediate 11, (/7)) transmetalation of the aryl nucleophile (Ar—-M”)

to form complex 111, and (/V) aryl-Rg bond-forming reductive elimination to release the
product. An early study from our group established the feasibility of each of these individual
steps using trifluoroacetic anhydride and diphenyl zinc as the coupling partners, and Pd[P(c-
Tol)3],/RuPhos as [M].132 However, catalytic turnover was not viable in this system due to a
rapid uncatalyzed background reaction between the reagents to form trifluoromethyl ketones
(Scheme 2, uncatalyzed acylation, ).

In addition to the competing background reaction, our early work identified several other
limitations associated with individual steps of the catalytic cycle.132 For instance, direct
oxidative addition of trifluoroacetic anhydride at (RuPhos)Pd (step /) proved challenging.
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As such, a two-step sequence involving initial oxidative addition at Pd(P(o-Tol)3), followed
by a separate ligand exchange between P(0-Tol)3 and RuPhos is required. Furthermore, both
carbonyl de-insertion (step /) and aryl-CF3 bond-forming reductive elimination (step /)
were slow and/or low yielding. Finally, transmetalation (step /77) was limited to strongly
nucleophilic organometallic reagents like diphenyl zinc.132

We hypothesized that these challenges could be addressed via a mechanistic-based redesign
of the catalyst and coupling partners for this reaction. In this report, we initially identify
fluoroalkyl anhydrides and aryl boronate esters as compatible ReC(O)X and Ar—-M’
coupling partners. We then use this pair to interrogate each step of the cycle in Scheme

2 with (SPhos)Pd as the catalyst. These stoichiometric organometallic studies provide

key insights into the impact of Rg, X, and M’ on each step, ultimately informing the
development of a Pd-catalyzed method for the difluoromethylation of aryl boronate esters.

RESULTS AND DISCUSSION

Identifying Compatible Coupling Partners.

Our original attempts at Pd-catalyzed decarbonylative aryl fluoroalkylation were hampered
by the uncatalyzed background addition of the diphenyl zinc nucleophile to the
trifluoroacetic anhydride electrophile (TFAAnN) to form phenyl trifluoromethyl ketone
(A).138 This background reaction proceeds in 77% yield within 1 h at 25 °C (Table 1,

entry 1), as determined by 19F NMR spectroscopic analysis. Our initial studies focused on
identifying more compatible coupling partners for the proposed catalytic transformation. We
hypothesized that aryl boron reagents, which are significantly less nucleophilic than their
zinc counterparts,132.14.22¢ woyld minimize ketone formation. Indeed, none of the ketone

A was formed upon stirring a CDCl3 solution of trifluoroacetic anhydride (TFAAR) with
phenyl boronic acid over 1 h at 25 °C. However, under these conditions a different undesired
reaction, hydrolysis of the anhydride, proceeded to form trifluoroacetic acid (TFA, B) in
quantitative yield (Table 1, entry 2). We next examined phenylboronic acid neopentylglycol
ester (PhBneo) as the nucleophile, reasoning that it should minimize this hydrolysis process.
Indeed, no detectable side product formation was observed upon stirring stirring a CDCl3
solution of TFAAN with PhBneo over 1 or 3 h at 25 °C (Table 1, entries 3 and 4).
Compatibility was also observed when using phenylboronic acid pinacol ester (PhBpin)
under otherwise identical conditions (entry 5). Furthermore, compatibility with PhBneo was
maintained when moving to other fluoroalkyl anhydrides (e.g., difluoroacetic anhydride)
was well as other fluoroalkyl carboxylic acid derivatives (e.g., difluoroacetyl fluoride; see
Supporting Information for complete details).

Catalytic Cycle: Oxidative Addition and Carbonyl De-insertion.

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

with the individual steps of the catalytic cycle. As described above, previous studies with
RuPhos as the ligand accessed the TFAAnN oxidative addition product in two discrete steps.
First, Pd(P(o-Tol)3),, was treated with TFAAN, and this was followed by a separate ligand
exchange with RuPhos.138 We hypothesized that replacing the large isopropoxy-substituents
of RuPhos with smaller methoxy groups (of SPhos) could accelerate oxidative addition and
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ligand substitution and facilitate the single-pot formation of SPhos-ligated trifluoroacetyl
intermediate I-COCF3 (Figure 1). Indeed, the reaction of a THF solution of Pd[P(o-Tol)3]/
SPhos with TFAAN yielded I-COCF3 in 98% yield within 15 min at 25 °C (Figure

1B). Complex I-COCF3 was characterized in situ by 19F and 31P NMR spectroscopy,

and the data are in excellent agreement with those for the reported RuPhos analogue.132

In particular, this complex can be clearly identified as a trifluoroacyl Pd intermediate
(rather than a Pd—CF3 complex) based on the diagnostic chemical shift of the CF3 group
(approximately =75 ppm Pd—C(O)CF3 versus —12 ppm for Pd-CF3).313a.14

While Pd(P(o-Tol)3),/SPhos proved highly reactive for oxidative addition of TFAAnN at
room temperature (Scheme 2, step /), carbonyl de-insertion (Scheme 2, step /7)) at I-COCF3
remained slow in this system. After 4 h at 25 °C, no change in the 1°F NMR spectrum was
observed, and the decarbonylated intermediate, 11-CF3, was not detected. CO de-insertion
was only observed upon heating the reaction. After 30 min at 90 °C, I-COCF3 was nearly
fully consumed with concomitant formation of 11-CF3 in 91% yield (Figure 1C). Complex
11-CF3 was characterized in situ (by analogy to the RuPhos analogue) based on its distinct
broad Pd-CF3 19F NMR resonance at —11.6 ppm.3a.132.15,16

We hypothesized that the rate of carbonyl de-insertion would be impacted by the nature

of the migrating fluoroalkyl substituent.172 Thus we next explored the difluoromethyl
analogue, in which a single fluorine atom is replaced by a hydrogen. This dramatically
alters the size, nucleophilicity, dipole moment, and H-bond donor ability of the fluoroalkyl
group,2¢-d and all of these factors could potentially impact the carbonyl de-insertion step.1”
Furthermore, it is well-documented that Ar—-CHF, bond-forming reductive elimination at
Pd'! centers occurs under much milder conditions than analogous Ar—CF3 couplings.3#92
As such, this modification should accelerate this other challenging elementary step (V) of
the catalytic cycle in Scheme 2.

The reaction of a THF solution of Pd[P(o-Tol)3]2/SPhos with 1 equiv of difluoroacetic
anhydride (DFAAN, Figure 2A) under otherwise identical conditions afforded >99%
conversion of DFAAnN within 15 min at room temperature. As shown in Figure 2B, the
oxidative addition product I-COCHF, was formed in 85% yield and characterized /n situ
via 19F NMR spectroscopy. This result demonstrates that oxidative addition remains fast in
this system, despite the lower electrophilicity of DFAAnN relative to that of TFAAN.

Interestingly, in marked contrast to the trifluoromethyl analogue, carbonyl de-insertion at
I-COCHPF; also proceeded at room temperature. 11-CHF, was formed in 13% yield after
0.25 h, and the reaction was nearly complete within 10 h at 25 °C, affording 11-CHF»

in 91% yield as determined by 1°F NMR spectroscopy (Figure 2C). Complex 11-CHF,
was isolated in 61% yield and was structurally characterized by X-ray crystal-lography. An
ORTEP diagram of 11-CHF,, along with representative bond distances and bond angles,
are shown in Figure 3. A noteworthy feature of this structure is a short (2.38 A) distance
between H29 (from the CHF, group) and O3 (of the difluoroacetate ligand). A significantly
longer distance (3.60 A) is observed between H29 and O4. The short (2.38 A) distance as
well as the C29-H29-0O3 angle of 96.9° are consistent with the existence of an attractive
interaction between H29 and 03.18
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Density functional theory (DFT) calculations!® (M0O6/LANL2DZ/6-311G**) were
performed to interrogate the origin of the large rate enhancement for carbonyl de-insertion
at I-COCHF;, relative to I-COCF3. This difference is counter to commonly accepted trends,
where the rate is typically inversely proportional to the nucleophilicity of the migrating R
group.17@ Figure 4 shows an energy profile for 1,1-CO de-insertion at I-CORg proceeding
through TS1-RE to initially form CO-bound complex (CO)Pd-Rg. CO dissociation then
generates the experimentally observed product 11-Rg. Consistent with the experimental
observations, the calculations show a large (~16 kcal/mol) difference between the barrier for
1,1-de-insertion at I-COCHF; versus I-COCFj. In addition, the overall thermodynamics
associated with conversion of I-COCHF; to 11-CHF; + CO (DG = -18.4 kcal/mol) is
significantly more favorable than for the CF3 analogue (DG = -3.2 kcal/mol).

The computed structures show the presence of an attractive interaction with electrostatic
character between H29 (of the CHF, group) and O3 (of the carboxylate ligand). This
interaction appears to contribute significantly to both the kinetic and thermodynamic
preference for carbonyl de-insertion at the CHF, versus CF3 analogueC. In the ground
state starting material, I-COCHF,, a weak H(d+)---O(d") electrostatic contact (3.59 A)
contributes to a distortion of the coordination geometry at Pd away from square planar. For
instance, the angle between the acyl and carboxylate ligands ( in Figure 4) is 97.5° in
I-COCF3 (which cannot engage in this weak contact) versus 154.9° in I-COCHF». Given
that carbony! de-insertion transition states involve a three-coordinate metal center,17? this
distortion makes the geometry of I-COCHF, much closer to that of the transition state,
TS1-CHF5 than in the CF3 analogue. The H---O bond distance becomes significantly
shorter moving from I-COCHF; (3.59 A) to TS1-CHF, (2.69 A) to 11-CHF, (2.37

A). Notably, the latter closely matches that observed experimentally in the X-ray crystal
structure of 11-CHF, (2.38 A).

Further analysis of the electrostatic potential surfaces (EPSs) of I-COCHF, TS1-CHF;,
and I11-CHF; and of non-covalent interaction (NCI) maps of the 11-Rg adducts reveal the
key role of various attractive interactions (Figure 5).20nP Specifically, orbital donor-acceptor
interactions, electrostatic interactions, and a series of weakly attractive non-covalent

bonds (dipole-induced dipole) were all observed in the -CHF, containing structures, most
prominently in TS1-CHF, (see Supporting Information for complete details). In contrast,
the electrostatic potential surfaces of the CFz-analogues show more diffuse dispersive
repulsive interactions between the highly electronegative trifluoromethyl groups. These
repulsive interactions are most pronounced in TS1-CF3, providing further insights into the
relatively high barrier to carbonyl de-insertion at I-COCFs3.

Catalytic Cycle: Transmetalation and Reductive Elimination.

We next used complex 11-CHF; to interrogate the final two steps of the catalytic cycle:
transmetalation and aryl-Rg bond-forming reductive elimination (Figure 6). With boronic
acid 1a as the nucleophile, 55% conversion of 11-CHF5 was observed over 0.25 h at room
temperature, with concomitant formation of the difluoromethylated organic product 1 in
40% yield. None of the Pd!! o-aryl intermediate 111-CHF, was detected, indicating that
Ar—CHF; bond-forming reductive elimination is facile at room temperature.
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In contrast, the boronate ester nucleophiles 1b and 1c showed low reactivity towards
transmetalation with 11-CHF,. In both cases, >99% of 11-CHF, remained after 0.25 h at 25
°C, and only traces of 1 were detected. These results indicate that transmetalation between
the Pd!'—difluoroacetate intermediate 11-CHF, and aryl boronate esters is likely to be a key
bottleneck in catalysis.

We hypothesized that this issue could be addressed by changing the X-type ligand on Pd'!
from trifluoroacetate to a more reactive fluoride.2:22 Previous work23:24 has demonstrated
that transition metal fluoride complexes exhibit high transmetalation activity towards various
aryl boron nucleophiles. To generate a Pd''-F intermediate, we treated a THF solution of
11-CHF;, with anhydrous tetramethylammonium fluoride (Me4NF) for 0.5 h at 25 °C (Figure
7). This resulted in complete consumption of 11-CHF, and the appearance of a broad 1°F
NMR resonance at —349.5 ppm, which is diagnostic for a metal-fluo-ride.21 While this
intermediate could not be isolated cleanly, the addition of boronate ester 1b resulted in
consumption of the Pd—F signal within 15 min at 25 °C and formation of the reductive
elimination product 1 in 27% yield (Figure 7). Again, the putative intermediate 111-CHF,
was not detected. Overall, this sequence demonstrates that a fluoride ligand enables the
targeted transmetalation/reductive elimination sequence with 1b, thus closing the formal
catalytic cycle in this system.

Development of Catalytic Reaction.

The organometallic studies described above demonstrate that each individual step of the
catalytic cycle in Scheme 2 can proceed at room temperature. As such, our initial catalysis
attempts focused on the room temperature SPhos/Pd[P(o-Tol)3],-catalyzed decarbonylative
coupling of DFAAnN with boronate ester 1b in the presence of metal fluoride (MF) sources.
As summarized in Figure 8, none of these reactions (with Me4NF, BuyNF, or CsF) yielded
the target difluoromethylated product 1. However, in the crude 1°F NMR spectra of reactions
that used CsF as the fluoride source, difluoroacetyl fluoride (DFAF) observed as a major
byproduct.

We noted that acid fluorides are significantly less electrophilic than their anhydride
counterparts®, which could result in slower oxidative addition. To address this potential
issue, we next explored elevated temperatures. Gratifyingly, at 130 °C using excess CsF
relative to DFAAN, the coupling product 1 was observed, albeit in modest (22%) yield
(Figure 8). The stoichiometric studies suggest that at 130 °C carbonyl de-insertion should
also be feasible for the —CF3 and —CF,CF3 analogues. As such, we explored the analogous
catalytic reactions using TFAAnN and pentafluoropropionic anhydride (PFPAN) at 130 °C.
As shown in Figure 8, 4-trifluoromethylbenzonitrile and 4-pentafluoroethylbenzonitrile
were formed in these transformations, in modest yields of 5% and 4%, respectively.

In all three decarbonylative fluoroalkylation reactions a significant amount of the
corresponding fluoroalkyl acid was observed in the crude mixture, consistent with
competing decomposition of the anhydrides with traces of water in the fluoride salts.

Moving forward, we focused on optimizing catalytic decarbonylative difluoromethylation,
since this was the highest yielding reaction among those in Figure 8. To eliminate the need
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for the hygroscopic fluoride additives, we independently synthesized anhydrous DFAF as

a concentrated solution in THF (see Sl for full details) and deployed it directly as the
electrophile for cross-coupling.23:24 As shown in Table 2, entry 1, none of product 1 was
detected at room temperature with DFAF as the electrophile, consistent with slow oxidative
addition. However, upon heating this reaction to 130 °C, 1 was formed in 51% yield (entry
3). The reaction was further optimized with respect to reagent stoichiometry, temperature,
solvent, and reaction time.2> Under the optimized conditions (10 mol % Pd[P(o-Tol)3],, 20
mol % of SPhos, 5 equiv of DFAF, and 1 equiv of 1b in a mixture of THF:toluene at 150 °C
for 5 h), 1 was formed in 92-93% yield as determined by 19F NMR spectroscopic analysis
and was isolated in 77% yield (see Sl for details).

We next evaluated the scope of arene nucleophiles for this transformation. As summarized
in Table 3, a variety of neopentylglycol boronate esters bearing electron withdrawing
substituents (1-13) reacted to afford modest to excellent yields of difluoromethylarene
products.?® Nitriles (1, 2), ketones (3-5), esters (6-8), sulfoxides (11), sulfonamides (12,
13) were well-tolerated under the reaction conditions. In addition, azole derivatives (9,
10) reacted in low to modest yields. Boronate esters bearing fluorinated substituents

also underwent difluoromethylation in good to excellent yields but proved too volatile

for isolation (see Sl). Interestingly, boronate ester derivatives bearing electron donating
substituents, such as methyl, phenyl, or benzyl ethers, showed low reactivity2’ under these
conditions (typically <5% yield). 1°F NMR spectroscopic analysis of these low yielding
reactions showed significant quantities of unreacted DFAF and no identifiable organic
by-products. Ongoing efforts are focused on interrogating the mechanistic origin of this
limitation and developing second generation catalysts to overcome it.

CONCLUSIONS

In summary, this Article presents a detailed investigation of decarbonylative cross-couplings
between fluoroalkyl carboxylic acid-derived electrophiles and aryl boron nucleophiles. The
combination of stoichiometric organometallic and computational studies unveiled several
key findings that ultimately enabled the development of a catalytic difluoromethylation
reaction. First, unusually low barriers are observed for the key carbonyl de-insertion step

at (SPhos)Pd'!(C(O)CHF,)(X) complexes relative to their trifluoromethyl analogues. Several
attractive non-covalent interactions involving the acidic CHF, hydrogen appear to play a
crucial role in lowering this barrier, a finding that could prove more broadly useful in the
future development of decarbonylative couplings with these electrophiles.

The generation of a Pd—fluoride intermediate proved critical for promoting the challenging
transmetalation step of the sequence. This finding led to the use of difluoroacetyl fluoride
as the electrophile in catalysis to directly access a ‘transmetalation-active’” Pd-fluoride
intermediate in situ and enable base-free transmetalation. While similar effects have been
observed at nickel centers, this report is rare example of base-free cross-coupling of an acid
fluoride derivative at Pd.24 Overall, we expect this study to engender interest in the unique
properties of fluoroalkyl groups and the reactivity of metal-fluoroalkyl complexes in the
context of catalytic reaction development.
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477. [PubMed: 21614074]

(6). On the reagent TMSCF3:(a)Liu X; Wang M Liu Q. Trifluoromethyltrimethylsilane:
nucleophilic trifluoromethylation and beyond. Chem. Rev 2015, 115, 683-730. [PubMed:
24754488] (b)Krishnamoorthy S; Kothandaraman J; Saldana J; Surya Prakash GK Direct
difluoromethylation of carbonyl compounds by using TMSCF3: the right conditions. Eur. J.
Chem 2016, 4965-4969.(c)Xie Q; Li L; Zhu Z; Zhang R; Ni C; Hu J From C1 to C»:

TMSCF3 as a precursor to pentafluoroethylation. Angew. Chem. Int. Ed 2018, 57, 13211-13215.
(d)Johnston CP; West TH; Dooley RE; Reid M; Jones AB; King EJ; Leach AG Lloyd-Jones GC
Anion-initiated trifluoromethylation by TMSCF3: deconvolution of the siliconate-carbonanion
dichotomy by stopped-flow NMR/IR. J. Am. Chem. Soc 2018, 140, 11112-11124. [PubMed:
30080973]

(7). Mudarra AL; Martinez de Salinas S; Perez-Temprano MH Beyond the traditional roles of Ag in
catalysis: the transmetalating ability of organosilver(i) species in Pd-catalysed reactions. Org.
Biomol. Chem 2019, 17, 1655-1667. [PubMed: 30474675]

JAm Chem Soc. Author manuscript; available in PMC 2022 November 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lalloo et al.

Page 10

(8). For reviews on carboxylic acids and their derivatives as electrophiles in cross-coupling:(a)Baudoin

O New approaches for decarboxylative biaryl coupling. Angew. Chem. Int. Ed 2007, 46, 1373—
1375.(b)Goollen K, Rodriguez N, GoofRen LJ, Carboxylic acids as substrates in homogenous
catalysis. Angew. Chem. Int. Ed 2008, 47, 3100-3120.(c)Yu DG.; B. J. Li.; Z. J. Shi. Exploration
of new C-0 electrophiles in cross-coupling reactions. Acc. Chem. Res 2010, 43, 1486-1495;
[PubMed: 20849101] (d)Rodriguez N, Gool3en LJ, Decarboxylative coupling reactions: a modern
strategy for C—-C-bond formation. Chem. Soc. Rev 2011, 10, 5030-5048;(e)Cornella J, Larrosa
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direct C-H difluoromethylation of heteroaromatic compounds. Chem. Eur. J 2017, 23, 18125~
18128. [PubMed: 28945302]

JAm Chem Soc. Author manuscript; available in PMC 2022 November 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lalloo et al.

12).

(13).

(14).

(15).

(16).

ar).

(18).

(19).

Page 11

For other examples of fluoroalkyl carboxylic acid derivatives being used as a fluoroalkyl
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We conducted an analogous stoichiometric oxidative addition and carbonyl de-insertion
experiment with pentafluoropropionic anhydride (PFPAN, Rg = —CFoCF3). As summarized in
Figures S9 and S10, the reaction with PPAn proceeded nearly identically to that with TFAAR,
showing fast oxidative addition but very slow carbonyl de-insertion at room temperature [<1%
yield of the carbonyl de-insertion product after 4 h at room temperature].

For relative rates in carbonylation reactions, see:(a)Shusterman AJ; Tamir I; Pross A

The mechanism of organometallic migration reactions. A configuration mixing approach. J.
Organomet. Chem 1988, 340, 203-222.(b)Ortuno MA; Busra D; Cramer CJ Mechanism of Pd-
catalyzed decarbonylation of biomass-derived hydrocinnamic acid to styrene following activation
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(a)Johnston RC; Cheong HY C-H---O non-classical hydrogen bonding in the stereomechanics
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problem. Acc. Chem. Res 2009, 42, 33-44. [PubMed: 18921985]

For DFT methods, see:(a)Schrodinger Release 2019-2: Macro-Model, Schrédinger, LLC, New
York, NY, 2019.b)Schrddinger Release 2019-2: Maestro, Schrodinger, LLC, New York, NY,
2019.(b)Frisch MJ; Trucks GW; Schlegel HB; Scuseria GE; Robb MA; Cheeseman JR; Scalmani
G; Barone V; Mennucci B; Petersson GA; Nakatsuji H; Caricato M; Li X; Hratchian HP;
Izmaylov AF; Bloino J; Zhang G; Sonnenberg JL; Hada M; Ehara M; Toyota K; Fukuda R;
Hasegawa J; Ishida M; Nakajima T; Honda Y; Kitao O; Nakai H; Vreven T; Montgomery

JA; Peralta JE Jr.; Ogliaro F; Bearpark M; Heyd JJ; Brothers E; Kudin KN; Staroverov VN;
Kobayashi R; Normand J; Raghavachari K; Rendell A; Burant JC; lyengar SS; Tomasi J; Cossi
M; Rega N; Millam JM; Klene M; Knox JE; Cross JB; Bakken V; Adamo C; Jaramillo J;
Gomperts R; Stratmann RE; Yazyev O; Austin AJ; Cammi AR; Pomelli C; Ochterski JW;

Martin RL; Morokuma K; Zakrzewski VG; Voth GA; Salvador P; Dannenberg JJ; Dapprich S;
Daniels AD; Farkas O; Foresman JB; Ortiz JV; Cioslowski J; Fox DJ Gaussian 09, Revision
C.02; Gaussian, Inc.: Wallingford, CT, 2009.(c)Roy LE; Hay PJ; Martin RL Revised Basis

Sets for the LANL Effective Core Potentials. J. Chem. Theory Comput 2008, 4, 1029-1031.
[PubMed: 26636355] (d)Zhao Y, Truhlar DG. Density Functionals with Broad Applicability in
Chemistry. Acc. Chem. Res 2008, 41, 157-167. [PubMed: 18186612] (e)Huzinaga S, Gaussian
Basis Sets for Molecular Calculations, Elsevier Science Pub. Co., Amsterdam, 1984. 15 P. J.

Hay and W. R. Wadt, J. Chem. Phys, 1985, 82, 299-310.(f)Hay PJ and Wadt WR, Ab initio
effective core potentials for molecular calculations. Potentials for the transition metal atoms Sc
to Hg. J. Chem. Phys 1985, 82, 270-283.(g)Gonzalez C; Schlegel HB An improved algorithm
for reaction path following. J. Chem. Phys, 1989, 90, 2154-2161;(h)Gonzelez C; Schlegel HB
Reaction Path Following in Mass-Weighted Internal Coordinates. J. Phys. Chem, 1990, 94, 5523—
5527.(i)Barone V; Cossi M Quantum Calculation of Molecular Energies and Energy Gradients

in Solution by a Conductor Solvent Model. J. Phys. Chem. A, 1998, 102, 1995-2001;(j)Cossi
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M; Rega N; Scalmani G; Barone VJ Energies, structures, and electronic properties of molecules
in solution with the C-PCM solvation model. Comput. Chem, 2003, 24, 669-681.(k)Reed AE;
Weinstock RB; Weinhold F Natural population analysis. J. Chem. Phys, 1985, 83, 735-746;
(DReed AE; Weinhold F Natural localized molecular orbitals. J. Chem. Phys, 1985, 83, 1736—
1740;(m)Reed AE; Curtiss LA; Weinhold F Intermolecular interactions from a natural bond
orbital, donor-acceptor viewpoint. Chem. Rev, 1988, 88, 899-926.(n)Glendening ED; Reed AE;
Carpenter JE; Weinhold F NBO Version 3.1;(0)Contreras-Garcia J; Johnson ER; Keinan S;
Chaudret R; Piquemal J-P; Beratan DN; Yang W NCIPLOT: A program for plotting noncovalent
regions. J. Chem. Theory Comput 2011, 7, 625-632. [PubMed: 21516178] (p)Shakourian-Fard
M; Kamath G; Jamshidi Z Trends in physisorption of ionic liquids on boron-nitride sheets. J.
Phys. Chem. C 2014, 118, 26003-26016.

Trifluoroacetic anhydride (TFAAN) and pentafluoropropionic anhydride (PFPAN) both undergo
rapid oxidative addition at room temperature but require elevated temperatures for carbonyl
de-insertion. Both TFAAN and PFPAN lack the acidic hydrogen found in DFAAnN and require
high temperatures for carbonyl de-insertion. See the Supporting Information (p. S8-13) for more
details.

(a)Fraser SL, Antipin M. Yu., Khroustalyov VN, Grushin VVV, Molecular fluoro palladium
complexes J. Am. Chem. Soc 1997, 119, 4769-4770.(b)Beweries T; Brammer L; Jasim NA,;
McGrady JE; Perutz RN, Whitwood AC Energetics of halogen bonding of group 10 metal
fluoride complexes. J. Am. Chem. Soc 2011, 133, 14338-14348. [PubMed: 21851113]

For recent example of studies on transmetalation-active organometallic complexes with
organoboron and silicon, see:(a)Carrow BP; Hartwig JF Distinguishing between pathways

for transmetalation in Suzuki-Miyaura reactions. J. Am. Chem. Soc 2011, 133, 2116-2119.
[PubMed: 21280669] (b)Amatore C, Jutand A & Le Duc G The triple role of fluoride ions in
palladium-catalyzed Suzuki—Miyaura reactions: unprecedented transmetalation from [ArPdFL>]
complexes. Angew. Chem. Int. Ed 2012, 51, 1379-1382.(c)Thomas AA & Denmark SE Pre-
transmetalation intermediates in the Suzuki—Miyaura reaction revealed: the missing link. Science
2016, 352, 329-332. [PubMed: 27081068] (d)Malapit CA; Bour JR; Brigham CE; Sanford MS
Base-free nickel-catalysed decarbonylative Suzuki-Miyaura coupling of acid fluorides. Nature
2018, 563, 100-104. [PubMed: 30356210] (e)Malapit CA; Bour JR; Laursen SR; Sanford

MS Mechanism and scope of nickel-catalyzed decarbonylative borylation of carboxylic acid
fluorides. J. Am. Chem. Soc 2019, 141, 17322-17330. [PubMed: 31617708] (f)Malapit CA,
Borrell M; Milbauer MW; Brigham CE; Sanford MS Nickel-catalyzed decarbonylative amination
of carboxylic acid esters. J. Am. Chem. Soc 2020, 142, 5918-5923. [PubMed: 32207616]

For reviews on utility of acid fluorides in decarbonylative cross-coupling, see refs 8k—m.

For examples of utility of acid fluorides in decarbonylative cross-coupling, see refs 20d, 20f,
and:(a)Keaveney ST; Schoenebeck F Palladium-catalyzed decarbonylative trifluoromethylation
of acid fluorides. Angew. Chem. Int. Ed 2018, 57, 4073-4077.(b)Wang Z; Wang X; Nishihara
Y Nickel-catalysed decarbonylative borylation of aroyl fluorides. Chem. Commun 2018, 54,
13969-13972.(c)Ogiwara Y; Sakurai Y; Hattori H; Sakai N Palladium-catalyzed reductive
conversion of acyl fluorides via ligand-controlled decarbonylation. Org. Lett 2018, 20, 4204—
4208. [PubMed: 29963866] (d)Okuda Y; Xu J; Ishida T; Wang C.-a.; Nishihara Y Nickel-
catalyzed decarbonylative alkylation of aroyl fluorides assisted by Lewis-acidic organoboranes.
ACS Omega 2018, 3, 13129-13140. [PubMed: 31458033] (e)Sakurai S; Yoshida T; Tobisu M
Iridium-catalyzed decarbonylative coupling of acyl fluorides with arenes and heteroarenes via
C-H activation. Chem. Lett 2019, 48, 94-97.(f)Ogiwara Y; lino Y; Sakai N Catalytic C-H/C-F
coupling of azoles and acyl fluorides. Chem. Eur. J 2019, 25, 6513-6516. [PubMed: 30941769]
(9)Wang X; Wang Z; Liu L; Asanuma Y; Nishihara Y Nickel-catalyzed decarbonylative
stannylation of acyl fluorides under ligand-free conditions. Molecules 2019, 24, 1671-1682.
(h)Wang X; Wang Z; Nishihara Y Nickel/copper-cocatalyzed decarbonylative silylation of acyl
fluorides. Chem. Commun 2019, 55, 10507-10510.(i)Kayumov M; Zhao J-N; Mirzaakhmedov
S; Wang D-Y; Zhang A Synthesis of arylstannanes via palladium-catalyzed decarbonylative
coupling of aroyl fluorides. Adv. Synth. Catal 2020, 362, 776-781.(j)Chen Q; Fu L; Nishihara Y
Palladium/copper-cocatalyzed decarbonylative alkynylation of acyl fluorides with alkynylsilanes:
synthesis of unsymmetrical diarylethynes. Chem. Commun 2020, 56, 7977-7980.(k)Wang Z;
Wang X; Ura Y; Nishihara Y Nickel-catalyzed decarbonylative cyanation of acyl chlorides.
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Org. Lett 2019, 21, 6779-6784. [PubMed: 31389711] (l)Sakurai Y; Ogiwara Y; Sakai N
Palladium-catalyzed annulation of acyl fluorides with norbornene via decarbonylation and CO
reinsertion. Chem. Eur. J 2020, 26, 12972-12977. [PubMed: 32452619] (m)He B; Liu X; Li H;
Zhang X; Ren Y; Su W Rh-Catalyzed general method for directed C—H functionalization via
decarbonylation of in-situ-generated acid fluorides from carboxylic acids. Org. Lett 2021, 23,
4191-4196. [PubMed: 33979175]

Optimal yields are obtained by conducting this reaction in tall, 10-mL scintillation vials, and
other vessels examined resulted in in significantly diminished yields. We hypothesize that having
additional head space for the reaction is beneficial due to the gaseous nature of DFAF and THF
under the reaction conditions. See p. S34 for complete details about the selection of reaction
vessel.

The mass balance in the catalytic reaction was evaluated via 19 NMR spectroscopy using
2-(4-fluorophenyl)-5,5-dimethyl-1,3,2-dioxaborinane as the substrate. After 3 h, 17% of the
difluoromethylated product [1-(difluoromethyl)-4-fluorobenzene], 14% of the protodeboronation
product [fluorobenzene], and 43% of the aryl boron starting material were observed, accounting
for 74% of the mass balance. Neither 4-fluorophenylboronic acid nor 4,4’-difluorobiphenyl were
detected. See p. S32-33 for additional details.

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

we evaluated the fluoride-mediated transmetalation of 11-CHF» with the p-OCH3 substituted
substrate 19b. The difluoromethylated product 19 was formed in 26% yield (nearly identical to
the 27% yield of 1 in Figure 7), suggesting that the transmetalation step is not the origin of

the poor reactivity of electron-rich boronate esters in the catalytic reaction. See the Supporting
Information (pages S18-19) for additional details.
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Figure 1.

Oxidative addition and carbonyl de-insertion of TFAAnN at SPhos/Pd® in THF. 19F NMR
spectra of (A) TFAAN; (B) Reaction of TFAAn with SPhos/Pd® in THF after 0.25 h at room
temperature; (C) Reaction of TFAAN with SPhos/Pd® in THF after 4 h at room temperature;
(D) Reaction heated to 90°C for 0.5 h. Spectra are referenced to 4-fluorotoluene (-119.85

ppm).
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Figure 2.

Oxidative addition and carbonyl de-insertion of DFAAnN at SPhos/Pd® in THF. 19F NMR
spectrum of (A) DFAAR; (B) Reaction of DFAAN with SPhos/Pd® in THF after 15 min
at room temperature; (C) Reaction of DFAAN with SPhos/Pd® in THF after 10 h at room
temperature. Black star represents 4-fluorotoluene (=119.85 ppm, internal standard).
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Figure 3.
ORTEP diagram of 11-CHF,. Select hydrogen atoms are omitted for clarity. Selected bond

lengths (A) and angle (deg): 03-Pd1 2.11, 04-Pd1 3.09, C29-Pd1 1.99, C1-Pd1 2.46;
H29---03 2.38, H29---04 3.60; C29-Pd1-03 81.7, C29-H29---03 96.9.
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Figure 4.

Energetics (the preferred binding mode highlighted as conformer A, see Sl for details) for
the carbonyl de-insertion process at (A) I-COCF3 and (B) I-COCHF, with selected key
angles a, B, vy, and 6 for I-CORg and TS1-Rf.
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Figure 5.
Electrostatic potential surfaces (for the optimal conformer A, see Sl for details) generated

for (A) I1-COCF3, TS1-CF3, and 11-CF3; (B) I-COCHF,, TS1-CHF,, and I1-CHF;,
Energies are in represented in kcal/mol.
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1a-c

THF
25 °C 1
llI-CHF,
not observed

of
]

B«

NC NC

1a 1b 1c
40% 1 observed trace 1 observed no reaction
(45% I1-CHF, remaining) (99% I1-CHF; remaining) (>99% II-CHF; remaining)
Figure 6.

Transmetalation/reductive elimination sequence between 11-CHF5 and aryl boron
nucleophiles 1la-c.
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1. Me4NF, THF, 25 °C CHF,
2. 1b, THF, 25 °C
Fo
NC

[fluoride-mediated transmetalation]

1
27%

F
F H
Me,NF 1b
>
[Pd—F
II-F lI-CHF,
Pd—F observed by "°F NMR not observed

Figure 7.
Generation of a Pd—F intermediate facilitates transmetalation with organoboron reagent 1b

and subsequent reductive elimination (steps /7#fand /vin Scheme 2).
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O O
3 equiv FZHCJ\OJ\CHFZ

10 mol% Pd[P(o-Tol)s],

20 mol% SPhos CHF
3.5 equiv MF -
> NC

THF/toluene

room temperature 1

O/jL 3h 0%
1

B

(0)
I
NC
F)LO Rr

1b 3 equiv R
10 mol% Pd[P(o-Tol)s],
20 mol% SPhos Re
3.5 equiv CsF
THF/toluene - NC
130-150 °C Yield 1-Rg (%)
h
3 Rg = -CHF, 22
-CF, 5
-CF,CF; 4

Figure 8.
Initial attempts at catalysis using DFAAnN and fluoride salts.
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A. Traditional cross-coupling with fluoroalkyl nucleophiles

cat. Ni, Pd, Cu
— + R5Si—R base/additive
Ar—X 3S E > Ar—R:
aryl halide fluoroalkyl fluoroalkylated
electrophile nucleophile arenes

B. This work:
Decarbonylative fluoroalkylation with ReC(O)X electrophiles

O 0
)L cat. Pd
+ Ar—M' > Ar—R
Re™ X -CO F
fluoroalkyl carboxylic aryl fluoroalkylated

acid-derived nucleophile arenes
electrophile

Scheme 1.

(A) Traditional fluoroalkylative cross-coupling using fluoroalkyl nucleophiles; (B)
This work: decarbonylative fluoroalkylation with fluoroalkyl carboxylic acid-derived
electrophiles.
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A. General scheme for decarbonylative fluoroalkylation

@)

, cat. Pd°
)l\ + Ar-M' ————5  Ar—R; + M'—X
Rf X -CO
fluoroacyl organometallic fluoroalkyl
electrophile nucleophile arenes

B. Proposed catalytic cycle

O
Ar—Re La[Pd°] JI
. Rg™ °X Ar—M'
(iv) (v)
reductive oxidative uncatalyzed
elimination addition acylation
RIF O RF o)
La[Pd'"]—Ar L, [Pd"l—x RFJ\Ar
]| |
(i)
(i) carbonyl
transmetalation de-insertion
X—-M'
Re
CO
Ar—M' L, [Pd"1—x
!
Scheme 2.

(A) General reaction scheme for decarbonylative fluoroalkylation and (B) proposed catalytic
cycle with undesired acylation shown.
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Table 1.

Compatibility of TFAAnN with different aryl nucleophiles.

Page 24

0O O PhM' 0 o]
J\ Jj\ 3 J\ * )’l\
F,C (0] CF; 1h,25°C F,C Ph F,C OH
TFAAnN A B
entry PhM’ yield A yield B
1 Ph,Zn 7% 0%

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

3 PhBneo <1% <1%

48 PhBneo <1% <1%

5 PhBpin <1% <1%

45 °C for 3 .
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Table 2.

Optimization of difluoromethylation of 1a with DFAF.

O
Eli... 0 10 mol% Pd[P(o-Tol);]; CHF,
(o) Py 20 mol% SPhos
+ FQHC F .
NG conditions, 3 h NC
1b (0.05 mmol) X equiv 1
entry X T(°C) solvent yield (%)a

1 1 25 THF <1
2 1 100 THF 29
3 1 130 THF:toluene (1:1) 51
4 3 130 THF:toluene (1:1) 58
5 5 130 THF:toluene (1:1) 67
6 5 150 THF:toluene (1:1) 86
7 5 150 THF:dioxane (1:1) 72
817 5 150 THF:toluene (1:1) 93
gb 5 150 THF:toluene (1:2) 92

aYieIds determined by 19¢ NMR with 4-fluorotoluene internal standard.

bReaction was run for 5 h.
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Table 3.

Page 26

Scope of aryl boronate esters for the catalytic electrophilic decarbonylative difluoromethylation using

difluoroacety! fluoride.

10 mol% Pd[P(o-Tol)3]>
20 mol% SPhos

o 3

THF/toluene
150 °C, 4-10 h
1b-13b 5 equiv 113
CHF
CHF, CHF, CHF, 2
T .
NC NC 3 o)
1,77% 2,68% 3,51% 4, 50%°
R CHF
CHF, CHF, 2
L0 0 o
o) O 0
5 72% 6, 58% 7,49%
O
o CHF, CHF, CHF,
S ; /N\K@/
as B,
070N
8, 51% 9, 46% 10, 15%
/O/CHFz CHF, H CHF,
Nl L
N\
J\S /N\S e //S\\
6{ \b O/f \\O o O
11, 58% 12, 51% 13, 52%

[from probenicid
boronate ester]

a15 mol% Pd[P(c-tol)3]2/30 mol% SPhos used for catalysis. See Supporting Information for details.
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