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site-selective intermolecular
halofluoroalkylation of alkenes: synthesis of
diversely functionalized building blocks†

Hengbo Wu,‡ab Ruitong Luo,‡ab Jingjing Peng,ab Zijian Han,ab Renjie Zhang,bc

Zhijian Xu, ab Weiliang Zhu, *ab Hong Liu *abc and Chunpu Li *abc

a-Halo borides are generally constructed viaMatteson homologation, and the synthesis of both fluorinated

and functionalized ambiphilic boronates is challenging and has received inadequate attention. Herein, we

describe the N-methyliminodiacetyl boronate [B(MIDA)]-directed halogenation of alkenes via

a complementary sequence involving fluoroalkyl radical addition followed by guided radical-to-metal

oxidative addition and C–X reductive elimination. The alkali cation and functional groups in B(MIDA)

enable coulombic interaction and weak attraction with halogens, which could weaken the Pd–X bond

and assist in C–X bond formation and is verified by DFT calculations. As a result, a wide variety of highly

functionalized fluorinated a-halo boronates, including drugs and natural products, are obtained in good

or moderate yields through the unique catalytic manifold. Notably, the trifunctionalized (F, X, B) building

block could be transformed into diverse modified fluorinated products.
Introduction

The a-halo alkylboronic esters containing two reacting func-
tional groups are invaluable synthons for the construction of C–
O, C–N, and C–C bonds, which makes them useful for organic
synthesis and the total synthesis of natural products.1–5 The a-
halo borides, indeed, serve as ambiphilic reagents with both
electrophile (C–X) and nucleophile (C–B) centers (Scheme 1A).
As an appealing synthesis intermediate, applications in cross-
couplings to secondary alkylboronate esters under mild
nickel-catalyzed conditions have been disclosed recently.6–8

Moreover, transformations from halogens into amines enable
the construction of valuable a-amino boronates, which play
a pivotal role in the total synthesis of FDA-approved drugs such
as Bortezomib.9 Numerous studies have attempted to exploit
effective reactions for the synthesis of a-halo borides (Scheme
1B). Generally, ambiphilic boron reagents are prepared through
Matteson homologation,10 a process involving concerted 1,2-
Scheme 1 Reaction design.
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Table 1 Optimization of the reaction conditionsa

Entry Deviation from standard conditions Yieldb

1 None 90 (89)
2 Air 66
3 PdCl2(MeCN)2 instead of PdCl2(dppf)$DCM 59
4 Dppe instead of BINAP 15
5 tBuOK instead of K2CO3 23
6 Dioxane instead of EtOAc 61
7 S-1 (4 equiv.) 70
8 Without K2CO3 <5

a Reaction conditions: B-1 (0.27 mmol, 1.0 equiv.), S-1 (2.0 equiv.),
PdCl2(dppf)$DCM (10 mol%), BINAP (10 mol%), K2CO3 (2.0 equiv.),
EtOAc (2 mL), 85 °C, argon, 12 h, if otherwise noted. b Determined by
19F NMR using uorobenzene as an internal standard, and the
number in parentheses is the isolated yield.
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metallate rearrangement. However, applying this protocol to
the formation of specic boronates is challenging owing to the
extremely low temperature and harsh preparation conditions of
the organometallic reagent (LiCHCl2). Additionally, in most
cases prefunctionalized primary borides, in which simple
substitution groups such as linear alkyl, phenyl, and seldom
polar units are limited, could be utilized. As a supplement,
catalytic hydroboration,11 catalytic hydrohalogenation,12 and
photo-induced methodologies13 are alternative approaches, but
the substrate scope is limited. The need for moisture or air-
sensitive reagents and complicated operations limits the wide-
spread synthetic applications of the abovementioned
approaches. Lately, Wang14 and Xu15 reported two elegant
strategies involving the radical C–H halogenation of benzyl
borides and deoxygenative haloboration from carbonyls.
Although some intriguing examples have recently been
described, the synthesis of a-halo borides is expected to be very
challenging, because these substrates tend to undergo dehalo-
genation or b-hydride elimination. In addition to some complex
functional groups, the concurrent one-step incorporation of
uorine, which has been emphasized in several elds including
the pharmaceutical, agrochemical, and material industries,16–18

remains a daunting task. To the best of our knowledge, only
a handful of uorinated iodides, most of which are per-
uoroalkyl iodides, could be utilized to form the particular
product.19 Thus, developing efficient and facile synthetic
patterns for forging diverse uorine-containing a-halo borides
is in high demand.

We anticipated that a site-oriented a-halogenation could be
achieved using the borides. Pioneered by Burke and co-workers,
N-methyliminodiacetyl boronates [B(MIDA)s] have been identi-
ed as a puriable, stable, and compatible surrogate for tradi-
tional boronates20 and the use of B(MIDA)s has been helpful in
overcoming various obstacles in synthesizing challenging
organoboron compounds.21–23 Conceptually, inspired by a N-
tetranuclear organoboron catalyst which was similar to the B–N-
containing BMIDA group,24–26 we envisioned that potential
interactions between boron/nitrogen/oxygen in BMIDA and
halogen atoms might be helpful for orienting halogens. Fluo-
roalkyl halides (Rf–X), an ideal functionalized uorine source,
could be initiated by palladium to generate uoroalkyl radi-
cals.27,28 Building on the above principles, we employed olen
B(MIDA) derivatives that could undergo a free uorine radical
recombination aer the Pd(0) activation, to generate the key
Pd(I)–X species and reactive a-borylalkyl radicals.29,30 Conse-
quently, colligation of the mentioned species would result in
a C(sp3)–Pd(II)–X system where direct reductive elimination is
thermodynamically disfavored.31 Computational studies have
proved that X–Pd(II) dissociation was a critical step in the
C(sp3)–Pd(II)–X RE process,32 so we supposed that additional
interactions resulting from functional groups in BMIDA could
reduce the Pd-center electron density and therefore facilitate
heterolytic bond dissociation. Presumably, the potential X–B
attraction and alkali metal cation aided33 coulombic interaction
were thought to suppress the kinetic hindrance and then lead to
direct reductive elimination. Finally, a-halo boronates charac-
terized by useful trifunctionalized building blocks may serve as
© 2025 The Author(s). Published by the Royal Society of Chemistry
a platform for further decorations (Scheme 1C). Herein, we
report the B(MIDA)-dictated palladium-catalyzed halo-
uoroalkylation of alkenes with uoroalkyl halides (Rf–X) and
the detailed mechanism was revealed by density functional
theory (DFT) calculations. In contrast to the existing methods
that rely on sophisticated manipulations to prepare starting
organoboron precursors, this unique technique is characterized
by high efficiency, synthesis simplicity, the commercial avail-
ability of reagents, and a remarkably broad substrate scope,
thus allowing for straightforward access to uorinated a-halo
boronates even for the late-stage modication of biologically
relevant systems, which may be widely applied to medicinal
chemistry and chemical biology.
Results and discussion

Considering the signicant role of diuoromethylene (CF2) in
improving the physicochemical and biological properties of
drugs and natural products,34 we conducted our investigation
using the commercially available bromodiuoroacetate, which
has been intensively developed,35 and vinyl B(MIDA) for the
construction of uorinated a-halo boronates (Table 1).

To test our hypothesis, a variety of palladium catalysts,
ligands, bases, and solvents were applied for the model reac-
tion. Remarkably, a combination of PdCl2(dppf)$DCM
(10 mol%) with an electron-rich racemic BINAP ligand in the
presence of a Brønsted base K2CO3 in ethyl acetate at 85 °C
could generate the desired product in a 90% yield, as deter-
mined via 19F NMR (entry 1, for detailed optimization studies,
see Tables S1–S4, ESI†). Even the standard condition was
similar to that employed in Heck coupling, no Heck-type
product was detected and 1 was formed in a moderate yield
(entry 2) regardless of the presence of an argon atmosphere.
Among the palladium catalysts, PdCl2(dppf)$DCM exerted the
Chem. Sci., 2025, 16, 2710–2717 | 2711
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best catalytic activity, which surpassed that of PdCl2(MeCN)2
(entry 3). Specically, variation from BINAP to Dppe resulted in
a decreased yield (15%), which suggests that maintaining the
steric hindrance of the ligand was essential for the reaction
Scheme 2 Substrate scope of fluorides. Reaction conditions: B(MIDA) (0.
BINAP (10 mol%), K2CO3 (2.0 equiv.), EtOAc (2 mL), 85 °C, argon, 12 h. aTh

2712 | Chem. Sci., 2025, 16, 2710–2717
(entry 4). Moreover, a relatively low yield was achieved via tBuOK
utilization (entry 5). Replacing ethyl acetate with dioxane still
provided 1 in a moderate yield, indicating that the reaction was
relatively insensitive to the change of solvent (entry 6). Likewise,
27 mmol, 1.0 equiv.), fluorides (2.0 equiv.), PdCl2(dppf)$DCM (10 mol%),
e reaction was conducted in air. bThe reaction was conducted for 5 h.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Substrate scope of substituted olefin B(MIDA)s. Reaction
conditions: B(MIDA) (0.27 mmol, 1.0 equiv.), fluorides (2.0 equiv.),
PdCl2(dppf)$DCM (10 mol%), BINAP (10 mol%), K2CO3 (2.0 equiv.),
EtOAc (2 mL), 85 °C, argon, 12 h.
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a good yield of 1 was achieved at a high S-1 amount of 4 equiv.
(entry 7). The lack of K2CO3 signicantly reduced the reaction
yield (entry 8).

To gain some insights into the reaction's compatibility with
different functional groups, under the optimized reaction
conditions, we rst explored the scope of bromodiuoro esters
and amides. Accordingly, the methyl ester derivate (2) was well
applicable to the reaction, with a yield of 82%. As demonstrated
in Scheme 2, the protocol was found to be general and char-
acterized by remarkable tolerance in the presence of amides
with commonly encountered fragments. The steric hindrance of
amines with tert-butyl (3) and cyclohexyl (4) could provide the
corresponding products, with yields of ∼70%. Aniline and
benzylamine derivatives containing electron-withdrawing
diuoro, chlorine, and triuoromethyl were smoothly pro-
cessed (5–7, 9, 11), which provides good opportunities for
downstream transformations. The benzylamines containing
isopropyl (8) and naphthalene (10) underwent a successful
reaction, although the yields were moderate. Versatile synthetic
handles, such as electron-donating methylenedioxy, heterocy-
clic benzofuran, and thiophene were all compatible under the
standard conditions (12–14). Encouraged by the above-
mentioned results, we sought to examine other bromodiuoro
sources including phenyl sulfone, diethyl phosphonate, and
benzo[d]oxazole, and the direct substitution of benzene (15–22).
In the cases of sulfone (15) and phosphonate (16), the reaction
was less efficient than the reactions involving the above
substrates. Nevertheless, the oxazole ring (17) and other aryl
halides (18–22) exhibited promising tolerance, attributable to
reactive benzyl radicals generated by palladium catalysts. In
addition to the universality of bromo, we questioned whether
this strategy could enable the creation of iodouorinated
products. Surprisingly, a-iodo B(MIDA) boronates were also
readily generated using the corresponding iodouorides. The
ester (23), alkyl amines (24, 25), and aniline (26) could be
successfully converted into the corresponding products, with
similarly high levels of yields. The structure of 23 was identied
via X-ray crystallography. Considering the two electron-
withdrawing groups, OCF3-substituted aniline (28) maintained
a good yield, while the F-substituted one (27) showed
a moderate yield. Regarding the benzylamines (29–33), the
method was also applicable, regardless of the electrical prop-
erties, and was more efficient than the bromo products. Of note,
product 33 could be conveniently achieved with no difficulties
when argon was displaced by air. In terms of methylenedioxy
(34) and thiophene (35), the required products were obtained
with moderate efficiency. Moreover, other types of iodo-
uorides, for instance, phenyl sulfone (36), were applicable
under standard conditions, and particularly, peruoroalkyl
iodide (37) and peruoroalkyl bromide (37-2) were installed at
the right position, with excellent yields, owing to the convenient
initiation from palladium catalysts.27c,28

Then, we modied the bioactive molecules with complex
motifs. To our delight, a chiral-derived compound 38 was
generated in a 75% yield. For the decorations of drugs, mex-
iletine, a drug against ventricular arrhythmia, and rimantadine,
a drug with great inuence on the inuenza virus, were
© 2025 The Author(s). Published by the Royal Society of Chemistry
modied to provide 39 in a 70% yield and 40 in a 54% yield. As
a critical area in biology research, a series of amino acid
substrates from alanine, glutamate, and phenylalanine were
tested to evaluate the generality of the palladium-catalyzed
system, where all products were furnished smoothly (41–43).
Further exploration using L-menthol (44) and a-D-galactopyr-
anose (45) from carbohydrates was highly efficient, as proved by
the good yields. Prominently, transformations proceeded
excellently in the presence of steroids (46–48) and pentacyclic
triterpene (49) under standard conditions. The assembly of 46
and 48, which possess internal alkenes, yielded predominantly
addition products neighbored by boron atoms with good site-
selectivity, suggesting a directing effect of the B(MIDA) moiety
on the adjacent alkene. The above results demonstrated that the
current method was applicable to biologically relevant systems,
thereby expanding the utilization scope of the reaction for
convenient late-stage modications. Moreover, iodouorides
from mexiletine (50) and amino acids (51–53) could produce
expected products, with yields of 67%, 75%, 76%, and 69%,
respectively.

Next, we concluded that the reaction could be extended to
even substituted olens with B(MIDA). As illustrated in Scheme
3, the majority of substrates suffered from relatively low yields
largely because of the stabilized hyperconjugation effect on the
Chem. Sci., 2025, 16, 2710–2717 | 2713
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Scheme 4 Gram-scale preparation and synthetic utilities. Reaction
conditions: for the gram scale reaction: B(MIDA) (2.73 mmol, 1.0
equiv.), ICF2COOEt (2.0 equiv.), PdCl2(dppf)$DCM (10 mol%), BINAP
(10 mol%), K2CO3 (2.0 equiv.), EtOAc (10 mL), 85 °C, air, 12 h. aPhSNa,
DMF, 85 °C; bsodium benzo[d]thiazole-2-thiolate, DMF, 85 °C;
cTTMSS, PhMe, 85 °C; dKHF2, MeOH, 70 °C; eBnNH2, DMF, 85 °C;
fpinacol, K3PO4, DCM/THF/H2O, 60 °C; gNaN3, DMF, 85 °C; h(1)
BnNH2, DMF, 85 °C; (2) ArI, Pd(OAc)2, SPhos, K3PO4, THF/H2O, 60 °C;
iTTMSS, DME, 85 °C; jNaOH, 30% H2O2, THF, 0 °C to rt; kPhCOONa,
DMF, 85 °C; lBnSH, Et3N, DMF, 85 °C; mPOCl3, MeCN, 110 °C. For more
details, see the ESI.†
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substituted radicals. Alkyls (54) and halogens such as chlorine
(55) were amenable to the general method. An attractive rear-
rangement product (56a) bearing cyclopropyl as the starting
material was unexpectedly generated, which broadened the
vision of constructing a-diuoromethylene (CF2)-containing
B(MIDA) boronates and indirectly veried the radical process
occurring in this reaction. The ratio of 56a to 56b was 6.7 : 1
according to the 19F NMR analysis. In addition to the above
compounds, functionalized side chains possessing benzoyl (57)
and phthalimide (58) groups were tolerant to the established
reaction. Consistent with the non-substituted examples, iodine
could be installed properly when substituted olens were
employed. The rearrangement iodinated product 59a was
afforded in a 31% yield, including 10% 59b. Benzoyl (60) and
phthalimide (61) substrates could be transformed into the
corresponding iodine-containing boronates, in which prelimi-
nary diastereoisomer ratio values were observed: 6.7 : 1 for 60
and 2.5 : 1 for 61, respectively.

In view of the potential synthetic building blocks of uori-
nated a-halo boronates, the advantage of this strategy has also
been exemplied by the efficient gram-scale synthesis of
product 23, and 81% isolated yield was obtained under air
conditions (Scheme 4A). The presence of different esters and
amides provided valuable opportunities for diverse organic
applications as privileged trifunctionalized moieties. As shown
in Scheme 4B, starting from 23, the iodine could be easily
substituted by nucleophilic benzenethiol derivatives in good
yields (62 and 63). This special iodine was not only selectively
dehalogenated but also eliminated readily to furnish uori-
nated vinyl and alkyl B(MIDA) boronates (64 and 66) in
moderate yields. Treating 23 with KHF2 could afford its BF3K
analog (65). We also examined the prospect of using bromine
atoms. Treating 5 with sodium azide could yield a C–N bond
containing derivative 68. Moreover, treating 5 with pinacol
under an alkaline condition could generate diuoropyrrolidine
pinacol boronates (67) for the rst time in high yield. The
coupling nature of B(MIDA) boronates was leveraged during the
mixing of eliminated-5 with benzene halides to produce
styrene-Heck-type compounds 69 and 70. Furthermore, an
amide group-bearing compound 29 could smoothly yield ben-
zylmercaptan together with benzoate substituted products,
which constructed C–O (73) and C–S (74) bonds directly. The
dehalogenation intermediate (71) of 29 was oxidized, during
which the B(MIDA) motif was converted into the hydroxyl group
(72) for further transformation. Fortunately, treating 12 via
a Bischler–Napieralski reaction led to the generation of an
unprecedented uorinated crispine A analog (75) in an accept-
able yield, which offers a new approach to tetrahydroisoquino-
line engineering (Scheme 4C).

Furthermore, we investigated the mechanistic aspects of the
palladium catalytic cycle and highlighted the role of the
B(MIDA) moiety. To identify whether a diuoroalkyl free radical
was involved in the process, a mixture of vinyl B(MIDA) and
ICF2COOEt was treated with the radical scavenger TEMPO. As
depicted in Scheme 5A, no desired product was detected, and
a TEMPO–CF2COOEt complex 76 was validated via high-
resolution mass spectrometry. A radical clock experiment was
2714 | Chem. Sci., 2025, 16, 2710–2717
also performed using a-cyclopropylstyrene, which is considered
to participate in radical rearrangement,36,37 as a probe (Scheme
5B). A ring-open difunctionalized product 77 was obtained in
a 78% yield along with a cis–trans isomerization ratio of 5 : 1,
and a trace amount of 23 was observed. Both results imply that
a single-electron transfer pathway drove the generation of the
diuoroalkyl radical, and the radical addition had priority over
Pd(I)–X oxidative addition. To conrm the guiding role of
B(MIDA), two comparative experiments in which vinyl Bpin and
styrene were used to displace B(MIDA) as starting materials
were conducted (Scheme 5C), and no target products were
formed, which offered some evidence for capturing Pd(I)–X
species by B(MIDA). As illustrated in Scheme 5D, no reaction
occurred in the absence of the palladium catalyst, suggesting
that the palladium catalyst was the key factor for uoroalkyl-
radical initiation. We chose another path involving a nickel
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 5 Mechanistic studies.

Fig. 1 Free-energy profile for the formation of 1 and C3, calculated at
the M06-D3/6-311++G(d,p) SDD//B3LYP-D3(BJ)/6-31G(d) SDD level
of theory. The SDD basis set was used for Pd. Free energies are given in
kcal mol−1.
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catalyst and a bpy-ligand to observe whether the reaction would
proceed given that nickel could also generate diuoroalkyl free
radicals.38 However, nearly no product was obtained, which was
in sharp contrast to the model reaction. Besides, it was also
unable to carry out the standard reaction thermally initiated by
AIBN. Therefore, we added TEMPO trying to capture TEMPO-
CF2COOEt. Unfortunately, neither 76 nor 1 was detected by MS
or 19F NMR, which means that Ni(II) and AIBN are not a suitable
initiator to induce the diuoroalkyl radical in our reaction
system. Finally, deciency of the base led to a remarkable
decrease in the yield, which was <5%, as detected via 19F NMR,
further substantiating the idea that the alkali cation might be
critical in inducing C–X formation.

Since we observed the unclear role of bases in our reaction
system, to provide more insight into the role of the BMIDA
group and observed selectivity, density functional theory (DFT)
calculations were carried out with the Gaussian 16 package.39 As
shown in Fig. 1, the reactant S-1 was selected as the zero-point
of the potential energy surface (0.0 kcal mol−1). The direct
generation of free radical INT1 from S-1 without the catalyst Pd-
BINAP (C1) required a very high free energy barrier of 51.9 kcal
mol−1 (Fig. S1†), indicating that the Pd catalyst was essential to
initiate the radical process and then form INT1 and C2. As
a reversible regio-selectivity was observed in compound 56, two
addition pathways were compared in both our model reaction
and the formation of 56 (for 56, see ESI Fig. S4†). In the model
reaction, INT1 underwent a radical-addition process with B-1 to
produce the key intermediate P1-INT2 via transition state P1-
TS1 in the main reaction (pathway1) with a free energy barrier of
© 2025 The Author(s). Published by the Royal Society of Chemistry
8.2 kcal mol−1, which is more favorable than the side reaction
(pathway2) via P2-TS1 (11.8 kcal mol−1). P1-INT2 or P2-INT2
further reacted with C2 to form the C(sp3)–Pd(II)–X system P1-
INT3 or P2-INT3, respectively, which was then stabilized by
alkali metal cations (e.g. K+) via its potential coulombic inter-
action with Br and carbonyl-O of BMIDA (P1-INT4 and P2-INT4).
Subsequently, Br was transferred to the a-C of the boron atom
through direct RE to form the nal product 1 via the transition
state P1-TS2 with a free energy barrier of 17.9 kcal mol−1, which
was lower than that via P2-TS2 (20.9 kcal mol−1). Notably, it was
found that the free energy barrier of the transition state P1-TSNO
without alkali metal cations (e.g. K+) was 33.3 kcal mol−1,
indicating the critical role of the BMIDA-chelated alkali metal
ion which enabled the sp3-reductive-elimination to proceed
successfully (Fig. S2†). In addition, a weak attraction between B
and Br was recognized by IGM40,41 analysis using Multiwfn,42

which could further stabilize the alkali metal ion complex and
might be helpful for heterolytic Pd–X bond dissociation (Fig.
S3†). Based on the DFT calculations, it could be concluded that
C1, BMIDA and alkali metal carbonates (e.g. K2CO3) were
important to the reaction of S-1 and B-1 to form the product 1;
moreover, generally observed thermodynamic and dynamic
stability made pathway1 feasible while regio-reversible
pathway2 was not.

However, it should be mentioned that XAT (halogen atom
transfer) could also be another possible pathway which
occurred in our reaction system.35g Once the uoroalkyl-radical
is initiated by Pd(0), halogens of the other diuoroalkyl halides
might be abstracted and therefore form the product as well as
create a new diuoroalkyl radical via the chain reaction mech-
anism. The Pd(I) species could also provide the halogens for the
uoroalkyl-radical and be reduced to Pd(0) at the same time.
Research trying to nd the correct mechanism is still ongoing.
Conclusions

In summary, a high-efficiency and facile synthesis of uorinated
a-halo boronates was established in this study. The anticipated
functional groups of B(MIDA) and the alkali cation aided the
direct reductive elimination of the C(sp3)–Pd(II)–X system,
Chem. Sci., 2025, 16, 2710–2717 | 2715
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which was fully characterized by DFT calculations. A series of
useful trifunctionalized (F, X, B) building blocks were furnished
through the designed plan. This catalytic strategy provides
extensive access to esters, amides, drugs, and even natural
products modied with uorinated a-halo boronates, and
demonstrates a high level of functional group tolerance, which
is unusual for these types of products. Additionally, the
palladium-catalyzed process overcomes the challenges associ-
ated with substituted olen boronates, thereby improving the
possibilities for diverse functionalization. Follow-up decoration
of the products further expands the variety and veries the
practicality of this method. This unique protocol has immense
potential for application in the drug industry and chemical
biology and will pave a new path for the synthesis of organo-
boron compounds.
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