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The fluoroalkyl-containing organic molecules are widely used in drug dis-
covery and material science. Herein, we report ligand regulated nickel(0)-

catalyzed regiodivergent hydrosilylation of a-(fluoroalkyl)styrenes without
defluorination, providing an atom- and step-economical synthesis route of two
types of fluoroalkyl substituted silanes with exclusive regioselectivity. The
anti-Markovnikov addition products (B-fluoroalkyl substituted silanes) are
formed with monodentate phosphine ligand. Noteworthy, the bidentate
phosphine ligand promote the generation of the more challenging Markov-
nikov products (a-fluoroalkyl substituted silanes) with tetrasubstituted satu-
rated carbon centers. This protocol features with easy available starting
materials and commercially available nickel catalysis, a wide range of sub-
strates and excellent regioselectivity. The structure divergent products
undergo a variety of transformations. Comprehensive mechanistic studies
including the inverse kinetic isotope effects demonstrate the regioselectivity
controlled by ligand structure through a-CF; nickel intermediate. DFT calcu-
lations reveal a distinctive mechanism involving an open-shell singlet state,
which is crucial for generating intricate tetra-substituted Markovnikov

products.

Organofluorine compounds have found extensive applications in the
area of pharmaceuticals, agrochemicals, and materials science™. The
incorporation of fluoroalkyl group, particularly the trifluoromethyl
group (CF3) into small organic moleculars has a privileged role in drug
development and agrochemical industry, which could improve its
lipophilicity metabolic stability and bioacitivity' °. However, compared
to the well-developed C(sp?)-CF5 and C(sp)-CF5 bonds formation’",
the construction of C(sp®)-CF; bond with transition-metal catalysis still
lags behind'®%. Specifically, the efficient and economical synthesis of
products with tetrasubstituted carbon centers, which contain
C(sp®)-CF5 bonds, is still highly desirable and remains a formidable
challenge. One attractive strategy for the synthesis of alkyl-CF;

compounds would be the direct transformation of a-CF3 transition-
metal intermediates, but much more challenging due to the thermo-
dynamically favored B-F elimination'2°.

Recently, significant advancements have been made by using the a-
(trifluoromethyl)styrenes to synthesize high-value fluorinated organic
compounds*, While, most of these reports focus on the formation of
gem-difluoroalkenes and their derivatives via C-F bond cleavage
(Fig. 1A)”. In the last few years, very limited examples to give CFs-con-
taining products using transition-metal catalysts. These include the
carbene insertion (Rh or Fe complex), cycloaddition (Pd catalysis), or
hydroboration processes (Co or Ir catalysis)**. The transformation of
o-(trifluoromethyl)styrenes through «-CF3 transition-metal intermediate
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A. Previous strategies for the transformation of o-trifluoromethyl alkenes
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Fig. 1| The transformation of a-(trifluoromethyl)styrenes by transition-metal catalysis. A Previous strategies for the transformation of a-(trifluoromethyl)styrenes.
B The transformation of a-(trifluoromethyl)styrenes with Ni-H species. C The divergent synthesis of CF3-containing silanes without defluorination by Nickel catalysis.

to give alkyl-CF3 compounds is still extremely rare and remains elusive
for the construction of tetrasubstituted carbon centers.

On the other hand, the transition-metal catalyzed hydrosilylation
of alkenes is an atom-economic and appealing approach for the pre-
paration of organosilanes, which find broad applications in materials
science and medicinal chemistry***. Compared to the noble-metal
catalysts (such as Pt, Rh, and Pd), the inexpensive and Earth-abundant
first-row catalysts (such as Fe, Co, and Ni) have gained great attention
over the past few dacades®>°. When terminal alkenes were used in
these reactions, the regio control to deliver Markovnikov or anti-
Markovnikov addition products is one of the most important
issues®®°, The regiodivergent hydrosilylation would be a practical tool
for the rapid construction of value-added organosilanes. In 2022, the
Lu group developed a Co-catalyzed regiodivergent hydrosilylation of
in situ generated a-substituted vinylsilanes for the synthesis of vicinal
and geminal bis(silane)s®’. With nickel catalysis, linear products were
usually favorable, especially for the low reactive 1, 1-disubstituted
alkenes™=%¢>%3_In 2020, the Norton group reported the insertion of
pincer ligated Ni(ll)-H species to a-(trifluoromethyl)styrenes with
silanes, only delivering the gem-difluoroalkene products through the
B-F elimination process (Fig. 1B)®*. Herein, we report the ligand-
controlled Ni(0)-catalyzed regiodivergent hydrosilylation of a-

(fluoroalkyl)styrenes with silanes, enabling the synthesis of two types
of fluoroalkylsilanes with excellent regioselectivity. The anti-
Markovnikov addition products were formed with monodentate
phosphine ligand. In contrast, the bidentate phosphine ligand pro-
moted the Markovnikov products with a-fluoroalkyl-containing tetra-
substituted saturated carbon centers (Fig. 1C). The trifluoromethyl
group is similar in size to an isopropyl group and distinct from other
alkyl group®*®. So, to overcome the steric hindrance of the tri-
fluoromethyl group and avoid the B-fluorine elimination would be the
two key challenges, especially for tetrasubstituted carbon center
formation.

Results and discussion

Reaction investigations

To pursue the goal, we initiated our studies using a-(trifluoromethyl)
styrene 1a and Ph,SiH, 2a as model substrates in the presence of
Nickel catalysis (Table 1, for more details in Supplementary Table 1).
The anti-Markovnikov addition product 3a could be obtained in 18%
yield by Ni(cod), catalysis without the addition of any ligand (entry
1), and 17% yield with >20:1 L:B regioselectivity when PPh; was used as
ligand at 30°C (entry 2). Notably, altering the Ni/PPh; equivalent
ratio from 1:2 to 1:1 resulted in a notable increase in the yield of 3a to
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96% with >20:1L:B value (entry 3). This 1:1 ratio might be beneficial
for the generation of a highly reactive nickel catalyst. We then
investigated other commercial available ligands (such as PCys, Bpy, 1,
10-phenanthroline, L1, L2, and L3), and found that all of these ligands
gave anti-Markovnikov addition product 3a or the recovery of
starting materials (entries 4-9). Noteworthy, when bidentate phos-
phine ligand BINAP was used, the more challenging Markovnikov
product 4a was obtained with >20:1 B:L regioselectivity, and no by-
products from (-F elimination were observed in the process (entries
10-13). The amount of BINAP in the system was significantly impor-
tant for the efficiency, and 4a could be obtained in 96% yield with
>20:1 B:L ratio (entry 11). When the equivalent of BINAP ligand was
slightly lower than Nickel, higher efficiency was observed (entry 12),
indicating the equivalent of BINAP is significant for maintaining high
efficiency with an appropriate Nickel:BINAP ratio. This emphasizes
the importance of optimal balance for generating an efficiently active
nickel catalyst. Then, we tested the solvent effect, and found that
toluene gave the best result (entries 14-19). The ee of 4a could be
obtained in 45% value when chiral ligand (R)-BINAP was used under
the reaction conditions of entry 11. Some other chiral ligands and
solvent effects were also tested, but no better result was obtained
(for more details in Supplementary Table 2). Low temperature and
one equivalent of Ph,SiH, led to diminished yield of desired products
(entries 20-22). Control experiments showed that the nickel catalysis
were essential for the transformation under the conditions of entry 3
or entry 11 (Supplementary Table 1 for details).

Substrates scope studies
With the optimized reaction conditions in hand, we next explored
the substrate scope of this regiodivergent hydrosilylation reaction.
The formation of anti-Markovnikov addition products were investi-
gated first (Fig. 2). A variety of a-(trifluoromethyl)styrenes bearing
functional groups such as electron-donating, electron-withdrawing
and halide substituents at the para-position of the benzene ring,
giving consistently products in 96-99% yield (3a-3h, L:B 7:1 to
L:B >20:1). The reaction can also tolerate reactive groups such as
esters (3i, 99% yield and 3ii, 89% yield), amine (3j, 54% yield) and
triflate (3k, 42% yield). Other reduction-sensitive functional groups,
such as aldehydes, ketones, and imines were not compatible for this
hydrosilylation. These meta- substituted o-(trifluoromethyl)styrenes
gave the corresponding products in excellent yield with excellent
regioselectivity (31, 94% yield, L:B 17:1 and 3 m, 57% yield, L:B > 20:1).
The ortho-substituted alkene gave lower yield of the desired product
(3n, 40% yield, L:B>20:1), potentially attributed to steric effect.
Other (hetero)aryl-substituted and biaryl alkenes gave the corre-
sponding products 30-3t in 96-99% yield. The structure of 3s was
confirmed by X-ray crystallography (CCDC 2214736). The NHC ligand
L1 was employed for the electron-rich (hetero)aryl-substituted
alkenes to give linear products 3u-3x in 56-99% yield and excellent
regioselectivity. Pleasingly, the N-heterocycles containing alkenes
such as quinoline and indole also reacted smoothly to provide cor-
responding products (3y, 55% yield, L:B=9:1 and 3z, 89% yield,
L:B=18:1). High activity was realized for most substrates. Other
fluoroalkyl groups (perfluoroethyl, perfluoropropyl, and difluor-
oethyl) substituted alkenes also underwent this hydrosilylation to
produce B-fluoroalkyl substituted silanes in accepted yield (3aa-3ac,
54-80% yield) and excellent regioselectivity (L:B >20:1). The reaction
also tolerated for PhMeSiH, and gave the anti-Markovnikov product
3ad in 79% yield but with 1:1 dr ratio of the relative stereochemistry
between CF3-containing carbon and Si center. However, the reaction
of (3-(trifluoromethyl)but-3-en-1-yl)benzene, Ph;SiH, PhSiHj; all failed
to give the desired product and starting materials were recovered
even at elevated temperature.

We then explored the generality of the more challenging Mar-
kovnikov addition product systems. The substrate scope was found to

be broad. As shown in Fig. 3, the reaction exhibited compatibility with
various functional groups at the para-position of the benzene ring and
gave the tetrasubstituted saturated silanes with excellent regioselec-
tivity (4a-4h, 86-99% yield, B:L >20:1). The reduction-sensitive func-
tional groups such as aldehydes, ketones, imines, and amines proved
to be incompatible. The hydrosilylation of alkene 1ii, featuring with a
carboxylic ester substituent at the benzene ring, resulted in a low yield
of the desired product (4ii). For the triflate-substituted alkenes, the
desired hydrosilylation product 4k was obtained in 38% yield. The
meta-substituted substrate also worked smoothly (41, 99% yield,
B:L>20:1 and 4m, 31% yield, B:L=9:1), while the ortho-substituted
alkene with a methyl group led to the recovery of starting materials
(4n), even at elevated temperature due to steric effect. Other (hetero)
aryl-substituted and biaryl a-(trifluoromethyl)styrenes were also tol-
erated, giving the corresponding products in excellent yield and
regioselectivity (40-4u, 83-99% yield, B:L 5:1 to B:L >20:1). The struc-
ture of 4t was confirmed by X-ray crystallography (CCDC 2214737).
Other (hetero)aryl-substituted alkenes such as furan, thiophene, and
indole were also compatible (4v, 54% yield, 4x, 56% yield, and 4z, 45%
yield). We also briefly investigated alkenes with other fluoroalkyl sub-
stituents instead of CF3 group (4aa, 46% yield, B:L >20:1 and 4ab, 40%
yield, B:L>20:1). The reaction of PhMeSiH, gave the hydrosilylation
product, but with poor regio- and diastereoselectivity (4ad, 51% yield,
B:L (4ad:3ad)=1:2.3, dr (3ad)=1:1, dr (4ad)=1:1). The (3-(tri-
fluoromethyl)but-3-en-1-yl)benzene, Ph;SiH and PhSiH; failed to give
the Markovnikov addition products.

Synthetic applications

The CF5-containing silane products from this divergent hydrosilylation
could undergo a series of transformations (Fig. 4). These reactions
were successfully scaled up to 2.0 mmol without the erosion of yield
and selectivity under reaction conditions A or conditions B (Fig. 4A).
The gem-difluoroalkenes are useful synthetic intermediates and pre-
sent interesting bioactive properties®’. When TBAF was employed, the
silane 4r could be easily transformed into the gem-difluoroalkene 5.
The silane 3r could be oxidized to alcohol 6 in 89% yield through the
Fleming-Tamao oxidation process. Additionally, the silane 4r reacted
with styrene through the dehydrogenative process to give product 7 in
75% yield, and oxidized to monohydroxysilane 8 in 85% yield. The
visible-light-mediated C-Si bond cleavage for the conjugate addition
of 4r with activated alkenes was realized, yielding the valuable CF3-
containing products with a quaternary carbon center (9, 54% yield and
10, 56% yield) (Fig. 4B).

Mechanistic studies

We then performed several experiments to gain some insights into this
regiodivergent hydrosilylation reaction mechanism (Fig. 5). The addi-
tion of 1, 1-diphenylethylene or BHT did not affect the yield and
regioselectivity either under conditions A or conditions B. These
results indicated a Chalk-Harrod reaction pathway rather than a radical
pathway (Fig. 5A). EPR experiments also support these findings (for
more details in Supplementary Figs. 19-22). When the CF3 group was
replaced by the Me or 'Pr group, only linear product (11 or 12) was
obtained no matter under the reaction conditions A or conditions B.
These results indicated the trifluoromethyl group serves as a unique o-
electron-withdrawing group and is crucial to regioselectivity for the
formation of Markovnikov products 4 (Fig. 5B). Moreover, the
cyclopropyl-containing alkene gave the ring-opening product 13 under
the conditions A. This regioselectivity is contrary to Me or ‘Pr group
substituted alkenes, probably due to the favorable (3-C elimination of
cyclopropyl substituent, indicating the reversible NiH insertion and f3-
H elimination (Fig. 5B). The formation of product 13 suggested the NiH
insertion pathway rather than the Ni-Si insertion pathway. The
deuterium-labeling experiments were performed to investigate the
source of hydrogen using the deuterated silane Ph,SiD,. The
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Fig. 2 | Substrate scope for B-fluoroalkyl substituted silanes. “ Reaction conditions A: [a] 1 (0.2 mmol), [Si]-H 2 (0.4 mmol), Ni(cod), (5 mol%), PPh; (5 mol%), 30 °C, in
toluene (2.0 mL) under argon, 24 h, L:B value was determined by '°F NMR, isolated yield. [b] 60 °C. [c] L1 (5 mol%) and CsOAc (20 mol%) were used instead of PPhs.

deuterated product 3d-d,, was obtained under the Reaction conditions
A, showing the H/D exchanged for proton in the alkene with that in
Ph,SiD, (Fig. 5C). These results indicate that the Ni-D species (from
Ph,SiD,) inserted into the alkene 1d and then 3-H elimination gave NiH
species when PPh; was used as ligand. While, when BINAP was used as a
ligand, the deuterated product 4d-d,, was obtained under the Reaction

conditions B with 93% deuterium incorporation at the silicon atom,
and only 8% H/D exchange occurred in the methyl group. This result
indicates that the B-H elimination process is unlikely to proceed with
the BINAP ligand. In addition, the parallel KIE studies with BINAP ligand
revealed a KIE value of 1.1, suggesting the Si-H bond cleavage is not the
turn-over limiting step (Fig. SD). While, when PPh; was used as ligand,
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Fig. 3 | Substrate scope for a-fluoroalkyl substituted silanes. “Reaction conditions B: [a] 1 (0.2 mmol), 2 (0.4 mmol), Ni(cod), (5 mol%), rac-BINAP (5.0 mol%), 30 °C,
solvent (2.0 mL), argon, 24 h, L:B value was determined by °F NMR, isolated yield. [b] rac-BINAP (4.7 mol%). [c] 60 °C.

an unexpected inverse kinetic isotope effect was observed (KIE=0.4),
probably resulting from the generation of 1r-d. These results indicate
that the NiH insertion and -H elimination processes occur before the
C-Si bond formation.

DFT studies

To elucidate the origin of this unexpectedly excellent regioselec-
tivity in the hydrosilylation of fluoroalkyl-alkenes®>*%%, we per-
formed the density functional theory (DFT) calculations (Figs. 6, 7).
We first investigated the detailed mechanism of Ni/BINAP system,
which delivered the more challenging Markovnikov product. As
shown in Fig. 6, the BINAP-bound-Ni(0) species INT1 was set to the

relative zero energy. The Ni(0) species undergo oxidative addition
of [Si]-H through the transition state TS1, with a calculated free
energy barrier of 1.1 kcal mol™. This process results in the formation
of intermediate INT2 with a slight exergonicity of 4.6 kcal mol™.
Then, the a-(trifluoromethyl)styrene 1b coordinates to the NiH
species INT2 and undergoes [1, 2]-insertion, giving intermediate
INT4 through the transition state TS3 with an activation barrier of
16.8 kcal mol™. Alternatively, the NiH [2, 1]-insertion results in the
formation of intermediate INT3 through the transition state TS2
with a higher activation barrier of 22.8 kcal mol™. The lower energy
barrier observed in the [1, 2]-insertion compared to [2, 1]-insertion is
attributed to the o-withdrawing effect of the trifluoromethyl group.
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Fig. 4 | Scale-up reaction and derivatization. A Large scale experiments. B Derivatizations.

The subsequent C(sp®)-Si reductive elimination from intermediate
INT4 occurs through the transition state TS4, resulting in an overall
activation-free energy barrier of 29.2kcalmol™. After detailed
investigation, we found that the open-shell singlet species INT4-0ss
through spin-state changes from closed-shell singlet species INT4
would undergo a lower overall activation barrier of 20.7 kcal mol™
via transition state TS4-oss (which is lower than TS2). Finally, ligand
exchange with Ph,SiH, 2a release the Markovnikov product 3b and
the active catalytic species INT1 to complete the catalytic cycle. This
unique open-shell singlet reaction mechanism is attributed to the
d-d orbital transformation in the nickel center® and steric repulsion
between BINAP with the trifluoromethyl group”.

Subsequently, a DFT calculation was elucidated on the reaction
mechanism of the Ni/PPh; system. As shown in Fig. 7, the mono-
dentate phosphine ligand PPh; bound-Ni(0) species INT5 was set to
the relative zero energy. The oxidative addition of [Si]-H to the
nickel center via transition state TS5 with a low energy barrier of
4.0 kcal mol™, giving the intermediate INT6. The a-(trifluoromethyl)
styrene 1b coordinates to the nickel center and gives INT7, which
undergoes [2, 1]-insertion to give the intermediate INT8 through
transition state TS6 with an activation barrier of 1.4 kcal mol™.
The following C(sp®)-Si reductive elimination from intermediate
INT8 occurs through transition state TS7 with a very low

energy barrier of 1.8 kcal mol™. This process lead to the formation of
the final anti-Markovnikov product 3b and the regeneration of active
catalytic species INT5 through the coordination of another Ph,SiH,
2a. Alternatively, the Ni-H undergoes [1, 2]-insertion resulting in the
formation of intermediate INT9 through transition state TS6’. How-
ever, the subsequent C(sp®)-Si reductive elimination from INT9 via
transition state TS8 exhibits a high energy barrier of 18.5 kcal mol™.
The high selectivity of the generation of anti-Markovnikov product
can be attributed to the elevated energy barrier for C(sp®)-Si
reductive elimination energy barrier. DFT calculations of the open-
shell singlet transition state TS8-oss reveal that the energy barrier
for C(sp®-Si reductive elimination in Ni/PPh; system does
not decrease but increase to 30.5kcal mol™. We also exclude the
reaction pathway with two PPh; ligand bound-Ni(0) species (for
more details in Supplementary Fig. 40, and entry 2 vs 3 in Table 1).
These DFT calculation results are also consistent with our experi-
mental results.

In summary, we have developed ligand-controlled regiodi-
vergent nickel(0)-catalyzed hydrosilylation of a-(fluoroalkyl)styrenes
for the direct generation of fluoroalkyl-containing silanes in good to
excellent yield. This approach provides a versatile platform for
the selective formation of both a-trifluoromethylsilanes and [-tri-
fluoromethylsilanes, utilizing only two readily available ligands.
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A. Radical-probe experiments
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Fig. 5 | Mechanistic studies. A Radical-probe experiments. B The effect of trifluoromethyl group in the terminal alkene. C Deuterium-labeling experiments. D Parallel KIE
studies.
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Fig. 6 | DFT Studies for Markovnikov product 4. DFT calculation for the Ni/BINAP system to generate Markovnikov product 4.

Mechanistic studies, including DFT calculations, have revealed
that the trifluoromethyl group and the structure of the ligand sig-
nificantly influence the regioselectivity. The distinctive spin-state
changes from closed-shell singlet species to open-shell singlet are
believed to form unusual tetrasubstituted saturated Markovnikov
products. This study contributed to the rapid and divergent synth-
esis of C(sp®>)-R¢ (R¢=fluoroalkyl) containing compounds, and pro-
vided insights for further development of regio-controlled
hydrosilylation involving steric hindrance alkenes.

Methods

General procedure for the generation of anti-Markovnikov
addition product 3

General procedure A: Ni(cod); (2.8 mg, 0.01 mmol) and PPh; (2.6 mg,
0.01 mmol) in toluene (2.0 mL) were charged into a 25 mL pressure
tube under argon. The mixture was stirred for 30 min at room tem-
perature, followed by the addition of Ph,SiH, (78 mg, 0.4 mmol), after
stirred for 20 min, a-(fluoroalkyl)styrenes 1 (0.2 mmol, 1.0 equiv) was
added to the reaction mixture. The reaction tube was then sealed and

placed in an oil bath at 30 °C. After stirred for 24 h, the reaction mix-
ture was filtered through a pad of celite, eluted with ethyl acetate,
concentrated and purified by silica gel chromatography (PE) to give
the indicated product 3.

General procedure for the generation of Markovnikov addition
product 4
General procedure B: Ni(cod), (2.8 mg, 0.01mmol) and rac-BINAP
(6.2 mg, 0.0l mmol) in toluene (2.0 mL) were charged into a 25mL
pressure tube under argon. The mixture was stirred for 30 min at room
temperature, followed by addition of Ph,SiH, (78 mg, 0.4 mmol), after
stirred for 20 min, a-(fluoroalkyl)styrenes 1 (0.2 mmol, 1.0 equiv) was
added to the reaction mixture. The reaction tube was then sealed and
placed in an oil bath at 30 °C. After stirred for 24 h, the reaction mix-
ture was filtered through a pad of celite, eluted with ethyl acetate,
concentrated and purified by silica gel chromatography (PE) to give
the indicated product 4.

More details and characterization of the products are available
in Supplementary Information.
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Fig. 7 | DFT Studies for anti-Markovnikov product 3. DFT calculations for the Ni/PPh; system to generate anti-Markovnikov product 3.

Data availability
The authors declare that the data supporting the findings of this study

are available within the paper and its Supplementary Information files,
and also available from the corresponding author. The NMR, experi-
mental procedures and characterization for all products and
mechanism studies are shown in Supplementary Information files.
Crystallographic data for the structures reported in this Article have
been deposited at the Cambridge Crystallographic Data Centre, under
deposition numbers CCDC 2214736 (3 s), CCDC 2214737 (4t). Copies of
the data can be obtained free of charge via https://www.ccdc.cam.ac.
uk/structures/. Source data are provided with this paper.
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