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Hydrosilylation of fluorine-containing aromatic ketones with triethylsilane in the presence of a catalytic amount
of a low-cost and an environmentally benign cobalt catalyst proceeded very smoothly to give the corresponding
adducts. Interestingly, this hydrosilylation reaction was not applicable to non-fluorinated ketones. As revealed
by density functional theory analysis, a fluorine substituent at the a-position plays a crucial role in facilitating
the hydrosilylation reaction.

1. Introduction

Transition metal-catalyzed hydrosilylation reaction of carbon—
carbon multiple bonds or a carbonyl group is well recognized as one of
the most elegant and reagent economical approaches to prepare orga-
nosilicon compounds, which are useful intermediates in the fields of
medicinal and materials chemistry [1]. Owing to the broad utility of the
hydrosilylation reaction, extensive studies on the development of effi-
cient hydrosilylation protocols using transition metal catalysts have
been conducted so far, and many useful hydrosilylative transformations
using catalysts based on late transition metals such as Pt, Pd, Rh, Ru,
and Ir have been reported [2-5]. However, owing to the environmental
impact and resource depletion associated with the use of precious-metal
catalysts, the development of alternative hydrosilylation protocols
using environmentally friendly and inexpensive transition metal cata-
lysts is necessary. Consequently, significant research effort has been
devoted to the development of hydrosilylation reactions using catalysts
based on first-row transition metals such as Fe [6], Co [7], and Cu [8],
which are naturally abundant, economical, and less toxic. The broad
utility of such catalysts for hydrosilylation reactions has been demon-
strated over the past decade [6-8].

Our research group has hitherto devoted extensive effort to the
development of fluorinated functional materials [9], fluorinated syn-
thetic intermediates [10], and transition metal-catalyzed synthetic
transformations [11] in order to establish useful synthetic protocols for
a wide variety of organofluorine compounds. Notably, in the course of a
recent research project on transition metal-catalyzed transformations,
our interest was directed toward the development of novel synthetic
protocols for organofluorine compounds using first-row transition
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metal catalysts. We have reported that the Co,(CO)g-catalyzed hydro-
silylation of fluoroalkylated internal alkynes [12a] or 3-fluoroalkyl-a,[3-
unsaturated ketones [12b] proceed successfully to afford the corre-
sponding fluorine-containing vinyl silanes or 1,4-hydrosilylated enol
silane derivatives, respectively, demonstrating the potent utility of low-
cost and environmentally benign cobalt catalysts for the effective
synthesis of organofluorine compounds (Fig. 1A).

During our extensive investigation, fluorine-containing ketones
were effectively transformed into the corresponding silyl-protected
fluorinated alcohols by cobalt-catalyzed hydrosilylation (Fig. 1B) [13].
In addition, it was observed that the catalyst system is not applicable to
non-fluorinated ketones, i.e., fluorine atoms in the substrate are crucial
for the cobalt-catalyzed hydrosilylation process. In this article, we
discuss the cobalt-catalyzed hydrosilylation of fluorine-containing ke-
tones in detail. Furthermore, a reaction mechanism that rationalizes the
unique a-substitution effect exerted by a fluorine atom is proposed
based on the results of density functional theory (DFT) calculations.

2. Results and discussion
2.1. Screening of reaction conditions

An initial screening of the reaction conditions for cobalt-catalyzed
hydrosilylation reactions was undertaken wusing the a,o,a-tri-
fluoroacetophenone derivative 1aA. The results are summarized in
Table 1.

Upon refluxing 1aA with Et3SiH (1.2 equiv.) in dichloroethane in
the presence of a catalytic amount of Co5(CO)g (5.0 mol%) for 3 h, the
desired hydrosilylation occurred smoothly to afford the corresponding
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(A) Previous works: Cobalt-catalyzed hydrosilylation of alkynes or fluorinated

enones
Si-H (1.2 equiv.) 1 ;
o Cox(CO)g (5mol%)  Rf R . Rf R
Rf—= (CICH,),, reflux, 3h > < > < )
Si H H Si
up to 97% yield
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Fig. 1. Cobalt-catalyzed transformations of fluorine-containing molecules.

OSi

Rf /\)\Ar

(B) This work: Cobalt-catalyzed hydrosilylation of fluorinated ketones

0Si

CiFon+1 Ar
0 Si-H i
A Co,(CO)g (cat.)
CnXans1 Ar OSi
e » No adduct
X =H CnH2n+1/IL\Ar
Table 1

Initial screening of hydrosilylation conditions.

lo) Hydrosilane (Si-H, 1.2 equiv.) 0Si
Co,(CO)g (X mol%)
Fsc)‘\©\ Solvent, Reflux, 3 h )
H
1aA CHS 2aA G 3
Entry Solvent Si-H X/mol% Yield"/% of 2aA Recovery”/% of 1aA
1 CICH,CH,ClL Et3SiH 5.0 75 18
2 Hexane Et3SiH 5.0 Quant. 00
3 Toluene Et3SiH 5.0 Quant. 00
4 Toluene Et3SiH 3.0 Quant. 00
5 Toluene Et3SiH 1.0 Quant. (84) 00
6 Toluene Et3SiH 0.5 80 18
7 Toluene Et3SiH 0.0 Trace 90
8 Toluene PhMe,SiH 1.0 23 73
9 Toluene (EtO)3SiH 1.0 76 10
10 Toluene Me(EtO),SiH 1.0 69 18
11 Toluene i-PrsSiH 1.0 00 Quant.

@ Determined by '°F NMR. Value in parentheses is the isolated yield.

adduct 2aA in 75% yield (Table 1, entry 1). As shown in Table 1, entries
2 and 3, replacing the solvent with hexane or toluene provided sig-
nificant improvement in the yield, leading to quantitative formation of
2aA. With a lower catalyst loading (1.0-3.0 mol%), the hydrosilylated
adduct 2aA is obtained in a quantitative yield as well (entries 4 and 5).
However, further decrease in catalyst loading (0.5 mol%) resulted in
the sluggish formation of the hydrosilylation product (entry 6). Fur-
thermore, no 2aA was obtained in the absence of the Co,(CO)g catalyst
(entry 7). Thus, the presence of the cobalt catalyst was crucial for the
hydrosilylation of fluorinated ketone 1aA. Other reductants instead of
Et3SiH, including PhMe,SiH, (EtO);SiH, and Me(EtO),SiH, also parti-
cipated in the cobalt-catalyzed hydrosilylation reaction, although the
yields of 2aA were slightly lower (entries 8-10). In sharp contrast, the
use of i-Pr3SiH as a reductant was not suitable for the present cobalt-

catalyzed hydrosilylation protocol, resulting in quantitative recovery of
1aA. These results indicate that hydrosilanes possessing bulky sub-
stituents tend to suppress the formation of the desired hydrosilylation
adduct. Informed by these experiments, we selected the reaction con-
ditions shown in Table 1, entry 5 as optimal for the present cobalt-
catalyzed hydrosilylation.

2.2. Substrate scope of the cobalt-catalyzed hydrosilylation reaction

Using the optimal reaction conditions, we performed cobalt-cata-
lyzed hydrosilylation reactions using various fluorinated ketones (1a).
The results obtained are presented in Table 2.

Hydrosilylation of a,a,a-trifluoroacetophenone (1aB), which has no
substituents on the aromatic ring, with 1.2 equiv. of Et3SiH in the
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Table 2
Cobalt-catalyzed hydrosilylation of different fluorinated ketones.

le) Et5SiH (1.2 equiv.) OSiEty
)J\ Co0,(CO)g (1.0 mol%)

F3C R Toluene, Reflux, 3 h FsC H R

1a 2a
Entry R Product Yield"/% of 2a Recovery™/% of 1a
01 4-MeCgH, (A) 2aA Quant. (84) 00
02 Ph (B) 2aB 71 18
03¢ Ph (B) 2aB Quant. (83) 00
04 4-MeOCgH,4 (C) 2aC Quant. (95) 00
05 3-MeOCgH,4 (D) 2aD Quant. (84) Trace
06 2-MeOCgH,4 (E) 2aE 24 66
07¢ 2-MeOCgH,4 (E) 2aE 91 (80) 09
08 4-FCgH,4 (F) 2aF 19 39
09 4-CIC¢H4 (G) 2aG 19 81
10¢ 4-CIC¢H4 (G) 2aG 94 (89) Trace
11 1-Naphthyl (H) 2aH 47 46
12°¢ 1-Naphthyl (H)  2aH 96 (95) 00
13 n-CioHz, (I) 2al Trace 95
14¢ n-CyoHy; () 2al Trace 93

2 Determined by '°F NMR. Values in parentheses are the isolated yields.
" Indicated combined yield of 1a and the corresponding hydrate.

¢ Carried out for 18 h.

4 With 5.0 mol% of Co,(CO)s and 1.5 equiv. of Et;SiH.

¢ With 3.0 mol% of Co,(CO)g and 1.5 equiv. of Et3SiH.

presence of 1.0 mol% Co»(CO)g in toluene at reflux temperature for 3 h
proceeded smoothly to afford the corresponding hydrosilylated adduct
2aB in 71% yield along with a small amount of unreacted 1aB (entry 2).
However, extending the reaction time from 3 to 18 h allowed complete
consumption of 1aB, resulting in the formation of 2aB in 83% isolated
yield (Table 2, entry 3). Reaction of 1aC or 1aD with a strong electron-
donating group, i.e. a methoxy group, on the benzene ring at the para or
meta position, respectively, proceeded very well to afford the corre-
sponding silyl ether 2aC or 2aD in 95% or 84% yield, respectively
(entries 4 and 5). In sharp contrast, the reaction of fluorinated ketone
1aE with a methoxy group at the ortho position under the same con-
ditions became sluggish, leading to the formation of 2aE in only 24%
NMR yield and 66% recovery of 1aE as a mixture of the hydrate forms
(entry 6). After several attempts, it was found that extending the re-
action time to 18 h led to the formation of 2aE in high isolated yield
(entry 7). Conversely, fluorinated ketones 1aF and 1aG having an
electron-withdrawing fluoro or chloro substituent, respectively, on the
benzene ring at the para position were observed to be less reactive for
the present hydrosilylation reaction, with the corresponding 2aF and

Table 3
Cobalt-catalyzed hydrosilylation using different aromatic ketones.
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2aG both being obtained in only 19% yield, respectively (entries 8 and
9). In these cases, the unreacted starting substrates 1aF and 1aG were
obtained in 39% and 81% recovery yields, respectively, as mixtures of
the hydrate forms. The distinct difference in the recovery yields of 1aF
and 1aG may be caused by their thermal properties, including boiling
point and volatility. 1aF had a lower boiling point (66-67 °C/34 Torr
[14a]), which was close to the reflux temperature of toluene (110.6 °C/
760 Torr), than that of 1aG (183 °C/760 Torr [14b]). However, upon
treating 1aG with increased amounts of Et3SiH (1.5 equiv.) and
Co5(CO)g (5.0 mol%) in toluene at reflux for 3 h, the hydrosilylation
proceeded very smoothly to afford 2aG in 94% NMR (89% isolated)
yield. Although the hydrosilylation of the sterically bulky 1-naphthyl
trifluoromethyl ketone (1aH) under the optimal conditions was some-
what sluggish (Table 2, entry 11), a dramatic improvement in the yield
of 2aH (95% isolated yield) became observed when the reaction was
carried out using 1.5 equiv. of Et3SiH and 3.0 mol% Co5(CO)g (entry
12). As shown in entries 13 and 14, the use of the aliphatic fluorinated
ketone 1al was not applicable to the present cobalt-catalyzed hydro-
silylation protocol and results in a large recovery of 1al (> 93%) as a
mixture with the hydrate forms, despite extensive attempts to identify
suitable reaction conditions.

Subsequently, we examined the cobalt-catalyzed hydrosilylation
reaction using different aromatic ketones with a variety of fluoroalk-
anoyl moieties (1b—e). The results obtained are summarized in Table 3.

Using the optimal reaction conditions presented in entry 5 in
Table 1, reaction of the fluorinated aromatic ketone 1bA carrying a n-
C3F; moiety with 1.2 equiv. of Et3SiH in the presence of 1.0 mol%
Co,(CO)g in toluene at reflux for 3 h did not provide satisfactory results,
leading instead to a large recovery of 1bA (entry 2). Upon further in-
vestigation, the reaction efficiency using 1bA was significantly im-
proved, with the corresponding hydrosilylated adduct 2bA being ob-
tained in 93% isolated yield when the reaction was conducted with 1.5
equiv. of Et3SiH in the presence of 6.0 mol% Co(CO)g for 24 h (entry
3). As can be seen in entries 4-5, the use of 2,3,4,5,6-penta-
fluorobenzophenone (1cB), where Rf = C¢F5 and R = Ph, as a sub-
strate was not applicable to the present cobalt-catalyzed hydrosilylation
protocol, despite several attempts to identify suitable reaction condi-
tions. This drastic suppression of the hydrosilylation process is most
likely caused by a combination of the steric bulkiness and low solubility
of 1¢B in toluene. When the a,a-difluoroacetophenone derivative 1dA
was used in the present protocol, the reaction proceeded very well to
give rise to the corresponding adduct 2dA in quantitative (97% iso-
lated) yield (entry 6). In contrast, the use of the a-fluoroacetophenone
derivative 1eA as a substrate drastically retarded the reaction and a
large amount (83%) of unreacted 1eA and its hydrate were recovered

Et3SiH (1.2 equiv.)

o] C05(CO)g (1.0 mol%) OSiEty
Rf)J\ R Toluene, Reflux, 3 h Rf H R

1 2
Entry Rf R Product Yield"/% of 2 Recovery“"’/% of 1
01 CF; (a) 4-MeCgH,4 (A) 2aA Quant. (84) 00
02 n-CsF; (b) 4-MeCgH, (A) 2bA 6 94
03" n-CsF; (b) 4-MeCgH, (A) 2bA Quant. (93) 00
04 CeFs (©) Ph (B) 2¢B 0 99
0s° CeFs (c) Ph (B) 2¢B 20 73
06 CF.H (d) 4-MeCgH, (A) 2dA Quant. (97) 0
07 CFH,, (e) 4-MeCgH,4 (A) 2eA Trace 83
08 CH; (f) 4-MeCgH, (A) 2fA 0 94)
09 CO.Et (8) Ph (B) 2gB 0 (89)

@ Determined by '°F NMR. Values in parentheses are the isolated yields.
" Carried out for 24 h using 6.0 mol% of Co,(CO)s and 1.5 equiv. of Et;SiH.
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Co,(CO)s + 2Et,SiH —= [ZEtSSi—Co(CO)4

Ha
OSiEt,
co
Rf H R

2

Et;Si-Co!(CO);

Rf
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Scheme 1. Possible reaction mechanism for cobalt-catalyzed hydro-
silylation.

Reductive
elimination Complex A
OSiEt; OoC CO
\ 1
Rf R \N‘Co\'—CO
n_ )
(0C)sCa''—H j’\ SiEt,
SiEtg Rf~ "R
Int-3 Int-1
Oxidative OSiEty
addition
(OC)sR())fo' R Silylmatallation
Et,SiH
Int-2

(entry 7). These results imply that the number of fluorine atoms at the
a-position is an important factor for the cobalt-catalyzed hydrosilyla-
tion reaction.

In order to clarify the effect of the fluorine substituent at the a-
position in the present hydrosilylation protocol, we also examined co-
balt-catalyzed hydrosilylation reaction using ketones and aldehydes
without any fluorine substituents such as 1fA and 1gB, and the results
are also listed in Table 3. As shown in Table 3, entry 8, the reaction
using the non-fluorinated acetophenone derivative 1fA did not proceed
at all, resulting in almost quantitative recovery (94%) of unreacted 1fA.
When ethyl phenylglyoxylate (1gB), where Rf = COEt and R = Ph
and in which the CO,Et group had a similar electron-withdrawing
nature to that of the CF3; moiety in 1aA [15], was adopted as the sub-
strate, no reaction occurred. These results indicate that the cobalt-cat-
alyzed hydrosilylation is far more influenced by the steric bulkiness
around the carbonyl moiety than its electronic nature.

2.3. Possible reaction mechanism

A possible reaction mechanism for the cobalt-catalyzed hydro-
silylation of fluorinated ketones is shown in Scheme 1 [16,17].

The reaction of Co,(CO)g with two equivalents of Et3SiH generates
the silylcobalt precatalyst Et3Si—-Co(CO)4 accompanied by hydrogen gas
evolution. This precatalyst immediately eliminates CO to generate the
active silylcobalt complex Et3Si-Co(CO)3 (Complex A) [16]. The active
Complex A has a vacant d orbital on the cobalt atom and undergoes
coordination by the carbonyl oxygen of 1 to form Int-1, which is sub-
jected to silylmetalation to form Int-2 via a transition state (TS-1).
Subsequent oxidative addition of the Co(I) species in Int-2 to the Si-H
bond of unreacted Et;SiH furnishes Co(III)-intermediate (Int-3) via TS-
2, which immediately undergoes reductive elimination via TS-3 to af-
ford the desired hydrosilylated adduct 2 along with regeneration of the
active Et3Si-Co(CO); complex. The detailed reaction mechanism using
a quantum chemical calculation will be discussed in Section 2.4.

In order to figure out the actual composition of the cobalt catalyst,
we demonstrated the hydrosilylation reaction of a,a,a-tri-
fluoroacetophenone (1aB) using pre-generated Et3Si—-Co(CO),4 prepared
in advance as a catalyst (Scheme 2).

The silylcobalt complex was prepared according to a previous lit-
erature method [16]. Upon treating Co,(CO)g with 3.0 equiv. of Et;SiH

11

at room temperature for 0.5 h followed by removal of the excess Et3SiH,
Et3Si—Co(CO),4 was successfully obtained as a brown oil. The structure
was confirmed by typical spectroscopic measurements such as NMR and
IR. IR analysis confirmed the disappearance of the Si-H stretching vi-
bration (2100 cm™ ') of Et;SiH and the signal associated with the
bridging C=0 bond (1860 cm ™ 1) of Co,(CO)g. With the pre-generated
Et3Si-Co(CO),4 in hand, we performed a cobalt-catalyzed hydrosilyla-
tion reaction using 1aB in toluene at reflux temperature for 3h and
successfully obtained the corresponding product 2aB in 91% isolated
yield. Thus, it was safely concluded that the actual pre-catalyst was
Et3Si-Co(CO)s.

To gain further information on the reaction mechanism, a crossover
experiment for the hydrosilylation reaction was carried out using an
equimolar amount of a,a,a-trifluoroacetophenone (1aB) and the non-
fluorinated acetophenone 1fB under the optimal conditions shown in
Table 1, entry 5 (Scheme 3).

The treatment of a mixture of 1aB and 1fB (1.0 equiv. each) with
1.2 equiv. of Et3SiH in the presence of 1.0 mol% Co,(CO)sg in toluene at
reflux temperature for 3 h unexpectedly afforded neither 2aB nor 2B,
resulting instead in the quantitative recovery of both 1aB and 1fB.

2.4. Theoretical evaluation of the reaction mechanism

2.4.1. Effect of fluorine-substitution at the a-position

In order to gain more information on the reaction mechanism, we
carried out a theoretical study using a Gaussian 09W with a density
functional theory (DFT) at the B3LYP/6-31 + G(d,p) level of theory as a
basis set [18]. To explore the pathway of the cobalt-catalyzed hydro-
silylation reaction using fluorinated ketone A as well as the non-
fluorinated ketone B by DFT calculation, Me3Si—-Co(CO); was adopted
as a model catalyst structure and Me3SiH as a reductant. The DFT
calculation elucidated the presence of three transition states, i.e., those
for the silylmetalation step (TS-1), the oxidative addition step (TS-2),
and the reductive elimination step (TS-3), and the geometry of the
transition states was characterized by vibrational analysis, which con-
firmed that the obtained geometries possess a single imaginary fre-
quency. Reaction pathways were traced by the intrinsic reaction co-
ordinate (IRC) method [19] to obtain the energy-minimum geometries,
and IRC analysis of TS-1 provided two energy-minimum geometries,
assigned as Int-1 for the reactant and Int-2 for the product. Similarly,
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Scheme 2. Cobalt-catalyzed hydrosilylation of 1aB using pre-generated
Et3Si-Co(CO), as a catalyst.

2aB

Quant. (91%)
*NMR (isolated) yield.

IRC analysis of TS-2 also provided two energy-minimum geometries
(Int-3 for the reactant and Int-4 for the product). On the basis of the
calculation results, energy profiles of the reaction pathways are illu-
strated in Fig. 2.

The energy profiles revealed that the energy-minimum geometry for
fluorinated ketone (Int-1A) was 4.5 kcal mol ™! higher than that for the
non-fluorinated ketone (Int-1B). Thus, the stabilities of Int-1 were in
the order Int-1A < Int-1B, whereas the stabilities for TS-1 presented
the opposite trend, i.e., TS-1A > TS-1B. To understand the crossing
stability of Int-1 and TS-1 between fluorinated ketone A and non-
fluorinated ketone B, the geometries for Int-1, TS-1, and Int-2 for A and
B were evaluated in detail. The geometries calculated are shown in
Fig. 3 and the observed structural data are summarized in Table 4.

Upon careful observation of the energy-minimum geometries for
Int-1A and Int-1B shown in Table 4, large differences were observed
for the Co—O bond lengths, the coordination bond angles 2C'—0—Co,
and the dihedral angle (¢) between C>—C'—0—Co, as follows:

(1) The interatomic distance of Co—O in Int-1A was 216 pm, which
was 4 pm longer than the coordination bond length in Int-1B. The
longer Co—O bond length in Int-1A may be brought about by the
electron-withdrawing character of a CF3; group, which strongly
weakens the Lewis basicity of the carbonyl oxygen.

the sterically bulky phenyl group in Int-1A.

(3) The dihedral angle ¢ (C2—C'—0—Co) in Int-1A was 18.3°, which
deviated significantly from the plane structure of an ideal carbonyl
moiety (¢ = 0°), whereas a virtually planar structure (¢ = 6.6°)
was observed in the case of Int-1B.

Taking the above factors into account, it can be concluded that
larger deviations from the ideal values for bond length, angle, and di-
hedral angle in the case of Int-1A cause an increase in its total energy
and thus a decrease in its relative stability.

Fig. 3 also provided us several understandings on the transition state,
TS-1, for the silylmetallation process. Thus, analyzing a bond-length of
Co—Si for Int-1 and TS-1, dramatically elongated interatomic distance
(18 pm each) between Co---Si in the TS-1 was observed in both fluori-
nated A and non-fluorinated B; the significant elongation of Co---Si bond
demonstrates to be completed its bond-breaking during silylmetallation
process across the TS-1. On the other hand, comparing interatomic dis-
tance between Co---C! for both TS-1 and Int-2, a little (only 4-9 pm)
change of the interatomic distance was observed in spite of the presence
or absence of fluorine-substituents. The similar Co-C' bond length be-
tween TS-1 and Int-2 indicates that bond formation between Co and G
atoms is almost completely achieved during the silylmetallation process.
Judging from these theoretical insights, the TS-1 for silylmetallation

(2) The coordination bond angle, 2C'—0—Co, was 153.8° for Int-1A, in process could be safely posited as a late-transition state, which generally
which the Co atom was existed at the opposite side to the CF3 possesses product-like character and stability; accordingly, it is reason-
moiety. In contrast, the angle for Int-1B was 136.2°, and the Co ably concluded that total energy of TS-1A for fluorinated ketone is lower
atom was presented at the same side as the CH; group (Fig. 3a and than that of TS-1 B for non-fluorinated one due to the stabilization effect
d). The steric bulkiness of the substituents were in the order: reflected in the stability of Int-2. The energetic difference between a
Ph > CF; > CH; [20], indicating that both Int-1A and Int-1B transition state and a substance, TS-1 and Int-1 in this case, indicates the
should undergo coordination from the same side as the CF3 or CHs activation energy (E,), which can be defined as the minimum energy
moiety. The opposite observation for Int-1A indicates that not only required for a chemical reaction to occur. The E, values at each transition
steric bulkiness but also the electron-abundance of the CF; moiety state are summarized in Table 5.
strongly affect the coordination process to form Int-1A. In addition, Comparing the activation energies for fluorinated A and non-fluori-
the bond angle for Int-1A deviated more from the ideal angle of the nated B to across TS-2 and TS-3, there was no difference in the E, values
sp2 hybridized orbital for oxygen (120°) than that for Int-1B, which (Ea-2A, E,-2B for TS-2 and E,-3A, E,-3B for TS-3), whereas a significant
may be due to steric repulsion between the silylcobalt complex and difference was observed in E,-1A and E,-1B to cross TS-1A or TS-1B,

Tttt T \ . Scheme 3. Crossover experiment for the hydrosilylation reaction using a

! o : OSIEts 1:1 ratio of 1aB and 1fB as substrates.

! 1

. F3C ! FsC

! l C0,(CO)g (1.0 mol%)

. 1aB l Et,SiH (1.2 equiv. 2aB

| " | Tt sl : R fIq 3) h X

! ' oluene, Reflux, .

' (0] ! OSiEts

| HaC | o H4C

s : Quantitative recovery 8

' . of 1aB and 1fB

! 1fB : 2fB
1: 1 mixture Not obtained

(1.0 equiv. each)
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Fig. 2. Energy profiles for the hydrosilylation of fluorinated and non-fluorinated ketones calculated by IRC analysis.

respectively, with E,-1A being much lower than E,-1B. This means that
the fluorinated ketone can cross TS-1A to form the more stable Int-2A
more easily than non-fluorinated substrate can cross TS-1B.
Considering all the theoretical arguments above, it can be assumed
that the silylmetalation process is the key reaction step in the cobalt-
catalyzed hydrosilylation reaction for the fluorinated ketone, which is
attributable to the low value of E, and the formation of the thermally
stable Int-2. In sharp contrast, the non-fluorinated ketone forms a co-
ordination complex (Int-1B) that is more stable than Int-1A, which
causes a significant increase in the activation energy E, required to
(c) Int-2A

(@) Int-1A (b) TS-1A

cross TS-1B and thus a drastic suppression of further silylmetalation.
Taking the results of the crossover experiment shown in Scheme 3 into
consideration, the hypothesis is concluded to be reasonable.

2.4.2. Effect of the number of fluorine atoms at the a-position

As mentioned above, our investigation of the present cobalt-cata-
lyzed hydrosilylation revealed an interesting phenomenon in that the
CF3- and CF,H-substituted ketones 1aA and 1dA are very smoothly
converted to the corresponding product, but no adduct was obtained in
the case of the CFH,-substituted ketone 1eA. To make this intriguing

Fig. 3. (a, d) Energy-minimum geometries (Int-1A for the
fluorinated ketone and Int-1B for the non-fluorinated ketone)
calculated by IRC analysis, (b, €) geometries for TS-1A and
TS-1B, and (c, f) energy-minimum geometries for Int-2A and
Int-2B calculated by IRC analysis.

13



T. Kumon et al.

Table 4
Structural data for Int-1, TS-1, and Int-2 for A and B calculated by DFT calculations.
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For fluorinated ketone A

For non-fluorinated ketone B

Int-1A TS-1A Int-2A Int-1B TS-1B Int-2B
2C'—0—Co [°] 153.8 - - 136.2 - -
¢ (C2—C'—0—Co) [] 18.3 - - 6.6 - -
Co---O [pm] 216 - - 212 - -
Co---Si [pm] 242 260 - 241 259 -
Co---C' [pm] - 202 198 - 207 198
2C2-C'-0 [] 115.3 111.1 112.9 120.9 113.6 109.3
2C*—C'-C* 1] 119.1 113.1 113.2 120.2 114.3 111.6
2C3-C'-0 ] 125.5 120.9 114.0 118.9 120.3 118.6

Table 5

Activation energies for each transition state for the fluorinated and non-fluorinated ke-
tones.

Activation energy [kcal mol ']

Fluorinated ketone (A)
Non-fluorinated ketone (B)

E.-1A (13.38)
E,-1B (21.90)

E.-2A (10.21)
E,-2B (10.36)

E.-3A (10.73)
E,-3B (9.28)

phenomenon clear, we carried out further reaction pathway analysis for
the cobalt-catalyzed hydrosilylation of CF,H-substituted (C) and CFH,-
substituted (D) ketones by DFT calculation with the same theory level
and basis set. The energy profiles calculated are shown in Fig. 4, in
which only the energy profile for the initial silylmetalation process is
shown as it is the key reaction step in the hydrosilylation reaction.

As shown in Fig. 4, DFT calculations revealed the presence of two
coordination intermediates (Int-1C) for the CF,H-containing substrate
(C) and three coordination intermediates (Int-1D) for the CFH,-con-
taining substrate (D) in the silylmetalation process. Among the five
intermediates, as shown in Fig. 5 and Table 6, the two intermediates
Int-1C; and Int-1C, possessed larger coordination bond angles of
+C'—0'—Co and dihedral angles (¢) between C2—C'-0—Co than those
of the other three intermediates Int-1D, and Int-1C; exhibited the

10 1
B X
Rt~ “Ph
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0 —
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CFH, (D) %
T e .Co(CO)5SiMe
S 5 o aSiMeg
E N
= . F F
3-10
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[~ _
(6]
[}
| 2 . S———
% 15 1 Int-1D4 Int-1D,
o Co(CO);SiMe,
o)
H
H%Ph A)kph
-20 A HF F H
.25 4

largest values («C'—0—Co = 151.1° and ¢ = 9.95°%), which was due to
the effects of both steric hindrance and electron-withdrawal induced by
multiple fluorine atoms at the a-position. The large bond angle and
dihedral angle in Int-1C; presented the largest deviations from an ideal
spz—hybridized structural conformation of the five intermediates, which
led to higher total energies for Int-1C (with the CF,H-substituent) than
those for Int-1D (with the CFH,-substituent).

The fact that the calculated structures at TS-1 are conformationally
similar to that of the intermediate Int-2 for both the CF,H- and CFH,-
derivatives clearly demonstrates that the silylmetalation process for
these analogues also proceeds via a late transition state [21]. Accord-
ingly, it is clear that the energy level of TS-1C for the CF,H-substituted
derivative is lower than that of TS-1D for the CFH,-substituted ana-
logue. The activation energies E,-1C and E,-1D required to cross TS-1C
and TS-1D, respectively, were 13.63 for E,-1C and 16.45 kcal mol ~ ! for
E.-1D. The lower value of E,-1C for the case of the CF,H-containing
substrate significantly facilitates the silylmetalation process, allowing it
to afford the corresponding hydrosilylation product smoothly. Thus, it
can be concluded that fluorine atoms substituted at the a-position of
acetophenone play a pivotal role in decreasing the activation energy
required to cross TS-1 and, thereby, dramatically facilitates the cobalt-
catalyzed hydrosilylation reaction.

O-SiMe,
Rf :‘"CO(CO)S

Ph
TS-1D

+Co(CO)SiMeg” £,/

Int-1D4
O“‘\CO(CO)SSiMes

+~Co(CO);SiMe FQJ\
o (CO)sSiMe, X Ph

H H
O.SiMe3

Rf}j\Co(CO)a

Int-2D

Int-2C

Fig. 4. Energy profile for the hydrosilylation of CF,H- (C) and CFH,-substituted (D) substrates calculated by IRC analysis.
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(a) Int-1C,

3. Conclusion

In this study, we have demonstrated that replacement of hydrogen
atoms at the a-position of acetophenone derivatives by fluorine atoms
made it possible to proceed cobalt-catalyzed silylmetalation reactions,
and we have elucidated the effects of fluorine substitution by theore-
tical calculations. Cobalt-catalyzed hydrosilylation of a,a,a-trifluoro-
or a,a-difluoroacetophenone derivatives with Et3SiH occurred
smoothly to provide the corresponding hydrosilylated products in high
yields, whereas no reaction occurred when non-fluorinated or a-fluor-
oacetophenone derivatives were used as substrates. In addition, various
a,a,a-trifluoroacetophenone derivatives having an electron-donating
or -withdrawing substituent on the aromatic ring also participated well
in cobalt-catalyzed hydrosilylation, leading to fluorinated silyl ether
derivatives in good to excellent yields. From theoretical evaluation
using DFT calculations, the dramatic difference between the fluorinated
and non-fluorinated substrates was found to significantly influence the
activation energy required to across the transition state in the si-
lylmetalation process; increasing fluorine substitution at the a-position
of acetophenone derivatives causes a dramatic decrease in the activa-
tion energy. The findings obtained in this study provide valuable in-
formation on the fluorine-substitution effect in organofluorine mole-
cules and will facilitate the design and development of new organic
materials as well as pharmaceuticals consisting of organofluorine
compounds.

Table 6
Structural data for Int-1 and TS-1 for 1dA and 1eA calculated by DFT calculation.
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Fig. 5. (a, b) Energy-minimum geometries for Int-1C (with a
CF.H moiety) calculated by IRC analysis, (c) geometries for
TS-1C, (d-f) energy-minimum geometries for Int-1D (with a
CFH; moiety) calculated by IRC analysis, and (g) geometries
for TS-1D.

4. Experimental
4.1. General experimental procedures

Infrared spectra (IR) were determined in a liquid film on a NaCl
plate with a JASCO FT/IR-4100 type A spectrometer and all spectra are
reported in wavenumber (cm™!). 'H and '*C NMR spectra were mea-
sured with a Bruker AVANCE III 400 NMR spectrometer (‘H:
400 MHz and '3C: 100 MHz) in chloroform-d (CDCls) solution and the
chemical shifts are reported in parts per million (ppm) using the re-
sidual proton in the NMR solvent. '°F NMR (376 MHz) spectra were
measured with a Bruker AVANCE III 400 NMR spectrometer in CDCl;
solution with CFCl3 (8 = 0 ppm) as an internal standard. The Bruker
AVANCE III 400 NMR spectrometer was used for determining the yield
of the products with trifluoromethylbenzene (CF;C¢Hs) or hexa-
fluorobenzene (C¢Fg). High-resolution mass spectra (HRMS) were taken
on a JEOL JMS-700MS spectrometer with fast atom bombardment
(FAB) methods.

4.1.1. Materials

All reactions were carried out using dried glassware with a magnetic
stirrer bar and routinely monitored by '°F NMR spectroscopy or thin-
layer chromatography (TLC). All chemicals were of reagent grade and,
if necessary, were purified in the usual manner prior to use. Column
chromatography was carried out on silica gel (Wako gel’ 60N,
38-100 pum) and TLC analysis was performed on silica gel TLC plates
(Merck, Silica gel 60F;s4).

For difluorinated 1dA

For monofluorinated 1eA

Int-1C; Int-1C, TS-1C Int-1D; Int-1Dy Int-1D3 TS-1D
2C'-0—Co [] 151.1 139.5 - 147.8 136.6 135.1 -
¢ (C2—C'—0—Co) [] 9.9 9.6 - 8.7 1.1 9.4 -
Co---0 [pm] 217 214 - 218 213 212 -
Co---C! [pm] - - 204 - - - 206
2C*-C'-0 [] 119.8 116.9 110.1 121.3 116.7 116.8 113.4
2C*—C'-C* [] 118.2 121.3 115.5 117.9 123.4 123.1 115.2
2GC3-C'-0 ] 121.9 121.7 121.3 120.8 119.9 120.0 120.7
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4.2. Typical procedure for the cobalt-catalyzed hydrosilylation of
fluorinated ketones

In a 30 mL two-necked round bottomed-flask, equipped with a
magnetic stirring bar, reflux condense and an inlet tube for argon, were
placed 2,2,2-trifluoro-4’-methylacetophenone (1aA, 0.092 g,
0.49 mmol) and triethylsilane (0.10 mL, 0.63 mmol) and Co,(CO)g
(1.7 mg, 5.0 umol) in toluene (2.5 mL), and the whole was stirred at
reflux temperature. After 3 h, the reaction mixture was subjected to a
flash column chromatography using a silica gel as a stationary phase
and AcOEt as a mobile phase. After removal of solvent from the eluent
using a rotary evaporator under reduced pressure, the residue obtained
was purified by silica gel column chromatography (hexane/
AcOEt = 50/1) to give the corresponding triethyl[2,2,2-trifluoro-1-(4-
methylphenyl)ethoxy]silane 2aA in 84% yield (0.13 g, 0.41 mmol) as a
colorless oil.

4.2.1. Triethyl[2,2,2-trifluoro-1-(4-methylphenyl)ethoxy]silane (2aA)

Yield: 84% (colorless oil); IR (neat): v 2958, 2915, 2880, 1273,
1205, 1170, 1132, 1108, 1007, 842 cm ™ *; HRMS (FAB): calcd for [M*]
Cy15H23F50Si: 304.1470, Found: 304.1466; 'H NMR: § 0.53-0.70 (m,
6H), 0.94 (t, J = 7.9 Hz, 9H), 2.39 (s, 3H), 4.93 (q, J = 6.5 Hz, 1H),
7.20 (d, J = 7.9 Hz, 2H), 7.37 (d, J = 7.9 Hz, 2H); 13C NMR: § 4.7, 6.6,
21.4, 73.4 (q, J = 32.0Hz), 124.5 (q, J = 282.3 Hz), 127.6, 129.1,
132.9, 139.1; °F NMR: § —79.60 (d, J = 6.5 Hz, 3F).

4.2.2. Triethyl(2,2,2-trifluoro-1-phenylethoxy)silane (2aB)

Yield: 83% (colorless oil); IR (neat): v 2959, 2915, 2880, 1457,
1272, 1206, 1170, 1133, 1006, 854 cm ™~ '; HRMS (FAB): caled for [M "]
C14H»F30Si: 290.1314, Found: 290.1306; 'H NMR: § 0.52-0.67 (m,
6H), 0.90 (t, J = 7.9 Hz, 9H), 4.93 (q, J = 6.6 Hz, 1H), 7.35-7.40 (m,
3H), 7.43-7.49 (m, 2H); '3C NMR: § 4.6, 6.5, 73.6 (q, J = 32.0 Hz),
124.4 (q, J = 282.4 Hz), 127.8, 128.4, 129.2, 135.9; '°F NMR: §
—78.97 (d, J = 6.6 Hz, 3F).

4.2.3. Triethyl[2,2,2-trifluoro-1-(4-methoxyphenylethoxy]silane (2aC)

Yield: 95% (colorless oil); IR (neat): v 2958, 2914, 2880, 1614,
1516, 1275, 1207, 1170, 1131, 1036, 843 cm ~ '; HRMS (FAB): calcd for
[M™*] C1sH,3F30,Si: 320.1419, Found: 320.1411; 'H NMR: § 0.52-0.66
(m, 6H), 0.91 (t, J = 7.9 Hz, 9H), 3.82 (s, 3H), 4.88 (q, J = 6.6 Hz,
1H), 6.90 (d, J = 8.6 Hz, 2H), 7.38 (d, J = 8.6 Hz, 2H); 1*C NMR: § 4.6,
6.6, 55.3,73.2(q,J = 32.1 Hz), 113.8, 124.5 (q, J = 282.3 Hz), 127.9,
129.0, 160.3; °F NMR: § —79.25 (d, J = 6.6 Hz, 3F).

4.2.4. Triethyl[2,2,2-trifluoro-1-(3-methoxyphenyl)ethoxy]silane (2aD)

Yield: 94% (colorless oil); IR (neat): v 2958, 2915, 2880, 1604,
1493, 1262, 1242, 1172, 1133, 855, cmfl; HRMS (FAB): calced for
[M*] Cy5H53F305Si: 320.1419, Found: 320.1423; 1H NMR: § 0.55-0.68
(m, 6H), 0.91 (t, J = 7.9 Hz, 9H), 3.82 (s, 3H), 4.90 (q, J = 6.4 Hz,
1H), 6.88-6.96 (m, 1H), 7.00-7.12 (m, 2H), 7.28 (t, J = 8.1 Hz, 1H);
13C NMR: § 4.6, 6.6, 55.3, 73.4 (q, J = 32.0 Hz), 113.2, 114.8, 120.1,
124.4 (q, J = 282.5 Hz), 129.4, 137.4, 159.7; '°F NMR: § —78.84 (d,
J = 6.4 Hz, 3F).

4.2.5. Triethyl[2,2,2-trifluoro-1-(2-methoxyphenylethoxy]silane (2aE)

Yield: 80% (colorless oil); IR (neat): v 2958, 2915, 2880, 1494,
1272, 1248, 1173, 1134, 1030, 849 cm ™~ !; HRMS (FAB): calcd for [M] *
C15H,3F30,Si: 320.1419, Found: 320.1409; "H NMR: § 0.50-0.65 (m,
6H), 0.88 (t, J = 7.9 Hz, 9H), 3.84 (s, 3H), 5.56 (q, J = 6.5 Hz, 1H),
6.88 (dd, J = 8.4, 0.7 Hz, 1H), 7.00 (td, J = 7.5, 0.7 Hz, 1H), 7.32
(ddd, J = 8.4,7.5,1.7 Hz, 1H), 7.60 (br s, J = 7.5 Hz, 1H); "*C NMR: §
4.6, 6.5, 55.8, 66.0 (q, J = 32.8 Hz), 110.6, 120.8, 124.6, 124.8 (q,
J = 282.5 Hz), 129.0, 130.1, 156.9; '°F NMR: § —79.08 (d, J = 6.5 Hz,
3F).
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4.2.6. Triethyl[2,2,2-trifluoro-1-(4-chlorophenyl)ethoxy]silane (2aG)

Yield: 89% (colorless oil); IR (neat): v 2959, 2915, 2880, 1494,
1280, 1242, 1172, 1135, 1092, 860 cm_l; HRMS (FAB): calcd for [M
+H]" C14H,,CIF;0Si: 325.1002, Found: 325.0992; 'H NMR: &
0.55-0.65 (m, 6H), 0.91 (t, J = 7.9 Hz, 9H), 4.91 (q, J = 6.4 Hz, 1H),
7.36 (d, J = 8.7 Hz, 2H), 7.40 (d, J = 8.7 Hz, 2H); '3C NMR: § 4.5, 6.4,
72.8 (q, J = 32.8 Hz), 124.0 (q, J = 282.4 Hz), 128.6, 128.9, 134.2,
135.1; °F NMR: § —79.09 (d, J = 6.4 Hz, 3F).

4.2.7. Triethyl[2,2,2-trifluoro-1-(1-naphthyl)ethoxy]silane (2aH)

Yield: 95% (colorless oil); IR (neat): v 2958, 2914, 2879, 1272,
1235, 1173, 1131, 1007, 852, cmfl; HRMS (FAB): caled for [M]™*
C18H23F508Si: 340.1470, Found: 340.1465; 'H NMR: § 0.55-0.69 (m,
6H), 0.90 (t, J = 7.9 Hz, 9H), 5.82 (q, J = 5.9 Hz, 1H), 7.55-7.60 (m,
3H), 7.85-7.93 (m, 3H), 8.13 (d, J = 8.0 Hz, 1H); 13C NMR: § 4.6, 6.6,
69.50-70.80 (m, Ar-CH(OH)CF,), 123.1, 124.9 (q, J = 283.3 Hz),
125.3, 125.8, 126.6, 127.0, 129.1, 129.9, 131.2, 131.7, 133.8; 19
NMR: § —78.36 (brs, 3F).

4.2.8. Triethyl[2,2,3,3,4,4,4-heptafluoro-1-(4-methylphenyDbutoxy]silane
(2bA)

Yield: Quant. (colorless oil); IR (neat): v 2959, 2916, 2881, 1460,
1222, 1195, 1133, 1007, 970 cm~'; HRMS (FAB): caled for [M]™*
C17H53F,08Si: 404.1406, Found: 404.1414; 'H NMR: § 0.48-0.57 (m,
6H), 0.87 (t, J = 7.9 Hz, 9H), 2.37 (s, 3H), 5.09 (dd, J = 17.2, 5.2 Hz,
1H), 7.18 (d, J = 7.9 Hz, 2H), 7.32 (d, J = 7.9 Hz, 2H); "*C NMR: § 4.7,
6.5, 21.4, 73.2 (dd, J = 30.5, 22.1 Hz), 109.9 (tq, J = 268.7, 37.5 Hz),
114.7 (dddd, J = 263.8, 251.5, 31.8, 25.6 Hz), 119.6 (tt, J = 287.8,
33.4Hz), 128.5, 129.0, 132.3, 139.3; F NMR: § —126.96 (dm,
J = 289.9 Hz, 1F), —126.75 (dm, J = 281.5 Hz, 1F), —124.03 (dm,
J = 289.8 Hz, 1F), —118.04 (dm, J = 281.5Hz, 1F), —81.40 (dd,
J = 12.4, 9.1 Hz, 3F).

4.2.9. Triethyl[2,2-difluoro-1-(4-methylphenyl)ethoxy]silane (2dA)

Yield: 97% (colorless oil); IR (neat): v 2957, 2914, 2879, 1459,
1414, 1241, 1118, 1102, 1007, 842 cm™!; HRMS (FAB): caled for [M
+Na]* CysHpsFoNaOSi: 309.1462, Found:309.1452; H NMR: §
0.52-0.66 (m, 6H), 0.91 (t, J = 7.9 Hz, 9H), 2.36 (s, 3H), 4.67-4.74 (m,
1H), 5.61 (ddd, J = 56.9, 55.8, 5.0 Hz, 1H), 7.18 (d, J = 7.9 Hz, 2H),
7.29 (d, J = 7.9 Hz); °C NMR: § 4.8, 6.7, 21.3, 74.4 (dd, J = 26.7,
23.5, Hz), 116.3 (dd, J = 248.1, 244.4, Hz), 127.2, 129.2, 134.7 (d,
J = 5.2Hz), 138.4; '°F NMR: § —127.66 (ddd, J = 277.9, 56.9,
10.9 Hz, 1F), —125.59 (ddd, J = 277.9, 55.8, 8.3 Hz, 1F).

4.3. Computational details

All calculations were carried out using the Gaussian 09 program
(Rev. C.01) and density functional theory (DFT) method. We used the
standard basis set, 6-31 +G(d,p) levels of theory for the geometry op-
timizations. All stationary points on the potential energy surfaces were
ascertained to be the minima or transition states.
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