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Intramolecular hydrogen atom transfer (HAT) for the remote functionalization of C(sp®)—H bonds has
emerged as a powerful strategy, but its asymmetric diversification remains a great challenge because of
the requirement of harsh reaction conditions and less enantiotopic discrimination. To overcome this, we
described a general and efficient radical protocol for the concomitant functionalization of both alkenes
and the remote a-C—H bonds of alcohols or amines via 1,5(6,7)-HAT triggered by the addition of a
trifluoromethyl radical to alkenes in a highly controlled site-selective manner. Furthermore, such an
approach could be developed for late-stage asymmetric diversification at the remote sp3—hydridized posi-
tions of alcohols or amines via a cascade sequence for the facile construction of chiral CFz-containing
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homoallylic alcohols or secondary amines with good to excellent enantioselectivities. Mechanistic experi-
ments and DFT calculations revealed that 1,5(6,7)-HAT is a kinetically relevant process and provided a
rationale for the observed different reactivities between the linear alkenyl alcohol or amine and alkenyl

rsc.li/frontiers-organic ketone or amide.
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Scheme 1 Strategy for remote sp®-C—H functionalization via intra-
molecular HAT.

of these attractive attributes, few asymmetric transformations
have been developed to convert the unreactive C(sp®)-H bonds
into useful chiral products with high levels of enantiocontrol.
In this scenario, several main obstacles have impeded the
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development of efficient asymmetric C(sp’)-H functionali-
zation. They require precious and/or toxic radical metal com-
plexes such as tin hydrides, unfriendly radical initiators
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including peroxides or diazines, and harsh reaction conditions
at high reaction temperatures or hv conditions,” therefore
leading to the difficult tolerance of the chiral catalysts.
Moreover, the in situ generated short-lived sp>-carbon-centered
radical species is difficult to provide a handle for enantiotopic
discrimination during the catalysis due to the nature of the
highly reactive carbon radical intermediates.® To overcome
such limitations, the development of a practical and mechan-
istically distinct asymmetric approach under mild conditions
still remains a formidable challenge for synthetic chemists.

Among the intensive research studies in alkene chemistry,”
the difunctionalization of unactivated alkenes, such as the
recently developed trifluoromethylation,® has attracted con-
siderable attention, providing the simultaneous formation of
two vicinal chemical bonds bearing C-CF; and C-X (X = C, N,
O, X, etc.). These approaches have provided powerful tools for
the incorporation of the trifluoromethyl group into pharma-
ceutically and agrochemically relevant molecules, because of
fluorine to improve metabolic stability, lipophilicity, and bio-
availability.” In these reported reactions, sp’-carbon-centered
radical species were generated as the key intermediates under
mild reaction conditions.® Inspired by these seminal studies
and to address the challenges described above, we reasoned
that inherently high-energy sp*-carbon-centered alkyl radicals,
which could be in situ generated from the addition of the CF;
radical to unactivated alkenes, would readily abstract the
remote o-hydrogen atoms in alcohols or amines to generate
transient neutral ketyl or a-amino radicals, which thereafter
would undergo single-electron oxidation leading to ketones,
aldehydes or imines at remote positions. Given ketones, alde-
hydes or imines as the valuable and versatile building blocks
for the synthetic transformations, we further speculated on the
possibility that such approaches could be developed for late-
stage asymmetric diversification at the remote sp*-hydridized
position of the alcohol or amine in a one-pot synthetic oper-
ation via a cascade sequence (Scheme 1b). However, the
success of this approach not only requires efficient methods
for the site-selective remote a-C-H bond functionalization via
HAT over competitive 1,2-difunctionalization and p-hydrogen
elimination due to the high propensity of these sp®-carbon-
centered alkyl radicals,® but also provides the possibility of the
combination of two distinct reaction sequences to a one-pot
process with minimal extra procedures.

More recently, we have reported an effective approach to
realize the remote C-H bond functionalization of amide and
carbonyl compounds via intramolecular 1,5-HAT by inherently
high-energy o-CFs-alkyl radicals in situ-generated from the
radical trifluoromethylation of alkenes, thereby enabling the
assembly of functionalized chemical structures with remark-
able precision and excellent functional-group tolerance via
controlled activation of C-H bonds.'® However, these reactions
have encountered several restrictions: (1) The key to the
success of such a protocol relies heavily upon the Thorpe-
Ingold (angle compression) effects of carbonyl or amide sub-
strates bearing only geminal groups, thus preferentially favour-
ing the intramolecular 1,5-HAT process. (2) In the reported
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systems, only the 1,5-HAT process was involved, probably due
to the favoured entropy factor and proximity effects in the six-
membered cyclic transition state of such processes.'® In the
previous studies, the original mechanistic studies revealed that
intramolecular 1,5-HAT seemed to be a kinetically relevant pro-
cess.'®° Based on the reported bond dissociation energies
(BDEs)"' and HAT exchange constants,'> we speculated that
the underlying reason for these limitations of such a method
might be attributed to the fact that the BDEs of the a-C-H
bond of the carbonyl or amide group (carbonyl a-C-H BDE =
~93 kecal mol™" and amide a-C-H BDE = ~94 kcal mol™") are
only slightly weaker than those of the secondary alkyl C-H
bond (alkyl a-C-H BDE = ~98 kcal mol™") (Scheme 2a),"* thus
rendering a weak driving force for the aforementioned 1,5-
HAT."® To circumvent these problems and given that the a-C-H
bond of alcohols or amines is much weaker than that of the
secondary alkyl C-H bond (alcohol o-C-H BDE = ~88 kcal mol™*
and amine a-C-H BDE = ~85 kcal mol™") (Scheme 2a),"* we
reasoned that the remote o-hydrogen atoms of alcohols or
amines would be more readily abstracted. Herein, we describe
an efficient protocol for the successful implementation of
phosphine-catalyzed radical reactions with the CF; radical
reagent and alkenyl alcohols or racemic amines with or
without tethered groups via intramolecular 1,5(6,7)-HAT in a
highly controlled site-selective manner, delivering remotely
functionalized carbonyl compounds in good to excellent yields
(Scheme 1b). Furthermore, the convenient and step-economi-
cal one-pot synthetic strategy, providing valuable chiral tri-
fluoromethyl homoallylic alcohols and amines with excellent
enantioselectivities, was also accomplished. Mechanistic
experiments and DFT calculations reveal that 1,5(6,7)-HAT
should be a kinetically relevant process and provide a rationale
for the observed different reactivities between the linear
alkenyl alcohols or racemic amines and alkenyl ketones or
amides.

a) Bond-strength of different C-H bonds based on BDE and our DFT calculation
[o}

H H
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Scheme 2 Reactivities of different types of linear substrates.
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Results and discussion

To specifically compare the relative a-C-H bond strength of
the alcohol, amine, carbonyl or amide, density functional
theory (DFT) calculation was carried out and showed that the
free energy changes for the designed eqn (S6)-(S9) in Fig. 1 in
the ESI{ have the sequence of AGS7 (—20.0 kcal mol™") < AGS6
(=17.4 keal mol™") < AGS8 (—8.2 keal mol™") < AGS9 (-7.3 keal
mol ™). From these calculated results, we can list the relative
energy difference as shown in Scheme 2a, which represents
the relative bond dissociation energy of the a-C-H bond of
these four compounds. These clearly imply that the a-C-H
bond of the alcohol or amine is weaker than that of the carbo-
nyl or amide, which is in concordance with the finding from
the reported BDE."! To validate our hypothesis that the remote
a-hydrogen atoms of alcohols or amines would be more readily
abstracted compared with those of the carbonyl or amide due
to the weaker strength of their a-C-H bonds, we synthesized
linear alkenyl ketone A, amide B, alcohol 1A or amine 1AB and
next investigated how these functional groups in the substrate
influenced the outcome of the designed reactions
(Scheme 2b). Not surprisingly, when linear alkenyl ketone A or
amide B was subjected to the reported standard conditions,**
¢ poor yields of the desired products with poor selectivities
were observed (Scheme 2b, eqn (1) and (2)), implying the
difficulty in overriding the conformational bias of these more
general types of substituted substrates due to their stronger
a-C-H bonds. In sharp contrast, with linear alkenyl alcohol 1A
or amine 1AB as the substrate under the standard conditions,
the expected CF3-containing ketone 3Aa was observed in 53%
and 65% yield, respectively (Scheme 2b, eqn (3) and (4)). These
contrasting experiments clearly imply that the difference in
reactivity is likely in line with the strength of the a-C-H bonds
of these functional groups.

On the basis of the above preliminary results and to further
improve the reaction efficiency, we treated the model reaction
of linear alkenyl alcohol 1A with Togni’s reagent 2a'® under
mild and metal-free conditions, inspired by the success of our
recently developed organic base-catalyzed radical trifluoro-
methylation of alkenes.'” 1In the presence of DABCO
(20 mol%), the reaction provided the desired product 3Aa in
86% yield with excellent chemo- and regioselectivities, while
no byproducts resulting from allylic trifluoromethylation
(3Aa’), intra- or intermolecular 1,2-oxytrifluoromethylation
(3Aa” or 3Aa”")® were observed from '°F NMR analysis (entry 1,
Table 1). These results suggested that the 1,5-HAT step is
much more favourable than other reaction pathways in the
current catalytic system. Based on these findings, upon opti-
mizing the reaction conditions through the variation of the
organic base catalysts, catalyst loadings, solvents, and the
molar ratios of the reactants (Table 1), we identified the follow-
ing protocol as optimal: reaction of 1A and 2a with the molar
ratio of 1.0: 1.5 in the presence of PPh; (15 mol%) in DCE at
80 °C for 16 h, 3Aa was obtained in 89% isolated yield (entry 14).

With the optimal reaction conditions in hand, we set out to
explore the scope with respect to various linear alkenyl alco-
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Table 1 Screening results of the reaction conditions?

oH o
©/J\/\/\ ) F3C—1—O . catalyst - ©)‘\/\/\/CF3
solvent, 80 °C
1A 2a 3Aa
5 - B 1
OH @_6 s on OJ\Ar
i O ©)\/\/K/°F3§
o W ha A= 2ACHH
Entry  Catalyst (mol%) 2a (X equiv.)  Solvent Yield” (%)
1 DABCO (20) 2.0 DCE 86
2 DMAP (20) 2.0 DCE 76
3 Ph,P (20) 2.0 DCE 90
4 (PMP);P (20) 2.0 DCE 83
5 (4-CF;C6H,);P (20) 2.0 DCE 80
6 Ph;P (20) 2.0 Dioxane 88
7 Ph,P (20) 2.0 CH,CN 88
8 Ph,P (20) 2.0 EtOAc 85
9 Ph,P (20) 2.0 MeOH 83
10 Ph;P (20) 2.0 Toluene 4
11 Ph;P (20) 1.8 DCE 91
12 Ph,P (20) 1.5 DCE 89
13 Ph,P (20) 1.2 DCE 83
14 Ph,P (15) 1.5 DCE 89
15 Ph,P (10) 1.5 DCE 84
16 Ph;P (5) 1.5 DCE 83
17 None 1.5 DCE 16

“Reaction conditions: 1A (0.2 mmol), Togni’s reagent 2a, solvent
(2.0 mL) at 80 °C for 16 h under argon. ” Determined by '°F NMR spec-
troscopy using PhCF; as an internal standard. PMP = p-MeOCgH,.

hols (Table 2). A range of diversely functionalized linear alke-
nols, including those having aryl groups (with electron-donat-
ing groups: 1B, 1C; with electron-withdrawing groups: 1D-1H
at the different positions) and naphthyl group (1I), were found
to be suitable substrates to give the corresponding products
3Aa-3Ia selectively in 60-90% yields. However, the reaction
with substrate 1J bearing a thienyl group gave low yield under
the standard conditions. To improve the product yield, we
found that the corresponding product 3Ja was obtained in
63% yield with Cul (10 mol%) as the catalyst. Most impor-
tantly, substrates 1K-1M, with various aliphatic groups, also
afforded the expected products 3Ka-3Ma in 65-71% yields,
thus clearly demonstrating that the current reaction was not
severely affected by switching the nature of the benzylic carbon
to the inactive alkyl group. It should be noted that linear
alkenyl alcohols with the geminal-disubstituted alkenyl group
(1N) or heteroatom-tethered groups, such as oxygen- and sulfo-
namide-tethered substrates 10 and 1P, were also well tolerated
to give the trifluoromethylated ketones 3Na-3Pa in 70-86%
yields, respectively.

Comparable to linear alkenyl alcohols, the aryl-tethered
substrates 1Q-1W were also applicable to this process. For
examples, a variety of substrates, bearing different aliphatic
groups (1Q-1S), either electron-donating groups or electron-
withdrawing groups on the phenyl ring o to the alcohol
group (1T-1W), reacted efficiently to afford highly substituted
CF;-containing aryl ketones 3Qa-3Wa in 61-95% yield. It is
noteworthy that the geminal-disubstituted alkene 1X or 1Y

Org. Chem. Front, 2017, 4, 2139-2146 | 2141
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Table 2 Substrate scope of the trifluoromethylation reaction®®
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Table 3 Substrate scope of the 1,6(7)-HAT process

OH F,C——0
PPh; (15 mol %)
* 0
DCE, 80 °C
2a
; 5 o
89% , H CF, CF3
°F3 R 4-Me, 3Ba, 86% R=3-Cl, 3Fa,74%C | OO A M
5 R 4-OMe, 3Ca, 83% R=2.Cl, 3Ga,90% | S

3Da, 90%

3Aa 3Ha 3Ha 3la, 60% 3Ja, 63%°

R oooocmmmeeeeeeeeeeeeoel . g

'R=Me, 3a, 85% . 3Ta,61% : {R?= CH,, 3Xa, 95%

O !R-Et 3Ra 93% R=4-MeOCgH, 3Ua,95% i 0 lr2=ph. 3Ya gen!
CF3iR=Bn, 3Sa, 92% CeHa,  3Va, 00% | CFy

A 3Wa, 85%! R
3Qa-3Wa® H
2 F.
o IR=H,  322.87%  R=4Me,32da, 86%] m
]I iR =5-0Me, 3322 88%  R=5Me,3Zea, 89%! F CFs
3z/ oo CFs " 55 F, 32fa, 91% 32ga.° 90%
a-3Zga

“Reaction conditions: 1 (0.2 mmol), Togni’s reagent 2a (1. 5 equiv.),
PPh; (15 mol%), DCE (2 0mL) at 80 °C for 16 h under r argon. b Isolated
yield. ©Cul (10 mol%) in EtOAc. ¢ EtOAc as a solvent. ¢ PPh; (20 mol%)
in MeOH at 70 °C for 16 h under argon.

bearing either a methyl or a phenyl group was also an excel-
lent substrate and gave the product 3Xa or 3Ya in 95% or
84% yield, respectively. Inspired by the above results, we
turned our attention to the reactivity of alkenyl primary alco-
hols. With the modified conditions, we were pleased to find
that a series of alkenyl primary alcohols bearing electron-
neutral (1Z), -rich (1Za-1Ze) or -deficient (1Zf, 1Zg) aryl
groups proved to be suitable substrates, furnishing the
corresponding CF;-containing aryl aldehydes 3Za-3Zga in
85-91% yields.

Inspired by the above success in the 1,5-H radical shift
process, we thus switched our synthetic targets to the use of
alkenols with longer chains to probe whether the more chal-
lenging 1,6(7)-H radical shift step wvia higher-energy
seven(eight)-membered cyclic transition states*” could be rea-
lized in the current reaction system. Gratifyingly, under the
reaction conditions identical to those of the 1,5-H shift
process (Table 2), remotely trifluoromethyl-substituted ketones
or aldehydes could be obtained in moderate to good yields
from alkenyl alcohols 4A-4G through remote alcohol o-C-H
bond activation via the 1,6-H shift triggered by the addition of
trifluoromethyl radicals to the unactivated alkenes (Table 3). It
should be emphasized that a broad range of substrates includ-
ing linear alkenyl alcohols containing different substituents at
the aromatic ring (4A-4C), internal substituted alkene (4D)
and aryl-tethered secondary or primary alcohols (4E and 4F)
were well tolerated in the current reaction system. Notably,
remotely trifluoromethyl-substituted ketone 5Ga was obtained
in 80% yield from alkenyl alcohol 4G through remote alcohol
a-C-H bond activation via 1,7-HAT.

2142 | Org. Chem. Front, 2017, 4, 2139-2146
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Leo-? R
° o Et
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R 6 R=4-Me, 5Ba, 72%; 5 3
{R=4-Br,_5Ca, 77%;
5Aa-5Ca? 5Da, 55%°
Os_Ph
CF;, [ :[ :CF3
4
5Ea, 91% 5Fa, 85%" 5Ga, 80%°

“Reaction conditions: 4 (0.2 mmol), Togni’s reagent 2a (1.5 equlv)
PPh; (15 mol%), DCE (2.0 mL) at 80 °C for 16 h under argon. ” PPh;
(20 mol%), MeOH at 70 °C. ‘Reaction conditions: 4 (0.2 mmol),
Togni’s reagent 2a (2.0 equiv.), Cul (10 mol%), DCE (2.0 mL) at 80 °C
for 16 h under argon.

As previously described, we were hopeful that a one-pot syn-
thetic operation via a cascade sequence could be realized for
late-stage asymmetric diversification at remote sp>-hydridized
positions of alcohols or amines. More recently, the asymmetric
allylboration of carbonyl groups with nontoxic and stable allyl-
boronic acid pinacol ester 6 with chiral phosphoric acid cata-
lysts constitutes one of the most efficient ways to access syn-
thetically and pharmaceutically important chiral homoallylic
alcohols.™ However, convergent one-step or one-pot methods
to prepare such important skeletons directly from simple
alcohols are rare. To demonstrate the synthetic utility of the
methodology, we reasoned that the in situ generated aldehydes
with the concurrent installation of remotely diverse functional
groups would provide an ideal platform to construct a variety
of useful chiral homoallylic alcohols via a cascade sequence.
In order to address this issue, we expected that the two-step
sequence could be carried out in the same solvent to obviate
the need for changing the solvent for each cycle in spite of two
distinct reaction sequences. To our delight, after the systematic
optimization of different reaction parameters, including cata-
lysts, solvents and temperature (Table S1 in the ESIt), a simple
one-pot procedure for the formation of chiral homoallylic alco-
hols remotely from the newly formed C-CF; bond was success-
fully realized directly from readily available alkenyl alcohols.
Alkenyl alcohols 1Z, 1Zf and 1Zg were efficiently converted
into the corresponding aldehyde 3 in the presence of PPhj
(10 mol%) with Togni’s reagent 2a’ in DCE under otherwise
identical conditions, followed by the allylboration'*>* of the
resulting aldehydes with allylboronic acid pinacol ester 6 in
the presence of the (R)-2,4,6-triisopropylphenyl-SPINOL-
derived chiral phosphoric acid catalyst (20 mol%) at —35 °C to
afford chiral trifluoromethylated homoallylic alcohols 7A-7C
in 62-67% yields with 89-91% ee (Scheme 3a). It is encoura-
ging to note that the present process is a rather general and
efficient protocol for setting a chiral center remotely from the

This journal is © the Partner Organisations 2017
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7A, 62%, 89% ee 7B, 63%, 90% ee

of chiral tri
1) PPhg (10 mol%) o
J% DCE, 80 °C, 24 h R_(jii/\
CC/\ @ /\/B 2 CPA O M%) N CFs
12,12f, 129 -35°C, 48 h

(R)-CPA: :
| Ar =2,4,6-(-Pr)sCoHy !

b) Construction of racemic trifluoromethyl amine

NHPh CFy 1) PPh (10 mol%), 5 A MS NHPh

i’ DCE, 80 °C, 24 h
_ DOES0C.24h oh
@ + @;ﬁ 2) (PhO)P(Q)OH (20 malt) o
3
~ 2a'

(188 Etoocmooa (699, 81% yeld

N

H

)
c) Deracemization of racemic amine

NHPh CF; 1) PPhg (10 mol%), 5 A MS NHPh
! DCE, 80°C, 24 h
Ph Y Tamorom oo (*Ph
+ 2) (R)-VAPOL (20 mol%)
~ .
2a
()-1AB
75% yield
83% ee
(10)

Scheme 3 Versatile transformations via a cascade sequence.

newly formed C-CF; bond from simple alkenyl alcohols
through the simultaneous functionalization of two remotely
sequential Csp®>~H, and Csp’-H bonds and the selective instal-
lation of different functional groups with remarkable precision
under metal-free conditions.

Based on the result with good reactivity of the linear alkenyl
amine as described in eqn (3) in Scheme 2b and the particular
importance of chiral amines in medicinal chemistry and
organic synthesis,"” we focused on the development of a cata-
lytic enantioselective tandem reaction for the synthesis of
chiral diversely functional amines from racemic amines.
Considering the possibility of the formation of a ketimine
intermediate in the current reaction system, which could
further undergo enantioselective transfer hydrogenation in the
presence of the hydride source with chiral phosphoric acid
catalysts,'® we envisioned that this one-pot protocol could be
realized to form chiral amine derivatives. However, a particular
challenge with the development of this cascade sequence is
that oxidants (Togni’s reagent) and reductants (hydride
source) easily and directly quench each other in a single
reactor. To ascertain the feasibility of this hypothesis, we first
carried out a racemic cascade reaction and found that the
expected trifluoromethyl product (+)-9 could be obtained in
81% yield with 10 mol% of PPh; in the presence of 5 A MS
with DCE as a solvent at 80 °C for 24 h, followed by the
addition of 20 mol% of diphenyl phosphate and 1.5 equi-
valents of Hantzsch ester 8 (Scheme 3b). To realize the enantio-
control, upon optimizing the reaction conditions through the
variation of the chiral phosphoric acids and hydride sources,
we were pleased to find that the use of (R)-VAPOL hydrogen
phosphate as a catalyst in the presence of benzothiazoline 10
(1.5 equiv.)'*”'” resulted in product 9 with 75% yield and 83%
ee (Scheme 3c). It is noteworthy that this protocol which pro-

This journal is © the Partner Organisations 2017
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vides a concise deracemization of the racemic amine, in par-
ticular with the concomitant installation of the functional
group at the remote position, is an advantageous alternative to
the conventional deracemization of racemic amines."®

To gain more insights into the reaction mechanism, we
tested the trifluoromethylation reaction in the presence of
radical scavengers such as p-benzoquinone (BQ) and 1,4-
dinitrobenzene under the standard conditions, and found that
the reactions were significantly inhibited by these reagents
(Scheme 4, eqn (5)), suggesting that a radical process is
involved in these reactions. To further investigate the mechan-
ism in detail, the reactions of deuterated substrates [D,]-1A
were carried out. The trifluoromethylation reaction of [D;]-1A
was performed under the standard conditions and the deuter-
ium at the carbon adjacent to the oxygen atom completely
shifted to the f-position of the alkene in [D;]-3Aa (Scheme 4,
eqn (6)). Next, a crossover experiment involving equimolar
amounts of [D;]-1A and 1C showed no deuterium incorpor-
ation in [D4]-3Aa and 3Ca (Scheme 4, eqn (7)). Furthermore,
the kinetic isotope effect was also examined through the reac-
tion of deuterated [D4]-1Z, and Kyu/Kp = 9.0 was observed
(Scheme 4, eqn (8)). These observations clearly implied that
the current reaction proceeded with an intramolecular 1,5-H
radical shift, which should be a kinetically relevant process.
All these experimental results are in support of our initial pro-
posal, in which the selective addition of trifluoromethyl rad-
icals to unactivated alkenes could trigger remote alcohol a-C-H
bond activation via the 1,5- or 1,6(7)-HAT process.

To better understand the mechanism of this kinetically
relevant process and to account for the different reactivities
between the linear alkenyl alcohol 1A or amine 1AB and
ketone A or amide B in the experiment (Scheme 2), DFT calcu-
lations were further performed to focus on the relative stability
of the possible radical intermediates and the 1,5-HAT process

oH FsC——0 Q F
X PPhj, additi 3
©)\/\/\ : 5 5, additive ©)kﬁ’5 &
DCE, 80 °C
1A 2a 3Aa

D OH
PPh; (15 mol%z CFs3
P | 2apcE " ©
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tandard

! s
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(10eq) ——
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3
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Scheme 4 Control experiments.
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Scheme 5 Energy profiles for the 1,5-HAT process calculated at the
MO6L/6-311G* level of theory.

by taking the generally assumed alkyl sp*-carbon-centered
radical intermediates 1A, 1AB,, A,, or B, as the reference ener-
gies (Scheme 5)."° The transformation from 1A, to 1A, or 1AB;
to 1AB, has a barrier of 12.3 and 13.6 kcal mol™ vig TS;a; Or
TS1ap1, Which are lower in relative energies than those from A,
to A, (13.9 keal mol™" for TSs,) and B, to B, (15.2 kcal mol™
for TSg,). This sequence is in agreement with the sequence of
calculated free energies in Scheme 2a. Importantly, A, and B,
are relatively more stable than A; and B, by 7.8 and 8.4 kcal
mol ™', respectively, thus rendering the transformation reversi-
bly from A, or B, to A; or B; by about 22 kcal mol™" barriers,
showing the possibility to undergo competitive p-hydrogen
elimination or 1,2-oxytrifluoromethylation® from intermediates
A, or By, which is consistent with the experimental observation
for carbonyl and amide substrates (Scheme 2b, eqn (1) and
(2))- In sharp contrast, it is very difficult for a relatively very
stable 1A, or 1Ag,, to reversibly go back to 1A; or 1Ag; due to a
very high reaction barrier of about 30 kcal mol™". Therefore,
these calculated results show that the 1,5-H radical shift
process for linear alkenyl alcohol 1A or amine 1AB is both
kinetically and thermodynamically favorable, while such a
process for carbonyl and amide substrates is kinetically
favorable but thermodynamically reversible, thus providing
a rationale for the observed different reactivities between
the linear alcohol 1A or amine 1AB and linear ketone A
or amide B. Our experimental and theoretical findings thus
lead us to conclude that both the stability of the radicals gen-
erated via intramolecular 1,n-HAT and the bond dissociation
energies of the corresponding C-H bonds play a vital role in
controlling the site-selectivity under the current reaction
conditions.

Conclusions

In summary, we have successfully developed the general and
efficient phosphine-catalyzed radical protocol for the concomi-
tant trifluoromethylation of both the alkene and the remote
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alcohol or amine a-C-H bond at various distances, which
provide valuable trifluoromethyl-substituted ketones or alde-
hydes through neutral ketyl or a-amino radical intermediates
via 1,5(6,7)-HAT triggered by the addition of the corresponding
CF; radical to alkenes in a highly controlled site-selective
manner. This versatile method shows a broad substrate scope
with a series of alkenyl alcohols or amines with or without
tethered groups. Moreover, the newly developed one-pot
cascade protocol from simple alkenyl alcohols or racemic sec-
ondary amines provides a rapid access to valuable chiral CF;-
containing homoallylic alcohols and secondary amines, thus
demonstrating great potential in synthetic and medicinal
chemistry. Mechanistic experiments and DFT calculations
show that 1,5(6)-HAT is a kinetically relevant process and it
provides a rationale for the observed different reactivities
between the linear alkenyl alcohol or amine and alkenyl
ketone or alkenyl amide. Further studies to expand the scope
of this process and to deeply understand the reaction mechan-
ism are underway in our laboratory.

Experimental

General procedure 1 for the catalytic trifluoromethylation
reaction system

Under argon, a 25 mL Schlenk tube equipped with a magnetic
stir bar was charged with 1 (0.2 mmol, 1.0 equiv.), Togni’s
reagent 2a (0.3 mmol, 1.5 equiv.), triphenylphosphine
(0.03 mmol, 0.15 equiv.) and 1,2-dichloroethane (DCE, super
dry, 2.0 mL). The sealed tube was then stirred at 80 °C for
16 hours. After completion (monitored by TLC), the reaction
solution was concentrated in vacuo, and the residue was puri-
fied by silica gel column chromatography (petroleum ether/
EtOAc) to give the desired products 3.

General procedure 2 for the catalytic trifluoromethylation
reaction system

Under argon, a 25 mL Schlenk tube equipped with a magnetic
stir bar was charged with 1 (0.2 mmol, 1.0 equiv.), Togni’s
reagent 2a (0.3 mmol, 1.5 equiv.), triphenylphosphine
(0.03 mmol, 0.15 equiv.) and methanol (super dry, 2.0 mL).
The sealed tube was then stirred at 70 °C for 16 hours. After
completion (monitored by TLC), the reaction solution was con-
centrated in vacuo, and the residue was purified by silica gel
column chromatography (petroleum ether/EtOAc) to give the
desired products 3.
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