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ABSTRACT: The mechanisms of trifluoromethylation with
hypervalent iodine trifluoromethylation reagent (Togni’s
reagent 1) have been comprehensively studied by density
functional theory (DFT) calculations. The results show that
there are two general reaction modes for reagent 1: (I) Mode-
A, acting as a CF;* free radical source. When one-electron
reductants are available in the reaction system, such as Cul,
Fe', TEMPONGa, or electron-rich lithium enolate, 1 will be
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reduced via single-electron transfer (SET) and give out CF,* free radical concertedly. In the Cu'-catalyzed trifluoromethylation of
terminal olefins, Cu' promotes the homo-cleavage of the F;C—1 bond in 1 via SET to produce Cu" species and CF," free radical.
Then the CF," free radical attacks the olefin, leading to trifluoromethyl alkyl radical intermediate. Subsequently, the Cu" species
act as a one-electron oxidant oxidizing the alkyl radical to carbocation intermediate, and the following deprotonation leads to the
final product. Other mechanisms, such as formation of F;C—Cu' species via oxidative addition, formation of allylic radical
intermediate, were considered and excluded. (II) Mode-B, acting as a CF;" cation source. 1 can be activated by a Lewis acid
such as Zn" and becomes more inclined to undergo an Sy2 type nucleophilic attack at the CF; group by nucleophiles (pentanol
in this work). For substrates studied in this paper, such as the lithium enolate, pentanol, and sodium 2,4,6-trimethylphenolate, the

competition between their reducibility and nucleophilicity determines the reaction mode of regent 1.
KEYWORDS: trifluoromethylation, Togni’s reagent 1, CF;° radical, reaction mechanism, DFT, MECP, SET

B INTRODUCTION

Trifluoromethylation is of great significance due to the wide
application of molecules bearing trifluoromethyl groups in
pharmaceutlcal chemistry, agrochemistry, and materials sci-
ence.’ Many efforts have been made to introduce the
triftuoromethyl group into organic molecules.” In the past
few years, the scope of trifluoromethylation reactions has been
greatly expanded by electrophilic trifluoromethylating reagents
developed by Umemoto® and Togni*® et al. (Scheme 1A).
Nowadays, numerous studies on trifluoromethylation using
Togni’s reagent have been published.>*™"* However, despite
that various mechanisms have been proposed on the basis of
abundant experimental observations, the exact reaction path-
ways are still unidentified (Scheme 2). Under this condition,
related theoretical investigations have been warranted for a long
time. Herein we report a comprehensive density functional
theory (DFT) study focusing on trifluoromethylation reactions
using the hypervalent idione trifluoromethylation reagent 1 (1-
(trifluoromethyl)-1,2-benziodoxol-3(1H)-one). To obtain
some generalities, several representative trifluoromethylation
reactions were considered (Scheme 1B). Undoubtedly, it is
impossible to exhaust all type of reactions and reagents in just
one paper.

In 2011, several groups made breakthroughs in the direct
allylic trifluoromethylation of unactivated terminal olefins
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independently. Buchwald et al. reported this reaction using
[Cu(MeCN),]PF4 and 1 in methanol.® Liu and co-workers
fulfilled this reaction with CuTc and Umemoto’s reagent.'**
Wang et al. accomplished this reaction with 1 and CuCl (10
mol %) catalyst (Scheme 1, Reaction (a)).”® Besides Cu!, Fe"
also works in this type of reaction (Reaction (b)).” Thereafter,
with 1, trifluoromethylation of allylsilanes®® and olefinic
trifluoromethylations” have been achieved. Meanwhile, difunc-
tionalization of alkenes including oxy—,s amino-,"  carbo-'°
trifluoromethylations, and formation of F;C-X (X = O, C, N,
P and S)"'""* bonds with nucleophiles have been reported.
Among these works, except “transition-metal-catalyzed” reac-
tion, “transition-metal-free” trifluoromethylation of alkenes was
reported by Studer et al. (Reaction (c)). 82104k Ag an
electrophilic trifluoromethylating reagent, 1 shows reactivity
toward nucleophiles to transfer a CF;* unit."**® The
trifluoromethylation of enolate to afford a-CF;-substituted
carbonyl compounds (Reaction (d))''® and the trifluorome-

thylation of alcohols (Reaction (e)) were reported by Togni et
al'lzb
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Scheme 1. (A) Togni’s Reagents and Umemoto’s Reagent.
(B) Trifluoromethylation Reactions Studied in This Work
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Scheme 2. Mechanisms Proposed for Reaction (a), (d), (e)
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The mechanisms that have been proposed are indeed
complicated (Scheme 2). For the trifluoromethylation of
olefins (Reaction (a)), complex R may undergo a traditional
oxidative addition (O.A.) yielding the Cu'—CF; intermediate
A, and subsequent coupling with olefin leads to the final
product.®® A Cu™ mechanism via a Heck-like four-membered-
ring transition state has been reported in trifluoromethylation
of olefins using Umemoto’s reagent.143 However, radical
mechanisms are more often proposed.®*® The activation of
Cu' to 1 may first lead to CF; containing radical intermediate
B, the decomposition of which generates the CF;* free radical
and the (2-iodobenzoyloxy)Cu" chloride C. The catalyst Cu'Cl
may be oxidized by the CF,;* free radical leading to the
Cu"CICF, species. Subsequently, allylic radical and allylic
cation may be generated via oxidation of the olefin substrate by
Cu"/Cu™ species. The combination of CF,* free radical and
the allylic radical, or the addition of CF;™ anion to the allylic
cation leads to the final product. In experiments using radical
scavenger TEMPO (2,2,6,6-tetramethyl-1-piperidinyloxy) to
probe the mechanism, reaction inhibition and TEMPO—CF;
adduct were observed.**”? In the test reaction with alkenyl-
cyclopropane radical-clock substrate,®® the ring opening
trifluoromethylation product was detected. These observations
support the generation of the CF;* free radical. However, in the
test reaction with allylic-cyclopropane radical-clock substrate,*
a normal trifluoromethylation product was obtained, indicating
that the formation of allylic radical intermediate may be
unlikely. In addition, TEMPO-allyl adduct was not detected in
Wang’s experiment either.” Other intermediates, such as alkyl
free radical D from an atom transfer radical addition to the C=
C bond, cationic intermediate E from either electrophilic
trifluoromethylation or oxidation of D, and alkyl-copper species
F from D and the Cu catalyst, were also proposed.” For
Reaction (c), the authors prefer a mechanism of in situ
generation of TEMPO and CF;* radicals, with TEMPO—CF;
adduct as a minor product. For Reaction (d) and (e), two types
of nucleophilic attack mechanisms were proposed. Under the
activation of the Lewis acid, the nucleophile may attack the
positively charged I atom to afford the new I'! intermediate G
via “ligand exchange”, and subsequent reductive elimination
(RE.) from the hypervalent iodine center affords the final
product. Alternatively, the nucleophile may attack the CF,
group directly in an Sy2 manner to form the product.

Thus, for trifluoromethylation with 1, the experimental
observations are complicated and sometimes confusing. The
proposed radical mechanisms are quite reasonable, at least for
some cases. However, theoretical supports are rare. Very
recently, a deep theoretical study on trifluoromethylation of
acetonitrile with reagent 2 indicated that except for reductive
elimination, an Sy2 nucleophilic attack is also possible.'*! As
“electrophilic trifluoromethylating” reagent, the Sy2 mechanism
is also expected for reagent 1, especially in reactions with
nucleophiles. To date, the basic properties of 1, such as the
barrier height to produce a CF;* free radical is unknown. To
make the mechanisms clear, in this paper, all the mechanisms
proposed in Scheme 2 were tested by DFT calculations based
on reactions listed in Scheme 1. A deep understanding and a
clear description of the reaction pathways were given.

B MODELS AND METHODS

To disclose the reaction mechanisms, density functional theory
(DFT)" studies have been Performed with the Gaussian 09
program16 using the B3LYP'' method. For transition metals
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Scheme 3. Calculated Pathways of Trifluoromethylation of Olefin with 1 and CuCl Catalyst®; Step-1: CF;* Free Radical
Generation; Step-2: CF;® Free Radical Attacks the Olefin Double Bond; Step-3: Alkyl Free Radical Oxidized to Carbocation by
Cu" Species; Step-4: Deprotonation of the Carbocation Intermediate
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Calculated at the B3LYP/6-31+G**/SDD/Aug-cc-PVTZ level.

Cuy, Fe, and Zn, the Aug-cc-PVTZ basis set was used; for the I
atom, the SDD'® basis set with Effective Core Potential (ECP)
was used; and for other atoms (C, H, O, N, B, F, Cl, S, Li, Na,
K), the 6-31+G** basis set was used. Structures were optimized
with the SMD'® method in solvents used in the experiments, as
listed in Scheme 1. Harmonic vibration frequency calculations
(298 K, 1 atm) confirmed the optimized stationary points are

either minima (having no imaginary vibration) or transition
states (having one imaginary vibration).

In this study, the single-electron reduction/oxidation and the
radical combination processes are all two-state reactions (TSR),
which are attracting increasing attention from chemists.® For a
two-state reaction, the minimum energy crossing point
(MECP) between potential energy surface (PES) of different
spin states must be located to calculate the reaction barrier. In
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Figure 1. Selected optimized structures on pathways shown in Scheme 3 with selected bond lengths (in A) and NBO atomic charges (in red). The
relative free energies in methanol AG,, are in kcal/mol. Calculated at B3LYP/6-31+G**/SDD/Aug-cc-PVTZ level.

the present work, the MECPs were located with the code
developed by Harvey and co-workers.”' In organometallic
chemistry, B3LYP is widely used in two-state mechanistic
studies.”” In addition, for the open-shell-singlet-diradical system,
the broken symmetry solution of B3LYP method was proved to
be reasonable.”® Further test calculations of homo-cleavage of
the F;C—I bond in CF,I molecule show that B3LYP produces
similar results with the CCSD(T) method.**

B RESULTS AND DISCUSSION

PART I. Reaction Mode-A: 1 Acts as a CF;* Free
Radical Source. Reaction (a): Trifluoromethylation of
Terminal Olefins with 1 and CuCl Catalyst. In this part, the
mechanisms of trifluoromethylation of terminal olefins with 1
and CuCl catalyst® have been studied intensively. However, to
make clear and make sense, only the most favorable pathways
and selected transition states of the competitive pathways are
shown in Scheme 3. The selected optimized structures are
shown in Figure 1. Some steps such as low barrier
conformational changes are omitted. The complete pathways
are collected in Supporting Information.”* In the calculation,
pentene was used as the olefin substrate.

Step-1: 1 Catalyzed by CuCl to Generate CF;* Free Radical
and Cu" Species. As shown in Scheme 3, R is the reactant
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Figure 2. Variation of the NBO atomic charges on I and Cu atoms
during the CF," free radical formation. The structures on the right side
of the transition state (Cu-TS-SD-1) were obtained from IRC
calculation.

complex of 1 and the CuCl catalyst. The oxidative addition
pathway of 1 with Cu'Cl to generate Cu™—CF; species was
calculated (TS-OA-1, 32.0 kcal/mol).** The barrier is too high
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Scheme 4. Pathway of Trifluoromethylation of Terminal
Olefins with 1 and CuCl Catalyst®
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to be reasonable under the experimental conditions. However,
it should be noted that in experiments using electron-rich
ligands, this mechanism cannot be excluded because the Cul-
CF; species can be stabilized greatly by the ligand used.'* In
TS-SN2—1, 1 acts as a CF;" source. Because the alkene is not a
good nucleophile, the barrier of this Sy2 attack is very high
(36.9 kcal/mol). Furthermore, our calculations also indicate
that the “CF;-containing radical intermediate” B (Scheme 2) is

not a local minimum on both the triplet and the singlet-diradical
state potential energy surfaces.”*

R’ is a more reactive configuration in which the I-O bond
breaks (3.363 A), and the catalyst Cu' weakly coordinates with
the I atom. There are two pathways to generate CF;® free
radical via spin inversion through the minimum energy crossing
points (MECPs). On the favorable pathway, through Cu-
MECP-S-SD-1 (6.4 kcal/mol), R’ crosses to the singlet-diradical
(SD) potential energy surface and then crosses over transition
state Cu-TS-SD-1 (8.3 kcal/mol), leading to the CF,* free
radical and the Cu" species INT-1 (C in Scheme 2). Direct
generation of CF;°® free radical from R needs to overcome a
higher barrier (14.4 kcal/mol).** The pathway via the closed-
shell-singlet state and triplet state MECP Cu-MECP-S-T-1 (15.7
kcal/mol) is less favorable.

In R/, the F;C—I bond is 2.304 A and increases to 2.733 A in
Cu-TS-SD-1, in which there are —0.63 spin density on the
carbon atom of the CF; group and +0.4S spin density on the
copper atom. This indicates that the homolytic bond cleavage is
concerted with the SET process. Figure 2 shows the variation of
the NBO>® atomic charges on I and Cu atoms during the CF,"
free radical formation. It demonstrates that the increasing of the

Scheme S. Calculated Pathways of C-Trifluoromethylation of Enolate with 1
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Scheme 6. Calculated Trifluoromethylation Pathways of Pentanol with 1 and Zn(NTf,), Catalyst”
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Scheme 7. Calculated Pathways of 1 to Produce a CF;* Free Radical without Catalyst”
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Table 1. Calculated Reaction Barrier and Gibbs Free Energy
Change (in kcal/mol) for 1 To Produce a CF;® Free Radical
under Different Conditions

e

F,C—I—O \SET | o°
o OER CF, + o OEG”
One-e Reductant One-e Oxidant
1
OER (one-electron barrier to produce CFj free AG of the
reductant) radical reaction
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enolateLi 6.3 —18.3
TEMPONa 0.9 =55.1
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Scheme 8. Qualitative Understanding of the Orbital
Interactions in CF;* Free Radical Generation Process
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positive charges on Cu atom is accompanied by the decreasing
of the positive charges on I atom, clearly indicating that the
electron is transferring from Cu atom to I atom in this process.

Experiments show that the CF;* free radical generation step
is fast. When 1 was added, the colorless CuCl solvent turned at
once to blue-green, which is a feature of Cu" ion.” Because the
generation of the CF;* free radical does not depend on the
alkene substrate, it is natural that TEMPO—CF; adduct can be
formed under standard conditions in the absence of the
alkene.®™**

Step-2: CF;* Free Radical Attacks the Olefin Double Bond.
As shown in Step-2 in Scheme 3, the CF;*® free radical directly

attacks the terminal carbon of the double bond via transition
state TS-add-a-2 over a barrier of 8.4 kcal/mol, leading to alkyl
radical INT-2 (D in Scheme 2). The formation of alkyl radical
species is partially supported by the reaction with diethyl
diallylmalonate as a cyclization radical-clock in Buchwald’s
work.®® The barrier of CF,* free radical attacking the f-carbon
of the double bond (TS-add-f-2) to yield branched product is
less favorable by 2.1 kcal/mol. As shown in Figure 1, there are
large positive NBO atomic charges (+1.073) on the central
carbon of the CF;* free radical. Therefore, the preference of
TS-add-@-2 may result from the electrophilic nature of CF,°
free radical and the larger electronic density on a carbon than
on f carbon in free pentene (NBO atomic charge: —0.489 vs
—0.215).

The barrier to oxidize Cu' complex by CF,® free radical
leading to Cu''—CF; species is 10.3 kcal/mol,** which is 1.9
kal/mol less favorable than TS-add-a-2. The barrier to oxidize
Cu" complex by CF;"* free radical (TS-Cu"™"™-8D-2) to afford
Cu™—CF, species is 9.8 kcal/mol, which is much lower than
that of the direct oxidation pathway (TS-OA-1, 32.0 kcal/mol).
However, it is still 1.4 kcal/mol less favorable than TS-add-a-2,
and the subsequent Cu™ pathways are also less favorable.**

The H-abstraction transition state TS-H-abs-2 which yields
allylic radical intermediate is 2.4 kcal/mol less favorable than
TS-add-a-2. Additionally, calculations show that the generation
of allylic radical via oxidation of olefin by Cu" species is
endergonic by 18.4 kcal/mol, indicating that the barrier must
be even higher.”* Therefore, the possibility to generate the
allylic radical is unlikely. This is consistent with the
experimental results showing that allylic-cyclopropane substrate
gives normal product® and that no TEMPO-allyl adduct was
detected.®

The barrier of CF;* free radical to be captured by the well-
known radical scavenger 2,2,6,6-tetramethyl-1-piperidinyloxy
(TEMPO) is 0.6 kcal/mol more favorable than TS-add-a-2,
indicating that CF;" free radical reacts faster with TEMPO than
with the terminal olefins. However, the barrier gap is small.
Therefore, both pathways should be accessible. This result is
consistent with the experimental observations in Wang’s
work.®® When 1.75 equiv of TEMPO was added in the
reaction system, most of the CF;°® free radicals were trapped by
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TEMPO leading to TEMPO—CF; (79%); meanwhile, 1%
normal trifluoromethylation product was obtained.

Step-3: Oxidation of the Alkyl Radical Intermediate to
Carbocation Intermediate by Cu" Species. As shown in Step-3
in Scheme 3, INT-2 binds with the Cu® complex, walks along
the singlet-diradical state potential energy surface (PES),
overcomes a barrier of 10.2 kcal/mol (TS-SD-3), then passes
through MECP-SD-S-3 and leads to INT-3 (E in Scheme 2).
The pathway via the triplet/closed-shell-singlet MECP (—27.0
kcal/mol) is less favorable and not shown here.?*?® As shown
in Figure 1, in transition state TS-SD-3, the Cu—C distance is
3.933 A, and the NBO atomic charge on the Cu center is
+1.221, which is close to that of the Cu" species INT-1
(+1.240). The NBO charge on the whole alkyl group is very
small (+0.031), being nearly neutral. In INT-3, the Cu—C
distance is 2.083 A with a Wiberg bond index of 0.5743, the
NBO atomic charges on the Cu center decrease to +0.930, and
the NBO charges on the whole alkyl group increase to +0.336.
These results indicate that the electrons transfer from the alkyl
radical group to the Cu' center. Thus, in INT-3, the alkyl
group becomes a carbocation, and the copper is in formal Cu'
oxidation state. Inspection of the molecule orbital (MO) shows
that this C—Cu bond is mainly contributed by the back-
donation from 4s and 3d atomic orbitals of Cu' center to the
empty 2p atomic orbital of the carbocation.**

Why has the theoretically predicted alkyl radical intermediate
INT-2 not been trapped by TEMPO in the experiment? Our
calculations show that INT-2 is more readily oxidized by Cu"
species (TS-SD-3, —19.0 kcal/mol) leading to the normal
trifluoromethylation product than reacting with TEMPO
(TEMPO-TS-SD-3, —18.2 kcal/mol). In addition, when most
of the CF,"* free radicals were trapped by TEMPO, only a small
amount of alkyl radical intermediate could be formed.

The barrier of the alkyl radical intermediate INT-2 attacking
a second molecule of olefin (TS-3, —5.7 kcal/mol) is much less
favorable, showing that the olefin polymerization is unlikely.
Furthermore, the reaction of INT-2 with Cu' to produce alkyl-
copper species F is both kinetically and thermodynamically less
favorable.**

Step-4: Deprotonation of the Carbocation Intermediate
To Form the Final Product. For the carbocation intermediate
INT-3, in the deprotonation process, transition state TS-HT-y-
4, which leads to allylic trifluoromethylation product, is 1.4
kcal/mol more favorable than TS-HT-a-4, which leads to
olefinic trifluoromethylation product. In TS-HT-y-4, the C—H
bond is activated by the Cu center,”* which is indicated by the
short H--Cu distance of 1.798 A. This is similar to the
cyclometalation catalyzed by palladium acetate.”” The barriers
to eliminate a-H and y-H of INT-3 are close, indicating that
under certain conditions, the elimination of the a-H is also
possible. When a substrate without an allylic proton, such as
styrene, is used, the elimination of the a-H is the only choice,
and the trifluoromethyl-substituted alkene is obtained.” The
regioselectivity of the elimination can be controlled by using
better leaving groups, such as BF;K in potassium vinyl-
trifluoroborates. In trifluoromathylation of allylsilanes, the silyl
group can be eliminated.

Naturally, the carbocation intermediate INT-3 may undergo
nucleophilic attack by nucleophiles such as the coordinated CI~
or 0-IPhCOO™ anion. The calculated results show that the
barriers of Cl™ and 0-IPhCOO™ addition to the carbocation are
3.8 and 4.3 kcal/mol higher than that of the deprotonation
process, respectively (TS-Cl-add-4 and TS-IPhCOO-add-4).
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This is well consistent with the fact that no nucleophilic attack
product was detected in this experiment. However, the small
barrier gap of about 4 kcal/mol indicates that under certain
conditions, the trifluoromethylation/nucleophilic-addition di-
functionalization product may be formed. In fact, the CI™ anion
addition trifluoromethylation product (15%) was actually
observed by Buchwald.®*”* The 0-IPhCOO™ anion addition
trifluoromethylation of styrene was obtained in Szabd and
Sodeoka’s works,**¢ and when base was added to facilitate the
deprotonation, trifluoromethylated alkenes could be obtained.”

We propose that in trifluoromethylation of alkenes with 1
and transition metal as one-electron reductant/oxidant, the
carbocation intermediate may be formed in many cases. With
this notion, mechanisms of many difunctionalization reactions
of alkenes could be understood based on the carbocation
chemistry, such as trapped by nucleophiles and intramolecular
Friedel—Crafts type reaction.* ' To show the mechanisms
more clearly, a summary of the whole reaction pathway is given
in Scheme 4.

Reaction (d): a-Trifluoromethylation of Evans-Type Chiral
Lithium Imide Enolate with 1. As for the synthesis of a-CF;-
substituted carbonyl compounds using lithium imide enolates
and 1,""" in the originally proposed pathways, new I
intermediate (G in Scheme 2) is formed via nucleophilic attack
to the I atom by the carbanion, and subsequent reductive
elimination from the I"' center affords the final product. As
shown in Scheme 5A, we located the I'! intermediates Li—I™-
INT1 (9.2 kcal/mol) with a newly formed weak C—I bond
(2.887 A) and Li—I"-INT2 (9.2 kcal/mol) with a newly
formed weak O—I bond (2.640 A). The overall barrier of
reductive elimination of Li—I"-INT1 to afford the final
product is 19.6 kcal/mol (Li-TS-I"™-RE-CC), which seems
quite reasonable. The reductive elimination transition state Li-
TS-T"RE-OC (25.6 kcal/mol) from Li—I"™-INT?2 to afford O-
trifluoromethylation product, and the Sy2 nucleophilic attack
transition state Li-TS-SN2 (27.0 kcal/mol) were also located.
They are both less favorable.

However, besides being good nucleophiles, enolates are
reductants, and they can be oxidized under mild conditions by
the ferrocenium ion [FeCp,]*, a mild one-electron oxidant.?®
Therefore, the radical mechanism must be considered. As
shown in Scheme SB, via Li-TS-SD-1 (6.3 kcal/mol), the CF,*
free radical generated concertedly with the oxidation of the
enolate to a-carbonyl radical (Li-INT1), in which large spin
(0.97) distributes on the f-carbon. The barrier of the CF;° free
radical generation is much lower than that of the reductive
elimination of Li—I"-INT1. Subsequently, the combination of
the CF;* free radical with the a-carbonyl radical passes over
transition state Li-TS-SD-anti-2 (—7.6 kcal/mol), leading to
the final product. Transition state Li-TS-SD-syn-2 is 0.5 kcal/
mol less favorable, which is qualitatively consistent with the
product selectivity in the experiments.'"® To avoid steric
interactions, the CF,;* free radical favors to attack the a-
carbonyl radical from the anti-side of the phenyl group on the
five-membered ring. Thus, the enolate acts as a one-electron
reductant, rather than a nucleophile. It is reasonable for being
consistent with the mechanisms proposed in previous experi-
ments.>

Part Il. Reaction Mode-B: 1 Acts as a CF;* Source.
Reaction (e): O-Trifluoromethylation of Pentanol with 1 and
Zn(NTf,), Catalyst. 1 is able to trifluoromethylate of certain
nucleophiles.”**® In this part, the mechanisms of O-
trifluoromethylation of pentanol with 1 and Zn(NTf,), catalyst
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to afford trifluoromethyl ether'*® have been studied (Scheme
6). ESI-MS spectrum shows that the zinc dicarboxylate complex
[Zn"(1),(NT£)]* is the main species in the reaction system.'*”
Therefore, the adduct of one Zn" with two 1 was used as the
reactant complex (Zn-R). The NTf,” anion forms hydrogen
bonding with the hydroxyl group, increasing the nucleophilicity
of the hydroxyl O atom. In transition state Zn-TS-SN2-Back,
the pentanol O atom attacks the CF; group backside in an Sy2
manner assisted by the NTf,” anion to accept the proton,
crossing over a barrier of 23.2 kcal/mol leading to the
trifluoromethylation product Zn—P. The side-attack transition
state Zn-TS-SN2-Side is 11.2 kcal/mol less favorable. Zn-R' is
a configuration in which the I-O bond breaks. This structure
leads to a slightly higher transition state Zn-TS-SN2-Back’
(24.5 kcal/mol).”* To test the I'' reductive elimination
mechanism, the intermediate Zn—I"INT was located. Its
relative free energy is 41.1 kcal/mol, indicating that the
reductive elimination mechanism is impossible. The free energy
change for CF,* free radical generation is 32.3 kcal/mol (Zn-
INT-SD), which is even higher than the CF,;* free radical
generation of 1 without catalyst (25.7 kcal/mol, Scheme 7).
Therefore, the radical mechanism can be excluded safely.

Based on the mechanistic studies on Reaction (d) and (e),
we propose that, in these cases, the selectivity of the reaction
mode of 1 depends on the competition of the nucleophilicity
and the reducibility of the substrate. In Reaction (d), the
lithium enolate is a strong nucleophile. However, it is also a
strong one-electron reductant due to its ability to delocalize the
spin. The pentanol is a weak reductant, indicated by the highly
unstable alkoxy radical species Zn-INT-SD. In the O-
trifluoromethylation of phenols,lza’24 the trifluoromethylation
occurred preferentially at the para-position of the aromatic ring,
and the expected O-trifluoromethylation product is obtained
only in lower yields. Our calculations show that the barrier of
an Sy2 attack of the phenolate O atom to the CF; group is 33.3
kcal/mol, and the barrier of reductive elimination for an I
intermediate is 27.5 kcal/mol. However, the barrier of the CF,*
free radical generation is 7.0 kcal/mol (Scheme 7 and Table 1).
In addition, the product distribution observed in the experi-
ment is consistent with the spin density distribution on the
phenolate radical. These results show that the behavior of the
sodium phenolate is similar to that of the lithium enolate, which
is in return supporting the mechanisms proposed for Reaction
(d).

Part Ill. The Nature of the CF;* Free Radical
Generation. To find out how the Cu' catalyst promotes the
generation of CF;® free radical, the CF;* free radical generation
pathway without Cu' catalyst was calculated (Scheme 7). The
energy of the transition state TS-SD-1 increases to 25.7 kcal/
mol, and the Gibbs free energy change of the reaction increases
to 14.9 kcal/mol, showing that without the Cu' catalyst, this
reaction is much less favorable both kinetically and
thermodynamically. Further calculations show that the
formation of CF;* free radical and o-IPhCOO™ anion is
much lower in free energy (26.2 kcal/mol) than the formation
of CF;~ anion and IPhCOO® free radical, indicating that
IPhCOOQ"® free radical is a very strong one-electron oxidant.
Therefore, the difficulty for 1 itself to produce CF;® free radical
originates from the high instability of the concomitantly
generated IPhCOO"® free radical. Consequently, when a one-
electron reductant, such as Cul, is available in the reaction, the
highly unstable IPhCOO® free radical is reduced to stable o-
IPhCOO™ anion via SET from the catalyst. It is this driving
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force that makes the CF;* free radical generation thermody-
namically favorable. The reduction process is happening in the
transition state Cu-TS-SD-1 (Scheme 3) and coordinated with
the elongation of the F;C—I bond (i.e., the generation of the
CF,* free radical). Therefore, the SET from the catalyst also
lowers the reaction barrier. The heterolytic dissociation of 1 to
give CF;" cation or CF;™ anion is thermodynamically less
favorable (27.5 and 49.8 kcal/mol, respectively) and can be
safely ruled out.**

To have a deeper understanding of the mechanisms, the
CF;* free radical generation pathways of the Fe'catalyzed”®
(Reaction (b) in Scheme 1) and the “transition-metal-free”
trifluoromethylation® (Reaction (c) in Scheme 1) were studied
(Scheme 7 and Table 1). The results show that in the Fe'-
catalyzed reaction, the barrier to produce CF;® free radical is
15.7 kcal/mol, and exergonic by —3.9 kcal/mol, which is
consistent with the experimental conditions. When Fe™ was
used in the reaction, only a small amount of product was
obtained.”® This fact supports the calculation results that Fe"
acts as a one-electron reductant rather than a Lewis acid. When
TEMPONa reacts with 1, the TEMPO™ anion is very easy to be
oxidized, and the barrier to produce CF;* and TEMPO radicals
is only 0.9 kcal/mol and exergonic by —55.1 kcal/mol. In this
reaction, the CF;°® free radical is more ready to react with the
styrene substrate than with TEMPO.**

Based on an inspection of the molecule orbitals (MO), a
qualitative understanding of the orbital interactions in the CuCl
catalyzed CF;* free radical generation process is proposed
(Scheme 8). For Cu-MECP-S-SD-1, the singly occupied
molecular orbital (SOMO) is mainly composed of 3d,” and
4s atomic orbitals of the Cu' atom. The empty SOMO+1 is
mainly composed of the F;C—I anti-bonding orbital. The SET
from SOMO to SOMO+1, largely from the Cu' atom to I'!
atom, promotes the homolytic cleavage of the F;C—I ¢ bond.
The ™ atom is reduced to I', concomitantly yields the CF;*
free radical and Cu" species.

Figure 3 shows the spin densities of TS-SD-1, Cu-TS-SD-1,
TEMPONa-TS-SD-1, Fe-TS-Q2-1, PhenolateNa-TS-SD-1,
and Li-TS-SD-1. In TS-SD-1, the forming positive spin
densities (in blue) are concentrated on the I and O atoms, to
produce the highly unstable IPhCOO?® free radical. However, in
other transition states, the forming positive spin densities are
mainly concentrated on the reductants.

Bl CONCLUSION

In view of the importance of Togni’s reagent 1 in
trifluoromethylation, comprehensive mechanistic studies have
been performed with DFT calculations. The results show that
there are two general reaction modes for 1: acting as a CF;*
free radical source or a CF;" cation source. In most cases, when
one-electron reductants are available, 1 will be reduced via
single-electron transfer (SET), producing CF;* free radical and
0-IPhCOO™ anion concertedly. In the Cu'-catalyzed trifluor-
omethylation of terminal olefins, Cu' assists homo-cleavage of
the F;C—I bond in 1 via SET to produce Cu" species and CF,"*
free radical. Then the CF;® free radical attacks the olefin,
leading to trifluoromethyl alkyl radical intermediate. Sub-
sequently, the Cu" species act as a one-electron oxidant to
oxidize the alkyl free radical to carbocation intermediate, and
subsequent deprotonation leads to the final product. This study
presents a better understanding on how fine-tuning of the
experimental conditions and substrate modifications can lead to
different products.
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During the CF;* free radical generation, the highly unstable
IPhCOO?* free radical is reduced to stable o-IPhCOO™ anion
via SET from the catalyst (or substrate). It is this driving force
that makes the CF;* free radical generation process both
kinetically and thermodynamically favorable. The SET and the
CF;* free radical generation are concerted.

Lewis acid such as Zn®" can activate 1 and make it more
readily to undergo an Sy2 nucleophilic attack at the CF; group
to give out a CF;" cation moiety. For substrates such as lithium
enolate and pentanol, the competition between their
reducibility and nucleophilicity determines the reaction mode
of 1. Further mechanistic studies on other trifluoromethylating
reagents are undertaken.
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