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ABSTRACT: Copper oxidative addition into organo-
halides is a challenging two-electron process. In contrast,
formal oxidative addition of copper to Cg* carbon—
bromine bonds can be accomplished by employing latent
silyl radicals under photoredox conditions. This novel
paradigm for copper oxidative addition has now been
applied to a Cu-catalyzed cross-coupling of C,,-bromides.
Specifically, a copper/photoredox dual catalytic system for
the coupling of alkyl bromides with trifluoromethyl groups
is presented. This operationally simple and robust
protocol successfully converts a variety of alkyl, allyl,
benzyl, and heterobenzyl bromides into the corresponding
alkyl trifluoromethanes.

O ver the past four decades, a range of novel ligand classes
in combination with palladium and nickel salts have
enabled the efficient catalytic conversion of C—X bonds into
carbon—carbon, —nitrogen, —sulfur, and —oxygen bonds
across a vast array of reaction manifolds." In contrast, copper
has achieved limited success in analogous transformations, a
notable deficiency given its salient potential for economical
and operational benefit.” Copper’s diminished utility arises
from an intrinsically high barrier to oxidative addition with
both haloarenes and aliphatic halides. This feature necessitates
the use of activated aryl bromides and iodides along with
elevated temperatures in the former case, while haloalkanes
remain effectively inert to almost all forms of catalytic copper
insertion.” This deficiency is further underscored by the fact
that high-valent Cu(III) complexes undergo reductive
elimination with electronegative coupling partners (e.g., CF;,
CN, F moieties) at rates that are often superior to Ni and Pd
salts.*

Recently, we became interested in overcoming the copper
oxidative addition problem via the conversion of aryl and alkyl
bromides to their aryl- and alkyl-Cu(III) analogs using a
halogen-atom abstraction/metal-radical capture mechanism.
More specifically, silicon-centered radicals have long been
established as potent abstractors of bromine atoms that can
rapidly convert organobromides into carbon-centered radicals
under mild conditions (Figure 1). In contrast to their limited
capacity for oxidative addition, copper salts can efficiently trap
carbon-centered radicals at rates approaching diffusion control,
thereby allowing copper C—X insertion to be readily
accomplished via an alternative open-shell mechanism.’
Recently, this previously unknown approach has enabled aryl
bromides to undergo copper-catalyzed trifluoromethylation at
room temperature,’ a transformation that was generally
considered to be challenging given the kinetically high barrier
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Figure 1. Catalytic trifluoromethylation of alkyl bromides

to reductive elimination of aryl-CF; products using either
nickel or palladium salts.® In this disclosure, we elevate this
radical capture/copper oxidative addition platform to the
implementation of aliphatic bromides, a structural format that
has previously been outside the scope of most copper-catalyzed
cross-coupling protocols.

Within medicinal chemistry, the introduction of trifluor-
omethyl groups onto C,-rich scaffolds can often enhance the
pharmacokinetic properties of lead candidates in drug
discovery, generally via improvements in surface hydro-
phobicity and/or decreased rates of enzymatic metabolism
and clearance.” However, the catalytic trifluoromethylation of
alkyl halides has historically been challenging, and at the
present time substrate tolerance is limited to allylic or benzylic
halides."” The production of C,,'—CF; bonds has been
accomplished using stoichiometric Cu(III)-based reagents;
however, only recently have catalytic variants been inves-
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Figure 2. Proposed mechanism for the copper-catalyzed trifluoromethylation of alkyl bromides via metallophotoredox.

tigated.'"" Given the success of our copper/aryl halide
insertion—trifluoromethylation studies, we questioned whether
this open shell cross-coupling mechanism might be translated
to all classes of aliphatic bromides, thereby delivering a
catalytic CFj-installation protocol of significant utility to
medicinal and process chemists. Herein we disclose the
successful execution of these ideals and present a mild, broadly
applicable, one-step protocol for the conversion of alkyl
bromides into alkyl trifluoromethanes.

We envisioned that a dual copper/photoredox trifluorome-
thylation mechanism might be initiated by photoexcitation of

Ir'"" photocatalyst 1 with blue LEDs to generate a long-lived
IrIII excited state (2) (Figure 2). Given the relative oxidation
potentials of the excited-state Ir'™ catalyst (2, E, ,*¢ [*Ir"/1r"]
= +1.60 V vs SCE in MeCN) and tris(trimethylsilyl)silanol (4,
Er (TMS)381OH“/(TMS)381OH +1.54 V vs SCE in
MeCN) we assumed that a rapid SET event would generate
silicon-centered radical § after a deprotonation and radical
Brook rearrangement sequence.'” At this stage, silyl radical §
was expected to abstract a bromine atom from alkyl bromide 6
at a rate on the order of 10’ M~ s™! to generate corresponding
alkyl radical 7.°" At the same time, single electron transfer
between the Ir'' reductant (3, E, red /1) = —0.81 V s
SCE in MeCN) and electrophilic trifluoromethylation reagent
8 (Epr“' = —0.52 V in MeCN)”'% would regenerate
photocatalyst 1 while inducing the production of the
trifluoromethyl radical (9)."> Rapid capture of 9 by Cu'
species 10 would produce Cu"—CF; adduct 11. Subsequent
combination of this Cu"—CF; adduct with alkyl radical 7, a
step that is considered to happen with kinetics approaching
diffusion rates, would afford critical alkyl-Cu'—CF, species 12,
which upon reductive elimination would afford the desired
product 13 and regenerate the Cu' catalyst.'*

Initial experiments on a representative alkyl bromide, 185,
revealed that the combination of silanol 4, trifluoromethyl-
sulfonium salt 8, photocatalyst 1, and CuCl, was highly
effective, affording the desired CF;-bearing product 16 in 94%
yield (Table 1, entry 1). In agreement with our previous
studies, silanol 4 proved to be superior to tris(trimethylsilyl)-
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Table 1. Control Reactions of Optimized Conditions™"”

15 16

20 mol% CuCly, 1 mol% 1
4 (2.0 equiv), 8 (2.0 equiv)

Na,COj3 (4.0 equiv)
DMSO (0.025 M), blue LEDs

r,4h
entry deviation yield
1 none 94%
2 TMS;SiH instead of 4 50%
3 4CzIPN (17) instead of 1 94%
4 no CuCl, 0%
S no TMS;SiOH 0%
6 no light 0%
7 no photocatalyst 0%
8 no base 26%

“Performed with 15 (0.05 mmol), CuCl, (20 mol %), 1 or 17 (1 or §
mol %, respectively), 8 (2 equiv), (TMS);SiOH (2 equiv), and
Na,CO; (4 equiv) in DMSO (0.025 M) for 4 h at 30 °C. “Yields are
reported on the basis of '’F NMR analysis using PhCF; as an internal
standard.

silane, presumably due to the feature that supersilane has a
weak Si—H bond (BDE = 84 kcal/mol)"* and can participate
in competitive hydrogen-atom transfer to produce proto-
dehalogenated material (entry 2). Notably, the Adachi-Zhang
organic photocatalyst, 4CzIPN ( 17), was also highly effective
for this transformation (entry 3)."® While control reactions
revealed that the copper catalyst, silanol, blue light, and
photocatalyst were all individually necessary (entries 4—7, 0%
yield), the omission of base resulted in decreased but
measurable product formation (entry 8). Moreover, the use
of ligated copper salts led to decreased yields. Lastly, an
examination of alternate metal chlorides including Ni, Fe, Co,
and Pd salts showed no activity, further highlighting the unique
effectiveness of Cu.'”

With these conditions in hand, we next turned our attention
to evaluating the scope of this new alkyl trifluoromethylation
reaction. First, with a diverse set of primary alkyl bromides, we
determined that excellent functional group compatibility was
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Table 2. Scope of the Copper-Catalyzed Trifluoromethylation Reaction of Alkyl Bromides via Metallophotoredox"’b

o Me Me Me (0]
Me
NI N Br & — @ Cu, — NI A CF,
T Me Ir
FsC =z Me CFy -OTf ) FsC Z
via
lectrophili b
. electrophilic cu'! alkyl-CF.
alkyl bromide CF, reagent 8 e, V=Fs

Unactivated Alkyl Bromides

o}
OH CO,Me CONH,
CFs /\/CFS N ﬁCFS
BnO CF3 CFs CFs
o}

16 90% (42%) yield® 18 61% (59%) yield® 19 81% (69%) yield® 20 83% yield® 21 79% (72%) yield® 22 79% (16%) yield®
/CFs CFs P CF, CF, CFs
BocN J:‘ OO/ Csz (j/
BzHN N
Ts
23 76% (63%) yield® 24 95% (80%) yield® 25 52% yieldd 26 91% yield® 27 89% (81%) yield® (2)28 61% (52%) yield®
1.3:1dur.
CFy
CFy CFs Me CFs Me Me
le\(:r ©/\(|3/F3 g Ph)k/CFa
o
13 88% (83%) yield® 29 47% yieldd (+) 30 63% yield® 31 74% (44%) yield® 32 43% (35%) yield® 33 70% (37%) yield®

Activated Alkyl Bromides

CF, CF,
@/\CF:; /©/\CF3 /©/\CF3 /©/\CF3
F3C F Br
OMe

COy,Me
34 87% yield® 35 85% yield® 36 79% yield® 37 54% yield® 38 83% yield® 39 39% yield®
Me
Me Me
=
AN
CF, CF, Me CF.
/@f\ 3 o, 5 o, ©/\/\ 3
cl F Me” X CF,4
Me |
Me
40 71% yield® 41 56% yield® 42 38% (35%) yieldd (£) 43 68% yield? 44 81% (70%) yield! 45 76% yield?
21E:Z >20:1 I:b

Heterocycle-Containing Alkyl Bromides

CF,
¢ o
B D N
Z X
R, _ | N CFs 0 N o
N N X, = K/\/CF:;
FC” N FiC

46 72% yield? 47 59% yieldd 48 67% (61%) yield® ()49 78% (72%) yield® 50 74% (69%) yield®
1.7:1dur.

CFy CF3
-0 / \ =
N N N N oR »
|y Q N [ N§< CF,
Ph CFy =N \_0 N
Cl Me
Me Me

51 78% (66%) yieldd 52 66% (57%) yield® 53 42% (40%) yield® 54 89% (77%) yieldd 55 38% (35%) yieldd

“Performed with CuCl, (20 mol %), 8 (2 equiv), 4 (2 equiv), Na,CO; (4 equiv), and with either 1 (1 mol %) or 17 (S mol %) in MeCN or
DMSO, respectively (see Supporting Information for full experimental details). “Due to the volatility of a number of products, yields are reported
on the basis of ’F NMR analysis using PhCF; as an internal standard. Isolated yields are in parentheses. “Performed with 17 in DMSO for 1 h.
¥Performed with 1 in MeCN for 4 h. “Performed with 17 in DMSO for 30 min.
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possible with substrates containing alcohols, esters, amides,
and protected amines (Table 2, 18—22, 61—83% yield). Next,
secondary cyclic alkyl bromides were converted to their
trifluoromethyl congeners in good to excellent yield (23—25,
52—95% yield), presaging the utility of this transformation for
rapid access to analogs of drug-like molecules. The observed
lack of diastereoselectivity for cyclobutane adduct 24 is
consistent with a carbon-centered, radical-based mechanism.
Saturated heterocycles such as tetrahydropyrans and piper-
idines, prevalent moieties in medicinal agents, could also be
readily employed (13, 26—28, 61—91% yield). Notably,
homobenzylic bromides, which are prone to E2 elimination
in base-mediated cross-coupling reactions, were well-tolerated
using this mild protocol (30, 63% yield)."® Similarly, rigid
frameworks such as 2-bromoadamantane and S-bromo-2-
adamantanone readily afforded CF;-bearing analogs 31 and
32 (74% and 43% yield, respectively).

We next examined activated allylic and benzylic bromides
substrates, given the prevalence of benzylic CF; substituents in
medicinal chemistry. A series of diversely substituted benzyl
bromides could be readily functionalized in good yield (34—
41, 39—87% yield). Notably, an alkyl bromide was engaged
faster than an aryl bromide (39, 39% yield), enabling the
possibility of sequential cross-coupling functionalization. We
were delighted to find that other activated substrates such as
allylic and secondary benzylic bromides were also tolerated
(4245, 38—81% yield)."”

Heteroarenes, among the most widely used core structures
in pharmaceutical synthesis, were also evaluated as trifluoro-
methylation substrates.”® (Bromomethyl)pyridines afforded
the corresponding CFj-adducts in good yield (46 and 47,
72% and 59% vyield, respectively). Surprisingly, anilines,
substrates that can be easily oxidized in photocatalytic SET
processes, were competent substrates for trifluoromethyl
incorporation (48, 67% yield). Heterocycles that are often
susceptible to N—O and N—N bond cleavage,”" such as
isoxazoles, oxadiazoles, and pyrazoles, were all accommodated
in this new copper-mediated transformation, yielding the
corresponding trifluoromethylated adducts (51—54, 42—89%
yield). Moreover, imidazoles such as §5, which are often
problematic in metal-catalyzed protocols, provided a level of
efficiency suitable for medicinal chemistry purposes.

We next sought to establish the intermediacy of alkyl radicals
by testing the functionalization of cyclopropyl-bearing
substrates 56 and 57 (Figure 3). Cross-coupling of halomethyl

Terao, 2007

2 mol% CuCl,
10 mol% 1-Ph-propyne

A

- " Npy
PhMgBr (1.5 equiv)
THF, reflux, 6 h 98% not formed
This work
20 mol% CuCl,, 1 mol% 1 cF
4 (2.0 equiv), 8 (2.0 equiv) 8
A/ Br - CF3 M
Ph Na,COj (4.0 equiv), Ph = Ph
MeCN, (0.025M), blue LEDs
(+) 56 i, 4h <1% 58, 14%
Br 20 mol% QuCIz, 1 mol% .1 CFs
4 (2.0 equiv), 8 (2.0 equiv) . cF
Ph NasCOj (4.0 equiv), Ph PR NN
MeCN, (0.025M), blue LEDs
57 t,4h <1% 59, 17%

Figure 3. Studies into the proposed open-shell mechanism.
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cyclopropanes under reducing Grignard conditions is known to
proceed without cyclopropane opening. As such, functionaliza-
tion of these radical clock substrates would enable us to
distinguish the mechanistic basis for the current protocol from
direct oxidative addition by either low-valent or nano-
particulate copper in solution.”> Upon exposure of 56 to our
standard protocol, we observed the production of 58 in 14%
yield. Similarly, cross-coupling of 57 also afforded ring-opened
product 59 in 17% yield. These results directly support the
presence of discrete alkyl radical intermediates in the reaction,
consistent with our proposed mechanism.

To demonstrate the utility of this transformation in late-
stage functionalization of drug analogs, we next undertook the
rapid synthesis of trifluoromethylated celecoxib and ticagrelor
derivatives 60 and 61 in 61% and 55% yield, respectively, from
the corresponding alkyl bromides (Figure 4). These relatively

Trifluoromethylation of Drug Derivatives

Ir@Cu(P

HO
"ro/\/CFS

HO

CFy

60, 61% yield
Celecoxib-CF3
two steps from Celecoxib

61, 55% yield
Ticagrelor-CF3
two steps from Ticagrelor

Me HN

e}
HOJ\:

HoN

Me CFy

Pregabalin () 62, 92% yield

Pregabalin

#11 top-selling isostere precursor

pharmaceutical in 2016

one step from commercial

Figure 4. Late-stage trifluoromethylation of medicinal agents.

complex medicinal agents underwent trifluoromethylation
using the standard conditions outlined in Table 1, further
demonstrating the general utility of this new protocol.
Moreover, the trifluoromethyl moiety has also been recognized
as an isopropyl group isostere in medicinal chemistry based on
their similarities in molecular volume and hydrophobicity.**
With this goal in mind, we successfully synthesized a
trifluoromethyl isostere of pregabalin 62 (92% yield,
dehydrated, cyclic form) from the commercial precursor
bromide. The application of this new trifluoromethylation
protocol to a diverse range of medicinally relevant structural
classes serves to emphasize the real-world utility and versatility
of this new copper-mediated protocol for both early- and late-
stage applications.

DOI: 10.1021/jacs.9b03024
J. Am. Chem. Soc. 2019, 141, 6853—6858



Journal of the American Chemical Society

Communication

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/jacs.9b03024.

Experimental setup, optimization details, characteriza-
tion and spectroscopic data for all compounds (PDF)

B AUTHOR INFORMATION

Corresponding Author
*dmacmill@princeton.edu

ORCID
David W. C. MacMillan: 0000-0001-6447-0587

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

Financial support provided by the NIHGMS (ROl
GM093213) and kind gifts from Merck, Janssen, and Pfizer. D.
J. P. Kornfilt thanks Mr. Chi Le and Mr. Russell Smith for
valuable scientific discussions.

B REFERENCES

(1) (a) Biffis, A.; Centomo, P.; Del Zotto, A.; Zecca, M. Pd Metal
Catalysts for Cross-Couplings and Related Reactions in the 2Ist
Century: A Critical Review. Chem. Rev. 2018, 118, 2249.
(b) Johansson Seechurn, C. C. C; Kitching, M. O.; Colacot, T. J;
Snieckus, V. Palladium-Catalyzed Cross-Coupling: A Historical
Contextual Perspective to the 2010 Nobel Prize. Angew. Chem., Int.
Ed. 2012, 51, 5062. (c) Tasker, S. Z.; Standley, E. A.; Jamison, T. F.
Recent advances in homogenous nickel catalysis. Nature 2014, 509,
299. (d) Hazari, N.; Melvin, P. R.; Beromi, M. M. Well-defined nickel
and palladium precatalysts for cross-coupling. Nat. Rev. Chem. 2017,
1, 0025.

(2) (a) Beletskaya, I. P.; Cheprakov, A. V. The Complementary
Competitors: Palladium and Copper in C-N Cross-Coupling
Reactions. Organometallics 2012, 31, 7753. (b) Thapa, S.; Shrestha,
B,; Gurung, S. K; Giri, R. Copper-catalysed cross-coupling: an
untapped potential. Org. Biomol. Chem. 2018, 13, 4816. (c) Hirano,
K.; Miura, M. Recent Advances in Copper-mediated Direct Biaryl
Coupling. Chem. Lett. 2018, 44, 868.

(3) (a) Sambiagio, C.; Marsden, S. P.; Blacker, A. J.; McGowan, P.
C. Copper catalyzed Ullmann type chemistry: from mechanistic
aspects to modern development. Chem. Soc. Rev. 2014, 43, 3525.
(b) Bhunia, S.; Pawar, G. G.; Kumar, S. V.; Jiang, Y.; Ma, D. Selected
Copper-Based Reactions for C—N, C-0O, C-S, C—-C Bond
Formation. Angew. Chem., Int. Ed. 2017, 56, 16136. (c) Wipf, P.
Transmetalation Reactions in Organocopper Chemistry. Synthesis
1993, 1993, 537. (d) Fier, P. S.; Hartwig, J. F. Copper-Mediated
Fluorination of Aryl Iodides. J. Am. Chem. Soc. 2012, 134, 10795.
(e) Morimoto, H,; Tsubogo, T.; Litvinas, N. D.; Hartwig, J. F. A
Broadly Applicable Copper Reagent for Trifluoromethylations and
Perfluoroalkylations of Aryl Iodides and Bromides. Angew. Chem., Int.
Ed. 2011, 50, 3793.

(4) (a) Senecal, T. D.; Parsons, A. T.; Buchwald, S. L. Room
Temperature Aryl Trifluoromethylation via Copper-Mediated Oxida-
tive Cross-Coupling. J. Org. Chem. 2011, 76, 1174. (b) Liu, T.; Shen,
Q. Copper-Catalyzed Trifluoromethylation of Aryl and Vinyl Boronic
Acids with An Electrophilic Trifluoromethylating Reagent. Org. Lett.
2011, 13, 2342. (c) Ye, Y,; Sanford, M. S. Merging Visible-Light
Photocatalysis and Transition-Metal Catalysis in the Copper-
Catalyzed Trifluoromethylation of Boronic Acids with CF;L. J. Am.
Chem. Soc. 2012, 134, 9034.

(5) (a) Ballestri, M.; Chatgilialoglu, C.; Clark, K. B.; Griller, D.;
Giese, B.; Kopping, B. Tris(trimethylsilyl)silane as a radical-based
reducing agent in synthesis. J. Org. Chem. 1991, 56, 678.

6857

(b) Chatgilialoglu, C. Structural and Chemical Properties of Silyl
Radicals. Chem. Rev. 1995, 95, 1229. (c) Chatgilialoglu, C.; Ferreri,
C; Landais, Y.; Timokhin, V. I Thirty Years of (TMS);SiH: A
Milestone in Radical-Based Synthetic Chemistry. Chem. Rev. 2018,
118, 6516.

(6) (a) Freiberg, M.; Meyerstein, D. Reactions of aliphatic free
radicals with copper cations in aqueous solution. Part 2. — Reactions
with cupric ions: a pulse radiolysis study. J. Chem. Soc., Faraday Trans.
1 1980, 76, 1825. (b) MacLachlan, A. Reaction rates of alkyl and
peroxy radicals with copper ion. Pulse radiolysis studies. J. Phys. Chem.
1967, 71, 4132.

(7) Le, C.; Chen, T. Q; Liang, T.; Zhang, P.; MacMillan, D. W. C. A
radical approach to the copper oxidative addition problem:
Trifluoromethylation of bromoarenes. Science 2018, 360, 1010.

(8) (a) Dubinina, G. G.; Brennessel, W. W.; Miller, J. L.; Vicic, D. A.
Exploring Trifluoromethylation Reactions at Nickel: A Structural and
Reactivity Study. Organometallics 2008, 27, 3933. (b) Cho, E. J;
Senecal, T. D.; Kinzel, T.; Zhang, Y.; Watson, D. A.; Buchwald, S. L.
The Palladium-Catalyzed Trifluoromethylation of Aryl Chlorides.
Science 2010, 328, 1679.

(9) (a) Meanwell, N. A. Fluorine and Fluorinated Motifs in the
Design and Application of Biosisosteres for Drug Design. J. Med.
Chem. 2018, 61, 5822. (b) Gillis, E. P.; Eastman, K. J.; Hill, M. D,;
Donnelly, D. J; Meanwell. , N. A. Applications of Fluorine in
Medicinal Chemistry. J. Med. Chem. 2015, $8, 8315. (c) O'Hagan, D.
Understanding organofluorine chemistry. An introduction to the C—F
bond. Chem. Soc. Rev. 2008, 37, 308.

(10) (a) Li, G.-b.; Zhang, C.; Song, C.; Ma, Y.-d. Progress in copper-
catalyzed trifluoromethylation. Beilstein J. Org. Chem. 2018, 14, 155.
(b) Alonso, C.; de Marigorta, E. M.; Rubiales, G.; Palacios, F. Carbon
Trifluoromethylation Reactions of Hydrocarbon Derivatives and
Heteroarenes. Chem. Rev. 2015, 115, 1847. (c) Koike, T.; Akita, M.
Fine Design of Photoredox Systems for Catalytic Fluoromethylation
of Carbon—Carbon Multiple Bonds. Acc. Chem. Res. 2016, 49, 1937.
(d) Ambler, B. R;; Zhu, L.; Altman, R. A. Copper-Catalyzed Synthesis
of Trifluoro-ethylarenes from Benzylic Bromodifluoroacetates. J. Org.
Chem. 2015, 80, 8449. (e) Ambler, B. R; Yang, M.-H.; Altman, R. A.
Synlett 2016, 27, 2747. (f) Mizuta, S.; Engle, K. M.; Verhoog, S.;
Galicia-Lopez, O.; O’Duill, M.; Médebielle, M.; Wheelhouse, K;
Rassias, G.; Thompson, A. L.; Gouverneur, V. Trifluoromethylation of
Allylsilanes under Photoredox Catalysis. Org. Lett. 2013, 15, 1250.
(g) Mizuta, S.; Verhoog, S.; Wang, X.; Shibata, N.; Gouverneur, V.;
Meédebielle, M. Redox Chemistry of Trifluoromethylsulfonium Salts
as CF; Radical Sources. J. Fluorine Chem. 2013, 1SS, 124.

(11) (a) Tomashenko, O. A; Escudero-Adan, E. C.; Belmonte, M.
M.; Grushin, V. V. Simple, Stable and Easily Accessible Well-Defined
CuCF; Aromatic Trifluoromethylating Agents. Angew. Chem., Int. Ed.
2011, 50, 765S. (b) Shen, H; Liu, Z.; Zhang, P.; Tan, X,; Zhang, Z.;
Li, C. Trifluoromethylation of Alkyl Radicals in Aqeuous Solution. J.
Am. Chem. Soc. 2017, 139, 9843. (c) Chen, Y.; Ma, G.; Gong, H.
Copper-Catalyzed Reductive Trifluoromethylation of Alkyl Iodides
with Togni’s Reagent. Org. Lett. 2018, 20, 4677.

(12) (a) Schiesser, C. H.; Styles, M. L. On the radical Brook and
related reactions: an ab initio study of some (1,2)-silyl, germyl and
stannyl translocations. J. Chem. Soc., Perkin Trans. 2 1997, 2, 2338S.
(b) Paredes, M. D.; Alonso, R. On the Radical Brook Rearrangement.
Reactivity of a-Silyl Alcohols, a-Silyl Alcohol Nitrite Esters, and f-
Haloacylsilanes under Radical-Forming Conditions. J. Org. Chem.
2000, 65, 2292.

(13) (a) Umemoto, T.; Ishihara, S. Power-variable electrophilic
trifluoromethylating agents. S-, Se-, and Te-(trifluoromethyl)-
dibenzothio-, -seleno-, and -tellurophenium salt system. J. Am.
Chem. Soc. 1993, 115, 2156. (b) Macé, Y.; Pradet, C.; Popkin, M,;
Blazejewski, J.-C.; Magnier, E. Mechanistical insight into ‘electro-
philic’ trifluoromethylation with S-(trifluoromethyl)dibenzothio-
phenium salts. Tetrahedron Lett. 2010, 51, 5388.

(14) Paeth, M.; Tyndall, S. B.; Chen, L.-Y,; Hong, J.-C.; Carson, W.
P.; Liu, X;; Sun, X,; Liu, J.; Yang, K; Hale, E. M.; Tierney, D. L.; Liu,
B,; Cao, Z; Cheng, M.-J.,; Goddard, W. A, III; Liu, W. Csp*-Csp®

DOI: 10.1021/jacs.9b03024
J. Am. Chem. Soc. 2019, 141, 6853—6858



Journal of the American Chemical Society

Communication

Bond-Forming Reductive Elimination from Well-Defined Copper(III)
complexes. J. Am. Chem. Soc. 2019, 141, 3153—3159.

(15) Lucarini, M.; Marchesi, E,; Pedulli, G. F.; Chatgilialoglu, C.
Homolytic Reactivity of Group 14 Organometallic Hydrides toward
Nitroxides. J. Org. Chem. 1998, 63, 1687.

(16) Uoyama, H.; Goushi, K; Shizu, K.; Nomura, H.; Adachi, C.
Highly efficient organic light-emitting diodes from delayed
fluorescence. Nature 2012, 492, 234.

(17) See Supporting Information for full optimization details.

(18) Saito, B.; Fu, G. C. Enantioselective Alkyl-Alkyl Suzuki Cross-
Couplings of Unactivated Homobenzylic Halides. J. Am. Chem. Soc.
2008, 130, 6694.

(19) Wayner, D. D. M.; McPhee, D. J; Griller, D. Oxidation and
reduction potentials of transient free radicals. J. Am. Chem. Soc. 1988,
110, 132.

(20) Taylor, R. D.; MacCoss, M.; Lawson, A. D. G. Rings in Drugs. J.
Med. Chem. 2014, 57, 584S.

(21) (a) Velcicky, J; Soicke, A, Steiner, R; Schmalz, H.-G.
Palladium-Catalyzed Cyanomethylation of Aryl Halides through
Domino Suzuki Coupling—Isoxazole Fragmentation. J. Am. Chem.
Soc. 2011, 133, 6948. (b) Hu, F.; Szostak, M. Recent Developments in
the Synthesis and Reactivity of Isoxazoles: Metal Catalysis and
Beyond. Adv. Synth. Catal. 2015, 357, 2583.

(22) Terao, J.; Todo, H.; Begum, S. A.; Kuniyasu, H.; Kambe, N.
Copper-Catalyzed Cross-Coupling Reaction of Grignard Reagents
with Primary-Alkyl Halides: Remarkable Effect of 1-Phenylpropyne.
Angew. Chem., Int. Ed. 2007, 46, 2086.

(23) (a) Mikami, K; Itoh, Y.; Yamanaka, M. Fluorinated Carbonyl
and Olefinic Compounds: Basic Character and Asymmetric Catalytic
Reactions. Chem. Rev. 2004, 104, 1. (b) Miiller, K; Faeh, C.;
Diederich, F. Fluorine in Pharmaceuticals: Looking Beyond Intuition.
Science 2007, 317, 1881.

6858

DOI: 10.1021/jacs.9b03024
J. Am. Chem. Soc. 2019, 141, 6853—6858



