Cody Ross Pitts Get the F Out! C-F Bond Functionalization B ey o

Previous Baran Lab Group Meeting Topics Centered on Fluorine: pKa differences and “circumstantial” a-fluoro-carbanion stabilization trends

Fluorination of Organic Compounds (Su, 2008)

Fluorinated Synthons (Gianatassio, 2013) H,C—H vs. FsC=H | (NOHC-H ws.  (NO,FC—H

Introduction - Some Properties/Oddities of the C-F Bond in Context: pKa: 52-62 27 3.6 7.7

bond length, BDE, electronegativity, Van der Waals radius, polarizability J. Org. Chem. 2004, 69, 1-11, and references cited therein

thermodynamic effects of fluorine on other C-F bonds

X= H F cl Br [ c
d(C-X) (A2 109 138 177 194 213 - d(C-F) (A)  BDE (kcal/mol) qc’ g
BDE (C-X) (kcal/mol) 105 115 84 72 58 90 CHaF 1.39 1100 0.01 -0.23
Electronegativity ()2 2.2 4.0 3.2 3.0 2.7 2.6 CH,F, 1.36 120 0.40 -0.23
fiy (A)2 120 147 175 185 198 - CHF, 1.33 128 0.56 -0.21
Atom Polarizability (a2 067 056 22 31 47 - CF, 1.32 131 0.72 -0.18

Adapted from: J. Org. Chem. 2004, 69, 1-11, and references cited therein. Charges
calculated at the B3LYP/6-311G* level of theory. PDiffers from value reported in:
Blanksby, S. J.; Ellison, G. B. Acc. Chem. Res. 2003, 36, 255-263

aAdapted from: Kirsch, P. Modern Fluoroorganic Chemistry: Synthesis Reactivity,
Applications; Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim, Germany, 2004.
bAdapted from: Blanksby, S. J.; Ellison, G. B. Acc. Chem. Res. 2003, 36, 255-263.

Note: experimental BDE values here were determined from methane derivatives. ' effect on singlet-triplet energy gap in carbenes

X X
singlet %’ D VS. triplet %’ D
9 X P X

X= F cl Br H
AEgy (kcal/mol)  -56 -20 -16 +9.5

J. Org. Chem. 2004, 69, 1-11, and references cited therein
the fluorine “Gauche” effect

H L H AE H Lox ("C-H —> O*C-F)
g ~ Q;{ @
T H HH X= F NH,

AE (kcal/mol) ~-0.7 -5.8

stabilizing and destabilizing factors of carbocations and carbanions
a-fluoro-carbocations vs. p-fluoro-carbocations

inductive *FiN  resonance ® inductive
destabilization i )\) stabilization /—/ / destabilization
R"® R R

a-fluoro-carbanions vs. B-fluoro-carbanions: the opposite trend

. . F E . .
sticaion <+ 207 1 oo | O L oliihton
<A destabilization resonance stabilization
(“negative hyperconjugation”)
resonance vs. induction in action: it's all about finding the balance anti gauche
Isr. J. Chem. 2017, 57, 92-100, and references cited therein

... among many other notable ‘physical organic” phenomena of fluorine

order of carbocation stabilities (determined in gas-phase experiments):

® ® ©) ®
CHF2 > CH2F > CF3 > CH3 . . ) ) ) )
the bottom line: the C-F bond is strong and fairly unique in behavior

J. Am. Chem. Soc. 1974, 96, 1269-1278 (as is the influence of fluorine on organic molecules, in general) 1
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The Concept of C-F Bond Functionalization, in Broad Strokes:

Due to the many applications of fluorinated molecules in medicinal
chemistry, agrochemistry, materials, etc., it seems as though it’s more
desirable to develop methods to put F on molecules rather than get the F
out. So why would one be interested in C-F bond functionalization?

“The chemical and intellectual challenges of C-F bond activation rival
those of C-H activation in hydrocarbons.”

-in Chem. Rev. 1994, 94, 373-431

- Aside from being a “fundamental” curiosity, the unique nature of the C-F
bond may elicit useful chemoselective reactions (in some instances) that are
orthogonal and thus complementary to C-H or C-X bond functionalization.

- The topic may be important regarding the breakdown and disposal of
fluorocarbons and hydrofluorocarbons.

- C-F bond functionalization of polyfluorinated compounds also exemplifies
an alternative (or rather “less traditional”) approach to the synthesis of
fluorinated building blocks or complex molecules.

- For these and other reasons, the field appears to have considerable
momentum. For some detailed reviews on the topic, please see below.
Note: this list of reviews is not comprehensive.

Emphasis on C-H vs. C-F Bond Functionalization:

Acc. Chem. Res. 2011, 44, 333-348

Chem. Commun. 2017, 53, 3615-3633

Chem. Rev. 2017, 117, 8710-8753

Emphasis on Main Group Reagents or Lewis Acids:

ACS Catal. 2013, 3, 1578-1587

Synthesis 2017, 49, 810-821

Emphasis on Aliphatic (Including Trifluoromethyl) C-F Activation:
J. Fluorine Chem. 2015, 179, 14-22

Chem. Commun. 2018, 54, 10224-10239

Chem. Eur. J. 2018, 24, 14572-14582

Emphasis on “Synthesis Applications” (Others Also Fit this Category):
Chem. Rev. 2009, 109, 2119-2183

Tetrahedron Lett. 2015, 56, 877-883

Chem. Rev. 2015, 115, 931-972

Emphasis on C-F Coordination/Activation by Transition Metals:
Coord. Chem. Rev. 1990, 99, 89-115

Chem. Rev. 1994, 94, 373-431

Coord. Chem. Rev. 2005, 249, 1957-1985

Organometallics 2012, 31, 1245-1256

Angew. Chem. Int, Ed. 2013, 52, 3328-3348

Angew. Chem. Int. Ed. 2019, 58, 390-402

Emphasis on C-F Coordination/Activation by Lanthanides/Actinides:
Dalton Trans. 2016, 45, 6313-6323

Generalized Mechanistic Considerations for C-F Bond Cleavage:

Although detailed mechanistic discussions are beyond the scope of this
presentation, here are a few general considerations of the reaction modes
that may be at play in C-F bond cleavage:

typically by transition metals:

oxidative addition [M + C—-F —>» C—[M]—F
M-C formation, E-F — —F —» —[M + E—F
elimination (E = H, Si) [M]-E + € C—M
hydrodefluorination, [M][-H + C—F —> F—[M] + C-H
M-F formation
nucleophilic attack M® + c-F —» c—[M + FO

typically by low-valent metals or electrochemically:

SET

single-electron reduction C-F —>» Ce + FO

typically by main-group Lewis acids (or superacids):

fluoride abstraction LA® + c-F —» c® + LA-F

Acc. Chem. Res. 2011, 44, 333-348 and ACS Catal. 2013, 3, 1578-1587

The Scope and Organization of this Group Meeting Topic:

Moving forward, this presentation is divided into 3 major sections, titled 1)
Fluorinated Arenes and Heteroarenes, 2) Fluorinated Alkenes, and 3)
Fluorinated Aliphatic Compounds, with subcategories defined therein.

Only select examples will be presented that typically 1) demonstrate the
breadth of the field, 2) illustrate notable chemo- and regioselectivity
concepts, 3) showcase advancements in catalysis, or 4) highlight
synthetically useful (or otherwise noteworthy) transformations, among other
curiosities at the discretion of the presenter.

READER BEWARE: As the field of C-F functionalization is vast, this
presentation is NOT comprehensive (or necessarily chronological) by any
means. Thus, several significant contributions to this field may be omitted
intentionally or unintentionally due to time constraints. However, a list of
reviews has been provided so that this presentation may serve as a liaison
to more focused and comprehensive discussions for those interested. 2
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Section 1 - Fluorinated Arenes and Heteroarenes:
various “early” examples of C-F bond cleavage reactions

Swarts
CF;
or or
Pt black, H20
conditions
CO,H CO,H
Bull. Acad. Roy. Belg. 1920, 399;
Bull. Sci. Acad. Roy. Belg. 1936, 22, 122
Hughes and Saunders
FCgHjy < FCgH N
NH, CG >N CeHaF CG 4
NH NH,
FCGH4 + FCGH4
202
25-35%
CGH4F (cumulative) CGH4F

HRP = horseradish peroxidase J. Chem. Soc. 1954, 4630-4634

Rieke and co-workers
J. Am. Chem. Soc. 1972, 94, 7178-7179

CO,H F CO,H
1.) “Rieke Mg” 1.) “Rieke Mg”
diglyme, 1 h KlI, THF, 1 h
- —_—
2.) CO, 2.) CO,
5% [X =H] [X = Me] 65%

Me
J. Chem. Soc., Chem. Commun. 1973, 879-880

Bruce and co-workers

/ 1
-F5 RuMe(PPh -CsH

N N°N/© 5 (PPh3)2(n-CsHs) _ Ru—pph,
F.— light petroleum, N
5n 0 / _—

= 100 °C A )

N\

J. Chem. Soc., Chem. Commun. 1974, 185-186 4

(contd) (CO4)M J@
MnCO)o I O/
N N¢N —_— : +
Fs—r heptane, reflux /©
% 48 h

10%
note: only C-H activation reported

290
using PdCl, instead of Mn,(CO)1, M“(C04)

J. Chem. Soc., Dalton Trans. 1975, 591-595

Fahey and Mahan
3P Ni- PEt,

F F hexane
F F
F

Br: 77% yield, reaction at 25 °C (minutes)
Cl: 79% yield, reaction at 25 °C (minutes)
F: 7% yield, 30-35 °C (days), product gradually decomposes at 30 °C

J. Am. Chem. Soc. 1977, 99, 2501-2508

(PEt3)oNi(cod)  +

X =

Deacon and coworkers

CO,H CO,H
1)CO, e ’
Yb(CeFs), MR 78C + j@i
2)HO" ¢ . .
F 50% F 16%

Aust. J. Chem. 1983, 36, 43-53

Weydert, Andersen, and Bergman

toluene
(MeCsHa)gU=tBU  + = 2CeFe  — =73 (MeCsHy)sU-F
rt, 24
+ organic products formed: quantitative
F F - F
Me
F tBu + F H + + JL
Me” "Me Me” ~Me
F F : .

J. Am. Chem. Soc. 1993, 115, 8837-8838 3
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Perutz and coworkers F :
X '

E E Ni(cod), F X X :
X PEt; | X = H:63% yield

E | N/ . hexane Z F F: 49% y|e|d E

r, 3h Et;P-Ni-PEt E

F !

Organometallics, 1997, 16, 4920-4928

Reed and coworkers (?:I' Ph
; 8 E_

TR TR IR |
E7//\_E C.H.F E7//\E E~/7/\\_B :
|\F.—.E/ 6! 15 |\F.—,E/| + |\E—.E/ '

ElE\\\ ///E\E 80°C,5h ElE\\\ ///E\E E/E\\\ ///E\E !
NN BsSIF) NE7 1113 N :

® Co € © 80% (cumulative) §© :

Et3S| H H H f
[E = B-CI] Angew. Chem. Int. Ed. 2010, 49, 7519-7522

C-H vs. C-F functionalization at transition metal centers

-Three major thermodynamic considerations (varies greatly case by case):
1) nature and strength of the interaction between the transition metal
complex and the entire hydrofluorocarbon

2) relative energetics of C-H oxidative addition

3) relative energetics of C-F oxidative addition

-The presence and number of fluorine atoms modulates reactivity of both
C-H and C-F bonds:

relative C-H bond strength relative C-F bond strength

-Energetics of C-H bond activation more favorable with ortho-fluorine effect:

-M-C is more ionic in character than C-H bond
-inductive effect of fluorine atoms stabilizes negative
charge (less pronounced for m-F and p-F substituents)
-possible hyperconjugative interaction between
“carbanion” and o”¢_ (explains C-F bond lengthening)

H H F F E
N N :
Fs_./ > Fs_./ < i

for example

F. : F
/Rlu\ —h>
MesP”  / v

S

1
..Ru F
Me3P‘ Vi
©. F , H + ©| F
.Ru .-Ru
MesP*s F MesP"y
H \_» H

F F

) at >20 °C, conversion to
Organometallics 1994, 13, 522-532 one isomer

-Relative energetics of C-H vs. C-F activation dependent on metal:
for example

X PH, M X Y AE
H, H,P—M—-X :
R F V' AE (kcal/imol) E v Ni F H -37
[ M+ E—— Pt F H -36
P .
H, F F . f Ni H O F o -14
F L Pt H F -24

calculations performed at B3LYP/6-31G** (LANLZ2 for Ni and Pt)

Note: These (and other) calculations predict a stronger preference for C-F
bond activation when M = Ni, and more competition between C-H and C-F
bond activation when M = Pt. The authors conclude that “C-H and C-F
activation should be the kinetic and thermodynamic products, respectively.”

J. Am. Chem. Soc. 2004, 126, 5268-5276

-Oxidative addition of C-F bonds is strongly exothermic, often making
reductive elimination endothermic (however, there are ways around this
using high-valent metal fluorides - see, e.g., the works of Ritter and Sanford)

J. Am. Chem. Soc. 2008, 130, 10060-10061

J. Am. Chem. Soc. 2009, 131, 3796-3797

-Regioselectivity and mechanisms of C-F bond cleavage vary greatly with
metal and ligand (as well as number/placement of F atoms on substrate)

for example

F -=— often targeted by Pd, Pt, Rh (e.g. via ET or SyAr mechanisms)

Fao T

Z
F N
Chem. Rev. 2009, 109, 2119-2183 4

F —«— often targeted by Ni (e.g. via concerted oxidative addition)
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select C-F bond functionalization reaction examples (contd)
Kumada and coworkers N NO, Cs,CO4 NO,
BusSn - 10 mol% Pd(PPhg), R
or + I —
DMF, 65-80 °C, 18 h

+ )M\gCI 1 mol% N|CI2 dmpe)
Me”~ "Me EtZO reflux, 40 h 1:7

62% (cumulative)
J. Organomet. Chem. 1973, 50, C12-C14
-Possibly the first example of a catalytic C(sp?)-F to C-C bond transformation

B(OH), CHO CHO
©/ R = vinyl: 45%
phenyl: 86%

J. Am. Chem. Soc. 2003, 125, 1696-1697

-Revisited in the late 1990°’s/early 2000’s, for example: X X
Tamao and coworkers F 2-4 mol% PdCl,(PCys), Ar
F p-Tol +  ArMgBr — 5
p-TolMgBr THF, 50-70 °C, 24-66 h
0.05 mol% NiCl,(dppp)
TRE i oan 92% (GC) cl X = OH; Ar = Ph: 81% cl

X = NHy; Ar = 4-OMe-Ph: 49%
Note: Study also compares NiCly(dppp) vs. PdCly(dppf) selectivity in C-F Synthesis 2008, 16, 2645-2649
functionalization of di- and trifluorobenzene isomers. e LR LT LT
Synlett 2005, 11, 1771-1774 -Beyond Ni and Pd catalysis, several other transition metals have been
employed in cross-coupling reactions of aryl fluorides.
-In some cases, compounds such MnCl,, CpTiCls, and TaCls are known to

o N Ph !

| X 5 mol% NiCl,(dppe) m 979, -Reactions with aryl cuprates and aryl fluorides can be catalyzed by Co(ll).
Z :
N 1

Manabe and Ishikawa

Mongin and coworkers

F PhMgCl catalyze reactions between aryl fluorides and Grignard reagents.
NP THF, rt, 18 h -Several other notable cross-coupling reactions exist.
for example

Note: Pyridines, pyrazines, pyridazines, quinazolines, and other quinolines
were also compatible; minor changes in Ni(O)L,, employed in some cases.

J. Org. Chem. 2002, 67, 8991-8994 @_ 10 mol% InCl,
.................................................................... : =) g N = 0
-Pd-catalyzed cross-coupling reactions of aryl fluorides (traditionally difficult) CgHe; 80°C, 4 h

Prajapati and coworkers

are made possible using directing groups and/or activation by strong EWG'’s. 75%
for example ! Synlett 2005, 18, 2823-2825
Kim and Yu 1 Love and coworkers
NO, Cs,COg NO, :
NHp 10 mol% Pd(PPhs), H : F 5 mol % Pt,Me,(SMe,), F
+ o o ' _Bn 0.6 equiv. ZnMe, _Bn
tBu DMF, 65 °C, 18 h : SN —_— N
tBu ' MeCN, 60 °C, 8 h
50-54% ' Br F Br Me

85%

J. Am. Chem. Soc. 2003, 125, 1696-1697 Org. Lett. 2007, 9, 5629-5631 5
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(contd)
Yamaguchi and coworkers
Cl
F 5 mol % RhH(PPhs),
10 mol% dpsz
(p-Tol-S), +
0.5 equiv. PPh3

CgHsCl, reflux, 6 h
Br 72%
J. Am. Chem. Soc. 2008, 130, 12214-12215

-Several methods reported for catalytic hydrogenolysis of aryl C-F bonds
employing Pd, Rh, Ni, Ni-Al alloy, Cu-Al alloy, etc., for example:

Young and Grushin
45% conversion

Note: Other fluorobenzene derivatives were unreactive under O,-free
conditions, but reacted in the presence of trace amounts of air!

Organometallics 1999, 18, 294-296

H, (80 psi)
0.67 mol % (Cys)PQRh(H)Clg
—_——

40% NaOH, toluene
95°C, 20 h
O,-free

Fort and coworkers
3 mol % Ni(acac),

- 3 mol% IMes *HCl ~ 1 o
| — > | quantitative
N/ 3.0 equiv. iPrONa N/
dioxane, 100°C 2 h
Adv. Synth. Catal. 2003, 345, 341-344
J. Mol. Catal. A: Chem. 1997, 125, 135-142

5 mol% Pd/C
NaOH, iPrOH

82°C,5h
quantitative

5 mol% Pd/C
NaOH, N2H4' HCI

toluene, rt 24 h
51%

Tetrahedron Lett. 2003, 44, 7191-7195

Ukisu and Miyadera (top)

Cristau and coworkers (bottom)

-Reductive C-F cleavage can be accomplished using alkali metals (such as
K) in lig. NH5, Rieke Mg (previously mentioned), Li/cat. naphthalene, etc.
-Hydrodefluorination reactions involving Zn metal can be modulated in the
presence of catalysts and/or in different solvents, for example:

EWG mono- vs. di-o-F
cat. Ni(0)/Zn — removal controlled
EWG = CO,H F = (or Yb(Il)/Mg) by Ni cat. loading
CO-R, CN, R F F in protic solvents, hydrodefluorination
¥ reactions run smoothly
F -—7n

a_ under anhydrous conditions,
organozinc compounds are

Chem. Rev. 2009, 109, 2119-2183 accessible (e.g. with cat. SnCl,)

-Hydrodefluorination reactions of monofluoroarenes can be accomplished
using catalytic amounts of transition metal salts (e.g. Ni/Ti, Ni/Yb, or Nb)
with metal hydrides (e.g. NaH or LiAlH,).

-Some unique C-F functionalization reactions with haloarene-Cr(CO)3
complexes exist, for example:

Schmalz and coworkers
o Sml,
{BUOH OH
1 10:1 THF:HMPA |
Cr(CO), 0°Ctort,2.5h Cr(CO),
Synlett 2002, 8, 1253-1256
Rose and coworkers
Si(iPr); 1.) LIBDEt, Si(iPr);
THF, -78 °C, 1 h
F —_— 86%
1 2.) TFA 1
Cr(CO); D crco),

Tetrahedron Lett. 1991, 32, 6703-6704

-The size and electron-withdrawing effect of fluorine allows for efficacy and
often selectivity over other halogens in nucleophilic aromatic substitution
(SNATr) reactions:
reactions with aliphatic halides vs. aryl halides

Sn2

vs. SnAr

reactivity order: | > Br > Cl > F F >Cl>Br>|
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-C-F functionalization via SyAr is more commonly utilized in synthesis;
sequential regioselective fluoride displacement in polyfluorinated arenes
allow for efficient routes to quinolone antibacterial agents, for example:
Todo and coworkers

1.) EtBr, K,CO5, DMSO

F COH then, NCCH,CO,tBu F COqEt 5 steps
—— ——
F F 2.) TsOH, toluene, reflux F e
90%
F CN F
MegNCH(OMe)Z
F CO,Et A0, DOM, r F | CO,Et
AcHN F then, NH, AcHN . NH
HO
F Me FoHo K,
o
F CO,Et
K2003, DMSO | 2 StepS
90-100 °C, 3 h N > Pazufloxacin
~82% over 2 steps o)
mechanism? \/k Me

Chem. Pharm. Bull. 1994, 42, 2629-2632
Rao and coworkers

NO, Ci for an application in macrocyclization...
F HO
CsF
o oTBS DMF (0.008 M)
—_——
MeO rt, 1 h
H NHBoc 45%
c o
NO, N NO, cl
(0] (0]
cl OH OH
(0] + 0
MeO MeO
N NHBoc N NHBoc
H H
(0] 1:1 (0]
CN CN

Tetrahedron Lett. 1997, 38, 7433-7436

-It is worth noting that the vast literature surrounding SyAr applications
indicates mono- through hexa-substituted benzene derivatives are
accessible from fluoroarenes, as well as polysubstituted heteroaromatics.

-Aryl fluorides can also act as precursors to benzyne intermediates; consider
relative behavior of halogenated arenes in presence of alkyllithium reagents:

X
X1 Li-halogen exchange: fast
Rt nucleophilic addition: slow
= ortho deprotonation: slow F
X = Br | Li-halogen exchange: slow H
- nucleophilic addition: fast gt
ortho deprotonation: fast P

-Lithium-halogen exchange often dominant process in presence of aryl
bromide or iodide substituents (e.g. using nBuLi); however, ortho-fluoro
deprotonation often favored in presence of aryl chloride, for example:

Caster and coworkers . Cl
minor /©/
| F zZ
Cl

iod
F F F

nBulLi
—_—
Et,0, -78 °C

-More recently, methods also have been developed for borylation and

silylation of aryl fluorides, for example:
Bpin
/©/ 93%
Ph
Et;SiBpin

Org. Lett. 2018, 20, 5564-5568
O
Ph 10 mol % Ni(COD), SiEt
KOtBu /@/ ’
12 CeHipTHF, 11, 2120 o 7%
7

Nat. Commun. 2018, 9: 4393

Bopins
2 mol % Pd,(dba)s
LIHMDS

toluene, 80 °C
12h
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Section 2 - Fluorinated Alkenes: select C-F bond functionalization reaction examples
general considerations regarding fluoroalkene reactivity Percy and coworkers
-A large number of reactions involving fluoroalkenes occur via addition of a OMEM OMEM OMEM
nucleophile to the a-carbon atom of a fluoro- or gem-difluoroalkene, followed . F _ F _ F
by either elimination, g-functionalization, or an S\2’-like pathway. N LDA, THF N 23] F XX
-The '3C NMR shifts of the a- and p-carbon atoms of a gem-difluoroalkene F_O -78 to -30 °C F@ o (no C-F
are also markedly different and consistent with the preference for 4h )/ cleavage) | OH 749%
nucleophilic addition to the a-carbon atom. Z | Z °

18C 8 ~ 155 ppm

O Nu R
CY\K
(addition- E X
elimination)
o E
R Nuc E®

Nuc % R Nuc %/ R

X X F F x

T

F F

13C 5~ 90 ppm

x©
Nuc R
AN
(Sn2*-like) I?(F\/
Chem. Rev. 2009, 109, 2119-2183 X = OR’, OCOR’

-Unlike many perfluorohydrocarbons that are considered “orthogonal to life”
and elicit little to no biological harm, many perfluoroalkenes are considered
to be highly toxic, likely due to a rapid addition-elimination reaction pathway
with biological components such as cysteine.

-Perfluoroisobutene - a byproduct of Teflon pyrolysis - is several times more
toxic than phosgene, for instance.

consider LCts, values in mice (mg min. m3, 10 min. exposures)

F F
F _F F_ F o A\ e F -
T X )y j;t - :

F;C CF; F o Cl cl F F .

F

880 1,000 1,800 6,000 >100,000

J. Appl. Toxicol. 1999, 19, 113-123
Chem. Rev. 2009, 109, 2119-2183

-Aside from C-F bond cleavage via this addition-elimination pathway, a
number of other metal-catalyzed approaches exist, for instance, to
accomplish hydrodefluorination reactions. A number of these reactions will
be presented alongside select examples of the addition-elimination type.

LCts,

J. Org. Chem. 1996, 61, 166-173
Ichikawa and coworkers

F
(¢} COZMe F
TsHN NaH /
| DMF, 100°C  ~N °F 0
F7 °F 15 min ! N
TS Fs
[Breaking Baldwin’s Rules] ot;g;g/;/)ed not observed

Synthesis 2002, 13, 1917-1936
Frohn and coworkers

F TS —=——Li TMS F
Faul o= N 60%
CFs  Et,0,-75°Cto rt CFs  (2:1 trans.cis)
F overnight F
Organometallics 2005, 24, 5311-5317
Strobach
Cl Cl NEt,
Et,NLi
X — > 7 g%
Et,0, -78 °C to rt
j overnight
J. Org. Chem. 1971, 36, 1438-1440
Hammond and coworkers

i iPr

Pr
F n-HexMgBr F
A CuBre+S(Me),
—
" THF,-60°C, 1h n-Hex
(o] 0
< 0 < 0 68%

Org. Lett. 2006, 8, 479-482 8
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Tamao and coworkers

-Intramolecular variants of the addition-elimination pathway open up
alternative ring closure strategies to form, e.g. cyclopentenes, dihydrofurans,
dihydropyrroles, thiophenes, quinolines, isoquinolines, dihydroisoquinolines,
cinnolines, benzopyrans, dihydronaphthalenes, etc.

-However, note that both geminal fluorine atoms must be present in many
instances for effective cyclization to occur, for example:

Ichikawa and coworkers
Ogoshi and coworkers

=F: 80%
DMF cond. Y =H: 17%
X Y Cl: not observed y
e

Synthesis 2002, 13, 1917-1936 | Me

""""""""" T TTTTTTmTmmmmmmsmossmmssmssomsommssmsemsemsemsseosn 5 mol% Pdy(dba)z* CgHg
-A number of transition metals have also been utilized in alkenyl C-F cross- 20 mol % p(nBu

coupling and/or hydrodefluorination reactions, for example: W)\CF O
~ > THF, 100°C, 2 h Q
56%

Heitz and coworkers
(+ 16% (E)-isomer

and 0% gem product)
Eur. J. Org. Chem. 2013, 2013, 443-447

F0.01 mol% PdCl,(dppp)

— p-Me-C6H4ZnC|

F —_—

OQ THF, reflux 20%

(+ 23% disubstitution
and 0% (E)-isomer)

Synlett 2005, 11, 1771-1774

48 h

2 mol% Pd(OAc),

F\ly TEA F
F NMC, 115 °C 18 h ©/Y
mechamsm”

[B-F vs. p-H elimination] 39% trace
Makromol. Chem., Rapid Commun. 1991, 12, 69-75

Lentz and coworkers
1.2 mol % Cp,TiF,
FY\CFa _PhSiHs Y\CFS N j/\CF3 N Y\CFZ
F dlglyme rt,2 h H
46% 3% 2%
Angew. Chem. Int. Ed. 2010, 49, 2933-2936

Jones and coworkers

F F
Fﬁ)\ Cp*aZrH, H j)\ only fluorocarbon
Z "CFy CeDia 1,2 7 “CF, product observed

F F

. , J. Am. Chem. Soc. 2004, 126, 5647-5653
Minami and coworkers

NMe, NMe,
O/ “CpoZr” /©/ .
F ———3» XCp,Zr 5%
o THF, -78°C Y\O

F 3h X=ForCl

Et;SiH
CF, Fe F —_—
THF-dg, 100 °C

Ar (20 mol %) 3h

+  Holland and coworkers
; Ar = 2,6-|Pr206H3

4 mol % Pdy( dba F E H
p‘Me C6H4| NMe2 H . .
e, /©/ 67% W%CFS + %CFS + W)\CFs
30 mol% PPh, F H F
THF, reflux 60% 27% 2%
2h Tetrahedron Lett. 1999, 40, 7261-7265 : J. Am. Chem. Soc. 2005, 127, 7857-7870 9
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X =H;Y =Bpin: 11%

high stereoselectivity was observed for the (E)-isomer (>95:5 E:2).

05/04/20
Caulton and coworkers i Ichikawa and coworkers
CaDs OsF(Ph)(CO)(PtBu,Me), : Ni(cod), ; e
+ ' CF; PCys;
rt, 4 h C,H, ' + Me———iPr b\
[M = Os] tBuO,C tolueggg/:t, 2h tBUO,C iPr
MH(Ph)(CO)(PtBu,Me), + /\F :
: via NiF
N RUF(CzH3)(Co)(PtBUZMe)z ' 2
CSDG 1
+ ' F F M
rt, 12 h CeHs : FsC Ni'! N:" Ve E e
- - ! 1
Polyhedron 2006, 25, 459-468 [M = Ru] i |tBuo,C ) a F,C i ; el '
Cowie and coworkers : iPr
: iPr tBuO,C iPr tBu0,C
P + F, H S + .
PhoP Pth_l = PhoPL aPth_l ! Angew. Chem. Int. Ed. 2014, 53, 7564-7568
Me | .CO F H Me. | A\ MesSiOTf """ Tttt TS TTTn T TTTTTmTToTTTTTmmTTTTTosmmmmmmnemt
r\—/lr‘ —0> oc” Irﬁluco —0> : Section 3 - Fluorinated Aliphatic Compounds:
| (o] | DCM, '.20 c | | DCM, '4.0 c ! general considerations
Ph.P- © PPh overnight Ph.P PPh 30 min ' . ) ) o
-T2 GNG (-Me3SiF) i -The literature surrounding sp® C-F bond functionalization spans from
selective cleavage of 1 or more fluorine atoms in monofluoro-, difluoro-, or
Ph,P PPh2_| + thP/\Pth_l 2+ trifluoroalkyl substituents, with various strategies for all of the above in
H | co | | F 1 aliphatic, benzylic, allylic, propargylic, and allenylic environments.
Me—Ir \le:OTf - OC"Ir Ir“co + ~. _H  -Just as in previous sections, this section represents only a small selection
|*co | co DCM, -78 °C 0C'| \C/l Sco Me + of the vast amount of relevant literature in this area.
Ph,P PPh, 24 h Ph,P._O_PPh, L ettt ettty
~ ~~ ' trifluoromethyl group functionalization examples
Angew. Chem. Int. Ed. 2007, 46, 3741-3744 -Perhaps the major reaction pathway for allylic trifluoromethyl groups is Sy2’
Braun and coworkers ' or Sp2-like, generalized below. This applies for a large variety of
. cat. RH(PEty), : nucleophiles (e.g. cirbon-based, silicon-based, nitrogen-based, etc.).
Ph,SiH ; - : Nuc Nuc F
F 3 ph33|\/\ TON =138 : A
z P — CF 0 -y : % —_—
1)\CF3 CaDo, 14, 61 s 30% (not optimized) ! cF, \/\Ff
Angew. Chem. Int. Ed. 2007, 46, 5321-5324 -Complementary transition metal-catalyzed methods exist, for example:
Braun and coworkers + Murakami and coworkers .
F 0.4 mol % RhH(PEt3)4 ! CE o 2.5 mol % [RhC|(COd)]2 F F
. HBpin Bpi"Y\CF Y ; /J\S + Ph-B :><'VIe —>MeMgC| jl/\/ 73%
a — 3+ X ' \ Me ; 0 Ph °
1)\(:':3 CeDs, I, 20 min. Bpin \)\CF3 : Ph o d'oxaqez’ AOO C  pn
58% X=Bpin; Y =H: 31% : Note: reaction also works on substrates with allylic difluoromethyl groups:

Angew. Chem. Int. Ed. 2009, 48, 1818-1822

Chem. Lett. 2008, 37, 1006-1007 10
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Huang and Hayashi

-Allenylic trifluoromethyl group C-F bond cleavage reactions are scarce, but

(PhBO)3 their reactivities may have some analogy to allylic trifluorides, for example:
5 mol % [Rhglc()(l-’?’ R)-Fe-tb)] . Liebenow and coworkers
F.c7 X" NPhth 1om 5 WNPhth F4C OEt MeMgBr i CF; OEt
: ‘Ha F Ph —— —_— 9
35°C, 16 h - oEt cond. \%\%\OEt 70%
95%, 98% ee 3 F Me

J. Am. Chem. Soc. 2016, 138, 12340-12343 Angew. Chem. Int. Ed. 1980, 9, 713-714

-Aliphatic trifluoromethyl group C-F bond cleavage reactions typically fall into
two major categories - dehydrofluorination and dehalodefluorination.

-Other approaches to allylic CF3; monodefluorination include reactions
promoted by Lewis acids and also photoredox catalysis, for example:

Ichikawa and coworkers e for example
p-xylene Percy and coworkers
SiMe,Ph EtAICI i OC(O)NEt,| OC(O)NEt
N THePh OC(O)NEt, 2.0 equiv. LDA ONEL|  go (OINEL,
2 CF, DCM, -65 °C N > Li — = NPk
5h F,C inverse addition -78 °C
Me F THF, -78 °C F i F
Angew. Chem. Int. Ed., 2017, 56, 5890-5893 20 min. E = H, SiR3, SnR;, SR, COzH, |, etc.
Zhou and coworkers Tetrahedron 1995, 51, 10289-10302
o Ir(dFCF3ppy)o(dtbbpy)PFg Burton and coworkers
CF3 (2 mol °/o) 0 Cl
)J\ + % e | FiC ~CFs 2.0 equiv. Zn° | o e F.C
Ph”” “COLH ph LIOH,DMSO,1t,24h o X /5 || ——— ONE
hv (5 W blue LEDs) Br Br DMF rt, 48 h
87% 95% ZnX 90% A

J. Org. Chem. 2016, 81, 7908-7916 Tetrahedron Lett. 1991, 32, 4271-4274

Hisaeda and coworkers -Trifluoromethyl groups adjacent to carbonyls (or imines) are common

F F E F F

F i F F CF precursors to difluoro enol derivatives or are subject to other reductive
CFy cat. B1-TiO; I 3 defluorination reactions, for example:
—_— | + )\
Ph 17% MeOH in MeCN Ph Me Ph Me Russ. Chem. Bull. 1996, 45, 2461
rt, 24 h, hv (365 nm) 0
65% 24% 13 equiv. Zn°
Chem. Commun. 2017, 53, 9478-9481 . Me 90%
Molander and coworkers Ac(:)OH, DMF
2.5-5 mol % photocatalyst F. F o 50 °C, 30 min. NPh,
CF; (4CzIPN or Ru(bpy)s(PFe)s) P
/& + R,—RP > | R FsC Ar 2-8 equiv. Mg° S
R, DMF or DMSO R 2 quiv. Vig OoTM
ft, 18-36 h 1 TMS-CI Fa -0 97%
R, = aryl, alkynyl, alkyl hv (6-40 W blue LEDs) 5 o0 THF or DMF |
R, =19, 2°, or 3° alkyl 0 °C, 20-30 min. F

RP = radical precursor = silcates or BF3K salts
Angew. Chem. Int. Ed. 2017, 56, 15073-15077 \ Chem. Commun. 1999, 1323-1324 11



Cody Ross Pitts

Get the F Out! C-F Bond Functionalization

Baran Lab Group Meeting

05/04/20
Uneyama and coworkers Lalic and coworkers
o T'\-FEAC' OTMS CF3 3 mol % Pd(OAc), CF,H
Bu,NBr 20 mol % Cl_,|F2
F CJ\/\ Ph — N~ Ph Me + Ph,siH 5 mol % 2-pyridone  Me
3 MeCN, rt, 10 mA 0" o Mo DME 48 0 0~ o o
2.0 F/mol F KOSIMes, DMF, 45 C, 2h 75%
(+)-C/(-)-Pb 74% I\/l then, tBuOH, 60 °C, 2 h k/l

Ogoshi and coworkers
(0]
(0]

)]\ + H

Ph” “CF,

Brisdon and coworkers

Ph,Si CF,

Uneyama and coworkers

chsiMea
5 mol % CsF

2 mol % Pd,(dba)s*CHClg
—_—

anisole
160 °C, 24 h
CF3

Senboku and coworkers

©/CF3

Tetrahedron Lett. 1998, 39, 3741-3744

1 mol % CuCl/Phen

szinz
NaOtBu

—»
THF, 30 °C, 3 h
F then, H*

0} OH

Ph
F F

73%

F

Angew. Chem. Int. Ed. 2016, 55, 341-344

-Alkynyl trifluoromethyl group C-F bond cleavage reactions are not common,
but may provide an alternative route to difluorocyclopropenes, for example:

tBuLi

—
Et,0, rt, 20

h

F F

A 88%

Ph,Si tBu

Angew. Chem. 2003, 115, 2501-2503

-Aromatic trifluoromethyl group C-F bond cleavage reactions, on the other
hand, have received more attention, for example:

CO,
Bu,NBF,

CF,

CF,

—
DMF, rt, 15 mA

10 F/mol

(+)-Mg/(-)-Pt

then, H*

F2C— CF2
dimerization
—>

53%
F2C — CFZ

J. Org. Chem. 2001, 66, 7216-7218

F F

CO,H 87%

Synlett 2008, 3, 438-442

Stephan and coworkers

CF,Ph

s|Ph2 ©/ SiFPh,
CI Cle
PPh, CsHsF rt h

B(CGF5)4 520;‘ B(Cer)4

Hosoya and coworkers

MeO CF3 PhyCBF,
+ /\/TMS —_—
SiHPh, 1:1 DCM:TFE

Chem. Sci. 2016, 7, 505-509

©/CF2H

0 °C, 10 min.

81

Y%

KOH

———
1:1 H,O:THF
>95%

MeO

F

F

Chem. Eur. J. 2017, 23, 17692-17696

A

SiFPh,

Angew. Chem. Int. Ed. 2016, 55, 10406-10409

Lectka and coworkers

® @
N, CF, F CF,

Et,O
NaHCOj

\ CeFe

J. Am. Chem. Soc. 1997, 119, 4319-4320

NaHCOj3

F CO,Et

77%

Q'O

F

+

F

35%

0

F

20%

12
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Strekowski and coworkers

F
CFs OLi THF
* )\ 78 °C tort > R=:58%
Z "R - or Et: 34%
mechanism?

J. Org. Chem. 1994, 59, 5886-5890

-Note: others have expanded on the above concept to access various
fluorinated heteroaromatics (e.g. cinnolines), as well as naphthalenes.

Akiyama and coworkers

5 mol % NbClg CH, CHs
X equiv. L|AIH4
+ Ph
DME, reflux 4h
CF, CH,
X = 3: 77% 4%
10: 0% 78%

-Note: the authors later demonstrated a similar phenomenon with cat. TiCly.
Org. Lett. 2007, 9, 1497-1499

Ozerov and coworkers
CF 1-4 mol °/oElftg$:|[B(CGF5)4] CH,
3ol quantitative
—— .
F/©/ 0-CgH4Cly, 11, 24 h F/©/ conversion

J. Am. Chem. Soc. 2005, 127, 2852-2853
Stephan and coworkers

1 mol % [(CgFs5)4PF1[B(CgFs5)4l
CFs _ESH_ - etts
CGD5Br rt, 24 h F F

F
Science 2013, 341, 1374-1377

98%
conversion

Oestereich and coworkers

CF;
/©/ K(p-FCgH,)3PYRu(SDMp)[B(CeFs)a] CH,
(10 mol %)
H>N ——— > Ph,MeSi
+ NaOMe N quantitative
n-hexane, rt conversion

Ph,MeSiH
J. Am. Chem. Soc. 2013, 135, 1248-1251

Young and coworkers
20 mol % AlX3

CF; TMSX or SiX CX3 . oo
—_ X =Cl: 94%
CgHsCl, 80 °C, 21 h Br: 96%
I: 45%

RSC Adv. 2016, 6, 42708-42712
Ozerov and coworkers

1 % Et,Al[HCB4;H5Brg]

o __AlMes _ B titati
3 quantitative
!
F/©/ hexanes, rt, 24 h F/©/ conversion

J. Am. Chem. Soc. 2009, 131, 11203-11212

-Strong Brgnsted acids can be used to convert aromatic trifluoromethyl
groups into carboxylic acids, esters, or tertiary alcohols (in addition to
fostering Friedel-Crafts-like reaction pathways, not discussed in detail here).

difluoroalkyl and monofluoroalkyl group functionalization examples

-In general, similar tactics to C-F bond functionalization of trifluoromethyl
groups have been applied to difluoroalkyl (and also monofluoroalkyl) groups.
-Accordingly, this section will only highlight a few examples in order to avoid
significant overlap with the previous section.

Prakash, Olah, and coworkers

Vi o 10 | % TBAF ' o
mol %
TMS% + — > )ﬁ)\ 75%
s ™S HJJ\ph THE, t,2h F Sy Ph
F

-Note: the Ruppert-Prakash reagent - TMSCF5 - has also been used to
install a vinyl difluoride moiety (e.g. in making difluoro enol silanes).

J. Am. Chem. Soc. 1997, 119, 1572-1581
Brisdon and Crossley

nBuLi E®
N > e i >
F.C CF.H » |F,C——1Li » F;C E
¢ 2 Et,0, -10 °C ’ overnight ’
10 min.

= PPh,, SnPh,, C(O)Ph, PtL,, etc.

Chem. Commun. 2002, 2420-2421

-Difluoroalkyl groups are also useful synthons in the preparation of various
heterocycles via mono- or didefluorinative processes (cont’d on the next

page).
g 13
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Hara and coworkers Ph Rovis and coworkers

FF s OMe 5 mol % [Ir]
Me Ph, DCM “;’> 12 mol % (C,Hg)S(O) Y

NEt, + /\ m Me + RF _ —_—
H,N OH 5 ) nBu SiMe,OAc,, 1-AdCO,Cs
82% & 25'mol % Cu(OAC), nBu
nBu O, (1 atm), p-xylene nBu F

-Note: this strategy is also applicable to the syntheses of thiazoles, 85°C, 24 h 81%

benzoxazoles, benzothiazoles, and benzimidazoles. [Ir] = modified [Cp*IrCl,]»

Synthesis 2007, 10, 1528-1534 J. Am. Chem. Soc. 2018, 140, 5370-5374

-Last, but not least, here are select examples of C-F bond cleavage
reactions involving monofluoroalkyl groups:

Hammond and coworkers

ICI
/Fé/Ph Na,CO4 b’: Hintermann, Togni, and coworkers Ve
_—
— F+(H,O
Z 8 THF, uo, en A S pn W | FetH0),
CgHq3 91 °C, 5 min. 613 (0] Pd(dba), Me N‘N/ Me
then, silica gel 66% F PPEPZ(3 5t1e,) Q)/ )

J. Org. Chem. 2008, 73, 2886-2889 — P ---pd
9. ~hem ph)\/\ ph THF, 40°C,1.5h Fe Ph,

&

De Kimpe and coworkers

F F
Ar, 10 mol % AuClg /L/_\S\ Eur. J. Inorg. Chem. 2006, 1397-1412
R /m o MeCN, rt, 1’5 h Ar, l;l Ar Gouverneur and coworkers
" 2R3 SO,Ar, F CH2(CO2Me)2 CH(CO,Me),
[(m3-CsHs)Pd(PPh3)2]BF4 :
Org. Lett. 2009, 11, 2920-2923 (20 mol %) 88:12
Grée and coworkers s syn:anti
cul oh o BSA, DCM '
RF © - ) : rt, 16 h :
0.9, Ph TEA N 9 CH(CO,Me), CH(CO,Me),
0Bn N 68%
+ I —_— A 3
G 3 J MeCN, 16°C /" \wF 351 E29 Angew. Chem. Int. Ed. 2009, 48, 1296-1299
Ph 16 h Zhong and coworkers
BnO )3

Eur. J. Org. Chem. 2016, 2016, 556-561

Wang and coworkers N \¢N ~Mes
6 mol % (S)-[Rh] c1®

/< 6 mol % (BzO) (20 mol %)

| :l Cy 3 A MS, PhCO5K
NaQCO:g
MeOH, 40 °C, 23 h toluene, 0 °C
67%, >99% ee 4 h
[Rh] = You’s spiro CpRh'" cat. 9999,7°ee
Angew. Chem. Int. Ed. 2018, 57, 4048-4052 1 Chem. Commun. 2018, 54, 1567-1570 >9I7e 14
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Shibata and coworkers

Oshima and coworkers

o 51% Me M OTMS 5 mol % BF 4+ OFt Me, Me O
% e e mol 7o 3° 2
(o) F 10 mol % (DHQD)QPHAL 59 + Me —_—
TMSCF, eo Ph Soveee Ph/\)<F 7 "OMe  pcwm,-200c  Ph Me M o
o > M e e
MeO Ph 4 AMS, 5:1 dioxane:THF o F ¢ 15h 81%
0°C,36h 41% A T
’ etrahedron Lett. 2004, 45, 2555-2557
racemic 97 % ee MeO Ph . posner and Haines
(recovered) Me Me

Angew. Chem. Int. Ed. 2014, 53, 517-520

Me\)_o Me\)—o

o O ..F AlEt, o O ..Et
%
toluene, 0 °C 79% )
: >20:1 o
o__0O

Gouverneur and coworkers

5 mol % Pd(13-C3Hs)(COD)BF,
10 mol % DPEPhos

10 min.
N + Nuc N (0] (o]
F P A N
Ar TEA, EtOH rofue
75°C, 1-24 h Me Me Me Me

Nuc = N-, C-, O-, or S-based Tetrahedron Lett. 1985, 26, 1823-1826

Org. Lett. 2012, 14, 2754-2757 | Kambe and coworkers

RoAIX

Me F —_—— Me X
‘(")i\/ hexane, rt T")g\/
1.5-108 h
X = Cl, alkyl, alkenyl, alkynyl, OR, SR, SeR, TeR, or NR,

Chem. Commun. 2007, 855-857

Paquin and coworkers

o
F 1:1 iPrOH:H,0 N
' 70%, 181 N
Ph N 70°C,18h o o
H

96%

Org. Lett. 2013, 15, 2210-2213 And, to close with a personal touch...

Lectka and coworkers

Miiller and coworkers F F
B(C Fs)
Me,Si*" ~SiMe, i SbF5
SOzch or 802
F FO -50 °C
O/ 67% o °
EtsslH benzene 2l.’HF — 83 HZ, 4JHF — 13 HZ 186.6 1868 187.0 1872 1874
25 °C, 30 min. Angew. Chem. Int. Ed. 2018, 57, 1924-1927
Appl. Organometal. Chem. 2010, 24, 533-537 . -Note: decades of “superacid” literature has been intentionally excluded from
Caputo and Stephan this presentation, as this topic is worthy of its own group meeting.

-Also note that, due to time constraints, a number of more recent works in
the field of C-F bond functionalization (2019-2020) were not included.

-Otherwise, | hope this presentation gave you a glimpse at just how
variegated and exciting the field of C-F bond functionalization is and will
continue to be. Thank you for your time, and May the 4th be with you. -CRP

15

Me/\/\/ + Et;SiH —_— Me/\/\/
CD,Cl,
rt, 5 min. >95%

Organometallics 2012, 31, 27-30



