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ABSTRACT: We report the synthesis of fluorinated anilines by
palladium-catalyzed coupling of fluoroalkylamines with aryl
bromides and aryl chlorides. The products of these reactions are
valuable because anilines typically require the presence of an
electron withdrawing substituent on nitrogen to suppress aerobic
or metabolic oxidation, and the fluoroalkyl groups have distinct
steric properties and polarity from more common electron-
withdrawing amide and sulfonamide units. The fluoroalkylaniline
products are unstable under typical conditions for C-N coupling
reactions (heat and strong base). However, the reactions conduct-
ed with the weaker base KOPh, which has rarely been used in
cross-coupling to form C-N bonds, occurred in high yield in the
presence of a catalyst derived from commercially available Ad-
BippyPhos and [Pd(allyl)Cl],. Under these conditions, the reac-
tions occur with low catalyst loadings (<0.50 mol% for most sub-
strates) and tolerate the presence of various functional groups that
react with the strong bases that are typically used in Pd-catalyzed
C-N cross coupling reactions of aryl halides. The resting state of
the catalyst is the phenoxide complex, (BippyPhosPd(Ar)OPh);
due to the electron-withdrawing property of the fluoroalkyl sub-
stituent, the turn-over limiting step of the reaction is reductive
elimination to form the C-N bond.

Introduction

Molecules containing aniline and aniline derivatives are com-
mon in the pharmaceutical, agrochemical, and pigment indus-
tries." For example, an acetamide is found in the highest grossing
prescription drug of all time (Lipitor)® and the most commonly
administered over-the-counter pain drug (Tylenol).3 In addition,
many of the most widely applied herbicides (e.g. Metolachlor)*,
as well as common pigment chromophores (e.g. Mauveine A),
are aniline derivatives (Figure 1). Because of these important
applications, numerous classical and modern methods for the
preparation of anilines have been reported.”

Aniline derivatives containing electron-withdrawing substitu-
ents are more valuable than the parent anilines in medicinal chem-
istry because anilines are prone to oxidation.! For example, N-
alkyl anilines are susceptible to acrobic or metabolic degradation
to the corresponding aniline via oxidation by cytochrome P450%,
and the parent anilines are usually oxidized further to N aryl hy-
droxylamines that generate carcinogenic arenium ions.”'' Thus,
anilines derivatives, such as sulfonamides, amides, ureas, or car-
bamates, possessing electron-withdrawing groups are the deriva-
tives most commonly contained in pharmaceuticals and agro-
chemicals.

Aniline derivatives containing fluoroalkyl groups should pos-
sess electronic properties that would mitigate oxidation. Con-
sistent with this assertion, fluoroalkylanilines have been shown to
be more stable toward P45y mediated oxidation than alkyl anilines
lacking fluorine atoms.'?> While sharing the electronic properties
of the sulfonyl and carbonyl derivatives, the solubility properties,
intermolecular interactions, and steric properties of fluoroalkyl
anilines are distinct from those of sulfonyl and carbonyl deriva-
tives.

Me

OH OMe
Cl
/
(0] H ‘ NH(p-Tol)
Ph
Acetaminophen Metolachlor Mauveine A
/—CFaR
H,N NH

Fluorinated Benzene
Diamines (R = F or CF3)

Quazepam (Doral)
Schering Corporation Bayer CropScience L'Oréal

Flupyradifurone

Figure 1. Historically important aniline derivatives and recently
patented fluorinated amine derivatives

The ability of fluorine atoms to change the electronic properties
of neighboring atoms has led to scattered examples of medi-
cines,*™" agrochemicals,'® and dyes'*? containing fluoroalkyl
aniline groups (Figure 1), but these aniline derivatives have not
been widely studied. One reason for the uncommon use of f-
fluoroalkyl anilines in these applications is that the methods to
prepare such substructures are limited, particularly from the aryl
halide synthetic intermediates commonly generated in medicinal
chemistry. The two most commonly used methods for the prepa-
ration of B-fluorinated anilines (e.g. N-trifluoroethyl aniline) are
the reductive amination of trifluoroacetaldehyde®' with the corre-
sponding aniline derivative and SyAr reactions.”> However, re-
ductive aminations form the N-alkyl bond, rather than the N-aryl
bond, and SyAr reactions require strongly electron-deficient
arenes and have been shown to occur slowly with the weakly
nucleophilic p—fluorinated amines.”® Additionally, aryl halides
can be coupled with trifluoroacetamide but the scope of this trans-
formation is limited and requires an additional step to generate a
fluorinated aniline.** 2

Metal-catalyzed C-N coupling reactions could provide a gen-
eral method for preparing fluorinated anilines and would enable
chemists to evaluate these substructures as part of studies on
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structure-activity relationships by conducting reactions on the
same aryl halide intermediate as would be used to introduce other
substituents from nitrogen, oxygen or carbon nucleophiles.”’
However, general conditions for cross couplings of aryl halides
with fluorinated amines have not been reported. Buchwald report-
ed a single cross coupling of trifluoroethylamine (with 5-
bromoindazole), and this reaction occurred in moderate yield
(65%).%® In fact, the authors of this work concluded that trifluoro-
ethylamine hydrochloride inhibited cross couplings under the
standard conditions developed for the amination of het-
eroarenes.”’ Thus, the requirements for achieving the coupling
with fluoroalkylanilines are distinct from those for coupling of
alkylamines or anilines, presumably due to the strong electron-
withdrawing effect of the trifluoromethyl group.

We report a generally applicable coupling of aryl bromides and
chlorides with primary amines containing fluorine $-to nitrogen.
The reaction occurs with a wide substrate scope, under mild con-
ditions, and with inexpensive reagents, precatalysts, and ligand.
One key to developing this process was revealing that strong base
leads to decomposition of the product and, therefore, identifying a
base that is sufficiently weak to avoid decomposition of the cou-
pled product but sufficiently strong to induce formation of the
arylpalladium amido intermediate. A second unusual feature of
the reaction is the resting state; the major palladium complex in
the reaction is an adduct with the phenoxide base. A third unusual
feature is the rate-limiting step. The electron-withdrawing proper-
ty of the fluoroalkyl group retards reductive elimination to form
the C-N bond, and kinetic studies indicate that this step has the
highest energy transition state, even though the reaction is con-
ducted with a palladium catalyst containing a class of ligand that
typically leads to fast reductive elimination.

Results and Discussion

Reaction Development. Due to the similar basicity of trifluo-
roethylamine and aniline, we hypothesized that trifluoroethyla-
mine would couple with aryl halides under conditions reported for
the coupling of aniline with aryl halides.? To test this hypothesis,
trifluoroethylamine was allowed to react with 4-n-butyl bromo-
benzene in the presence of a Josiphos-ligated catalyst that couples
anilines with aryl halides with broad scope under mild condi-
tions.”” This reaction produced 1 in 81% vyield after 15 hours
(Figure 2a). However, the yields of reactions of more electron-
rich or o-substituted aryl halides under these conditions reached a
maximum value (50%-73%, determined by '°F NMR spectrosco-
py) within an hour and decreased at longer reaction times. This
decrease in yield over time implied that the trifluoroethylaniline
products are unstable under the reaction conditions.

a 1 mol % Pd(OAc), H
©/B’ . Fscw 1 mol % CyPFBu N._CF3
R
NH, 1.4 equiv NaOtBu R@
Dioxane, 100 °C

1.2 equiv Me

@\PUBUZ)
PC
Fe y2

CyPFtBu

R=4-nBu,1 R=4-OMe,3 R=3-CF3 6 R=2-Me, 12
1h, 76% 1h, 73% 1h,57% 1h, 50%
15h, 81% 15 h, 50% 15 h, 63% 15 h, 36%

Nonspecific

b
H .
N\/CF3 3.0 equiv. Base
Dioxane, 100 °C, 6 h ~ Decomposition
nBu

Base|NaOtBu | KOtBu |LIHMDS | K3PO, | Cs,CO;| PhOK

pKa Conjugate Acid| 32 32 26 18

% Remaining| 9% 0% 0% 89% | 98% |100%

Figure 2. a) Initial conditions for the coupling of trifluoroethyla-
mine with aryl bromides. b) Identification of bases that do not
cause decomposition of B-fluoroalkylanilines as determined by
F NMR spectroscopy. The DMSO or THF pKa values are
shown for the conjugate acids of the soluble bases.

Heating an isolated fluoroalkylaniline in the presence of NaOt-
Bu showed that NaOsBu induces the decomposition of the product
under the reaction conditions. Therefore, the stability of 1 was
tested in the presence of various bases at 100 °C for 6 h in diox-
ane to determine which bases do not induce decomposition of 1.
Strong bases, such as LiHMDS, NaOrBu, and KO7Bu, caused
complete decomposition of the product 1, whereas weaker inor-
ganic bases and KOPh caused only minimal decomposition of 1
(Figure 2b). Although we have not identified the decomposition
products, alkoxymethyl anilines have been shown to undergo
strong-base-mediated decomposition.*

When coupling reactions were conducted in the presence of
these weaker bases, the yields of 1 were lower than 10% with a
Josiphos-ligated catalyst. Therefore, we sought combinations of
palladium precursors and ligands that would catalyze the reaction
under conditions with the weaker bases. Generally, the coupling
reactions of amines with aryl halides catalyzed by bisphosphine-
ligated Pd complexes require strong bases, whereas coupling reac-
tions catalyzed by monophosphine-ligated Pd complexes can be
conducted with weaker bases. It has been proposed that weaker
bases can be used because the amine binds more readily to an
LPd(Ar)(X) containing a monophosphine than to an L,Pd(Ar)(X)
complex containing a bisphosphine.* The pKa of mono-
phosphine ligated LPd(Ar)(X)(amine) complexes are calculated
to be between 8 and 10 in H,O* and can be deprotonated by weak
base.

Based on this information, we evaluated catalysts containing
monophosphine ligands in the presence of weak bases for the
coupling of aryl halides with fluorinated amines. Results are
summarized in Table 1. The combination of [Pd(allyl)Cl],, Ad-
BippyPhos, and KOPh catalyzed the coupling of 4-n-butyl bro-
mobenzene with trifluoroethylamine in high yield using just 0.10
mol % catalyst. Under these conditions, no diarylamine or diaryl
ether products were observed. Phenoxides are not typical bases
for Pd-catalyzed C-N couzpling reactions but have been used in
selected cases previously. >

Although the coupling of amines with aryl halides catalyzed by
complexes of AdBippyPhos has not previously been reported,
Singer at Pfizer published such couplings catalyzed by complexes

2

ACS Paragon Plus Environment

Page 2 of 11



Page 3 of 11
1 Table 1. Effect of changing various reaction conditions for the
2 coupling of trifluoroethylamine with 4-n-butyl bromobenzene.
3 0.050 mol % [Pd(allyl)Cll; H
Br FsC 0.200 mol % AdBippyPhos N._CF;
s O, B oy
2 1.05 equiv KOPh
2 "y 2.0 equiv. Dioxanzc,]l:go °C,6h nBu 1, 99%
7 Entry Deviation from Standard Conditions Yield?
8 1 tBuBrettPhos instead of AdBippyPhos 88%
9 2 tBuXPhos instead of AdBippyPhos 10%
10 3 JackiePhos instead of AdBippyPhos 10%
1;— 4 CyPFBu instead of AdBippyPhos 0%
13 5 tBuBippyPhos instead of AdBippyPhos 100%
14 6 CyBippyPhos instead of AdBippyPhos 20%
15 7 1:1 Metal to Ligand Ratio instead of 1:2 93%
16 8 NaO7Bu instead of KOPh 43%
17 9 Assembled on bench top with wet solventsina ~ 94%
18 vial, not in a glove box with dried solvents
-'219 10 NaOPh instead of KOPh 100%
22 11 1.10 equiv of phenol, 1.05 equiv of KOBuor  100%
NaO7Bu instead of isolated KOPh
2 L SN S
\ Me
N7 PR,
24 Ph%ﬁ MeO PR, PR, @\PUBU)Z
,)—Ph iPr iPr iPr: iPr PCy,
25 ) 0 &
26 R = tBu, tBuBippyPhos iPr iPr
% R Oy, oy R =4Sy R B, BuxPros T
29 %Yield determined by ""F NMR spectroscopy
30 of BippyPhos.**"’ Stradiotto and coworkers recently reported the
31 scope of C-N coupling reactions catalyzed by palladium com-
32 plexes of tBuBippyPhos and showed that this system catalyzes the
coupling of a wide variety of aryl halides and amines with low
33 catalyst loadings.*® Researchers at Abbot reported that palladium
34 complexes of BippyPhos catalyze the N-arylation of ureas.”® Fi-
35 nally, Beller has shown that the combination of palladium and
36 AdBippyPhos catalyzes the etherification of aryl halides with
37 primary alcohols.*® Other BippyPhos derivatives, all of which are
38 commercially available and readily synthesized, form complexes
39 that catalyze this transformation (Table 1). The reaction of trifluo-
20 roethylamine with 4-n-butyl bromobenzene catalyzed by the
complex generated from [Pd(allyl)Cl], and rBuBippyPhos formed
41 the product in same yield as the system derived from AdBip-
42 pyPhos. However, we found the yields and conversions for reac-
43 tions of aryl halides other than 4-n-butyl bromobenzene were
44 typically higher for reactions conducted with AdBippyPhos than
45 for those conducted with /BuBippyPhos. Catalysts generated from
46 both ligands were selective for C-N bond formation; side products
47 from etherification with the phenoxide base and hydrodehalo-
genation were generally not observed. The analogous reaction
48 conducted with CyBippyPhos as the ligand occurred in much
49 lower yield, but the reactions of highly hindered substrates oc-
50 curred in high yield when catalyzed by the complex containing
51 this ligand (vide infra). While tBuBrettPhos generates a system
52 that catalyzes the reaction in high yield, other monophosphine
53 ligands, such as rBuXPhos (Entry 2) or JackiePhos (Entry 3) did
54 not generate a catalyst that produces the product in greater than
55 10% yield. Consistent with prior observations that aryl halide
56 aminations catalyzed by complexes ligated by bisphosphines re-
57
58
59
60
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quire stronger bases, the test reaction conducted with the catalyst
containing a hindered Josiphos ligand that is highly reactive for
coupling of primary amines with NaO-#-Bu base did not produce
any product under these conditions (Entry 4).

The effect of other reaction parameters on yield was evaluated
by allowing trifluoroethylamine to react with 4-n-butyl bromo-
benzene in the presence of a catalyst generated in situ from
[Pd(allyl)Cl], and AdBippyPhos. When the catalyst was generat-
ed from a 1:1 or 1:2 ratio of Pd to ligand the yields were nearly
identical (93% vs 99%). However, full conversion of the substrate
was typically achieved with lower loadings of the catalyst when a
1:2 ratio of Pd to ligand was used. For example, the reaction of
trifluoroethylamine with 3-chloropyridine to produce 14 occurred
to full conversion with a catalyst loading of 0.400 mol % when
generated from a 1:1 ratio of Pd to ligand, whereas the same reac-
tion required 0.250 mol % of catalyst to occur to completion with
a 1:2 ratio of Pd to ligand. Rigorously dry and air free conditions
are not required to obtain high yields of products. The model
reaction assembled in air and run with wet dioxane afforded 1 in
94% yield. A reaction conducted with sodium phenoxide, which
is fully soluble in dioxane under the reaction conditions, occurred
in the same yield as the reaction conducted with potassium phe-
noxide (Entry 10).*! Although KOPh is not available from com-
mon chemical suppliers, reactions conducted with this base gen-
erated and used in situ from phenol and KOfBu occurred in the
same yield as those initiated with isolated KOPh (Entry 11).

Scope of the Arylation of Fluoroalkylamines. Figure 3 sum-
marizes the scope of the reaction of trifluoroethylamine with a
variety of aryl and heteroaryl bromides and chlorides under the
conditions shown in Table 1. The minimum amount of catalyst
required for each reaction to reach full conversion is reported.
Electron-neutral (1), electron-rich (2 - 4), and electron-poor aryl
halides (5 - 10) reacted to form the corresponding trifluoroethyl-
aniline in good isolated yields within 6 h. The reactions of aryl
halides possessing ortho substituents also occurred to form prod-
ucts 10-12 in high yield, but required higher catalyst loadings
than reactions of less-hindered substrates. In addition, the cou-
pling of 2,6-dimethyl-chlorobenzene occurred in good yield with
0.750 mol % catalyst;the reactions catalyzed by the system gener-
ated from CyBippyPhos as the ligand occurred in higher yield
than those containing AdBippyPhos as ligand. Although the iso-
lated yield of 13 is moderate because the compound is volatile,
the reaction occurs in 92% vyield, as determined by "F NMR
spectroscopy.
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y mol % [Pd(allylCl)], H
X FsCW 4y mol % AdBippyPhos N._CF;
—_—— -
R R
©/ NH, 1.05 equiv KOPh Ej

X=ClorBr 2.0 equiv Dioxane, 100 °C, 6 h

H H H
/©/N\/CF3 Meo\©:N\/CF3 /©/N\/CF3
nBu OMe MeO
1 2 3

X=Cl, y=0.100, 90% X=Cl, y =0.100, 100% X=Cl, y=0.200, 93%
X=Br, y = 0.050, 99% X=Br, y = 0.200, 98% X=Br, y =0.100, 96%
H

H H
/©/N\/CF3 /@/N\/CFB FsC ::/N\/CFS
Me,N NC
e 4 5 6

X=Br, y =0.100, 96%

H
F\Q/N\/CFS
F 7

X=Br, y =0.050, 100% X=Br, y =0.125, 96%

X=Cl, y = 0.125, 87%
X= Br, y = 0.175, 86%

X=Cl, y=0.075, 86%
X=Br, y = 0.050, 99%

H

o
[jN\/CFs MeO\©/N\/CF3
Me 3

9
X=Cl,y=0.150, 87%
X=Br, y =0.050, 92%

H H H
©:N\/CF3 Me\©:N\/CF3 ©:N\/CF3

CN Me Me

10 11 12

X=Cl, y =0.400, 88% X=Cl, y=0.150, 83% X=Cl, y=0.150, 95%

X=Br,y =0.225, 91% X=Br, y =0.250, 100%

Me H H H
N._CFs B N CFs N CFs
- )
Me 43 14 15

X=Cl,y=0.750% 75%  X=Cl,y=0.125, 94‘;6 X=Cl, y = 0.325, 90%?
(92% '°F NMR) X=Bry=0125199%  y_p =035 89%°

H H
H Me0,C N._CF; N. CF
Sl G RE ¢
N~ \N k\N
16 17 18

X=Br, y = 0.325, 80%2? X =Br,y=0.100,100% X=Br,y =0.100, 100%
H H
ST G Ay
19 20 21

Boc/
X =Br,y=0.125,99%¢ X=Cl,y=0.750, 85%, X =Cl,y=0.050, 92%
X=Br, y=0.750, 94%

H
Ly
N

/
Boc 23
X =Br,y=0.075, 100%,

H

N N._-CFs
Me4</
S

22
X =Br, y=0.050, 99%

Figure 3. Scope of the fluoroalkyklamination of aryl halides.
Unless otherwise stated, the yields refer to isolated material from
reactions with 0.5 mmol of aryl or heteroaryl halide. “Yield meas-
ured by '"H NMR spectroscopy. “The pyridinium hydrochloride
salt was used with 2.05 equiv KOPh. “Conducted with 0.35 mmol
of aryl halide.

The reactions of a variety of heteroaryl halides were also eval-
uated under these conditions, including those of 2-, 3-, and 4-
halopyridines, pyrimidines, quinoxalines, thiophenes, indoles, and
benzothiazoles. These reactions generally occurred in the pres-
ence of low loadings of catalyst to form heteroaryl trifluoroethyl
anilines 14 — 23 in high yield. However, other 5-membered het-
eroaryl halides, such as N-trityl-4-chloro-pyrazole, and heteroaryl

halides containing acidic N-H bonds, such as 5-bromo-indole, did
not react to form trifluoroethylanilines under these conditions.

o y mol % [Pd(allyl)Cll, H
R@X L, e w 4y mol % AdBippyPhos O N._CF3
L~ NHz 1.05 equiv KOPh \

X =ClorBr 2.0 equiv Dioxane, 100 °C, 6 h

H
i N N~ CFs N__cF
oy e T T
HO
0
2 25 26

X=Cl, y=0.200, 93%
3 equiv amine

H H H
/@/N\/CF3 /\/©/N\/CF3 OHCD/N\/CFS
AcHN 27 MeO,C™ ™ 28 Me 29

X=Cl,y=0.375,91%

X=Br, y=0.200,95%  X=Br,y=0.150, 91%

X=Cl, y=0.050, 88% X=Br,y =0.325, 83%

2.5 equiv amine
Figure 4. Scope of the reaction of substrates containing function-
al groups that are sensitive to base or nucleophiles (shown in
blue).

The reactions of aryl halides containing functional groups that
are sensitive to strong base and nucleophiles are shown in Figure
4. Unprotected acetophenones (24 and 25), free alcohols (26),
acetamides (27), methyl cinnamate esters (28), and non-enolizable
aldehydes (29) all were tolerated under the standard reaction con-
ditions. Although competing reactions of these functional groups
were not observed in most cases, small amounts of side products
were observed in the reactions to form 26 and 29. However, high
yields of these products were obtained by simply increasing the
number of equivalents of amine.

The combination of high functional group compatibility and the
tolerance of basic functional groups should allow this reaction to
occur with a wide range of medicinally relevant compounds. For
example, the coupling of Etoricoxib with trifluoroaniline occurred
with low loadings of the catalyst without undergoing side reac-
tions. It is likely that the low nucleophilicity and basicity of both
KOPh and trifluoroethylamine, as well as the low solubility of
KOPh in dioxane, create the high functional group compatibility.

Scheme 1. Fluoroalkylamination of Etoricoxib

MeO,S MeO,S
0.250 mol % [Pd(allyl)Cl],
‘ - 1.00 mol % AdBippyPhos
NS W 1.05 equiv KOPh
| _ NH Dioxane, 100 °C, 6 h
Me 2 Me
Etoricoxib 2.0 equiv

To determine the scope of the fluoroalkylamines that undergo
this coupling process we evaluated our conditions for the coupling
of three fluorinated amines that would form fluorinated anilines
with various properties (Figure 5). Coupling with difluoroethyla-
mine (pKa conjugate acid = 7.1)* would generate an aniline that
should be less prone to oxidation than a typical aniline, while
possessing two hydrogen bond donors (N-H and the C-H of
CF2H).43 The coupling of pentafluoropropylamine (pKa conjugate
acid = 5.7)* was also conducted because perfluoroethyl groups
have been shown to alter lipophilicity and would further suppress
alkyl aniline oxidation. Finally, the coupling of §,p-
difluorophenethylamine (pKa conjugate acid = 6.8)* was evalu-
ated because phenethylamine moieties are present in many bio-
logically active compounds. Both difluoroethylamine and pen-
tafluoropropylamine are commercially available; difluorophene-

4
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thylamine was prepared in two steps from ethyl difluoro-
phenylacetate.

X RF2C y mol % [Pd(allyl)Cl], "
4y mol % AdBippyPh
R+/ + NH, v mot % AdBIppyThos N Nﬁ
X=Clorgr R=HorCFs 2.0equiv 1.05 equiv KOPh _~ CFR

Dioxane, 100 °C, 6 h

Ho T F
N
o
NC 33

X=Cl, y =0.150, 81%
X=Br,y=0.125, 85%,

R = Ph, 1.1 equiv

H H
/©/N\/CF2H /©/N\/CF2CF3
NC NC
31 32

X=Cl, y =0.050, 90% X=Cl, y =0.150, 84%
X=Br,y=0.050, 91% X=Br,y=0.150, 91%

H CFyH H CF,CF H\j<F
: - 2 C - 2v-F3 N
~ ~ /©/ Ph
MeO MeO

34 35 MeO 36

X=Cl, y =0.250, 93% X=Cl, y =0.200, 99% X=Cl, y = 0.300, 93%
X=Br, y =0.075, 99% X=Br,y=0.150, 92% X=Br,y=0.150, 82%

H H Hofr
©:N\/CF2H @iN\/CFZCFS N%Ph
CH3 37 CH; 38 : ’\CHS 39

X=Cl, y = 0.125, 99%
X=Br, y = 0.175, 95%

X=Cl, y=10.100, 96%
X=Br,y=0.150, 85%

X=Cl, y=0.200, 84%
X=Br,y=0.150, 96%

H H o F e
_ ‘ N._CFH (j/N\/CFZCF3 _ N\/kph
NS NI ~ ‘
N 40 NT 4 N7 a2

X=Cl, y=0.125, 94%
X=Br, y =0.200, 92%

X=Cl, y=0.125, 90%
X=Br, y =0.100, 96%,

X=Cl, y =0.250, 82%
X=Br,y=0.150, 98%

Figure 5. Fluoroalkyl anilines derived from difluoroethyl-, pen-
tafluoropropyl-, and p-B-difluorophenethylamine. All yields are
isolated yields of 0.50 or 0.35 mmol reactions.

These fluoroalkylamines were allowed to react with a set of ar-
yl halides that contain different electronic and steric properties
(Figure 5, electron-rich, electron-deficient, heteroaromatic, and o-
substituted). These amines reacted under our standard conditions
to form the coupled products in good yields. Like the couplings of
trifluoroethylamine, these reactions occurred in high yields with
catalyst loadings of just 0.100 — 0.600 mol %. The reactions of
difluoroethylamine and pentafluoropropyl amine required two
equivalents of amine, presumably due to the low boiling point of
these amines (68 °C and 50 °C, respectively). However, reactions
of difluorophenethylamine occurred to full conversion of the aryl
halide with just 1.1 equiv of amine.

Branched fluorinated amines and secondary fluorinated amines
could react to form fluoroalkyl anilines that cannot be readily
prepared via reductive amination or alkylation. Therefore, the
coupling of additional fluorinated amines were conducted under
our standard reaction conditions. Reactions of trifluoroisopropyl-
amine with the same subset of aryl halides used to generate the
products in (see Figures 5 and 6a), occurred to high conversion
but variable yield. In contrast to the reactions of primary un-
branched fluoroalkylamines (e.g., trifluoroethylamine), reactions
of trifluoroisoropylamine formed products from etherification of
the aryl halide in certain cases. These side-products were formed
in greater than 10% yield from the reactions of aryl halides con-
taining electron-withdrawing (p-cyano in 43) or ortho (o-methyl
in 45) substituents, presumably because these substituents accel-
erate direct reductive elimination from the phenoxide resting state
54 (vide infra). The selectivity between etherification and amina-
tion was the same for reactions of aryl bromides and aryl chlo-
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rides. This result suggests that the side products are not formed by
an SyAr process, but are likely formed via the palladium catalyst,
presumably by direct reductive elimination of the palladium rest-
ing state.

The selectivity for amination over etherification was improved
by reducing the reaction temperature (80 °C instead of 100 °C),
using a slightly less-hindered ligand (rBuBippyPhos instead of
AdBippyPhos), and by increasing the number of equivalents of
amine (from 2.0 to 3.0). These modified conditions afforded
higher yields from reactions of aryl halides containing strongly
electron-withdrawing groups. The SFC traces of products isolated
from reactions of enantiopure trifluoroisopropylamine do not
contain a signal at the retention time corresponding to the minor
enantiomer.

a)
X 0.375 mol % [Pd(allyl)Cl],
7 CF3 1.50 mol % AdBippyPhos H
Ry~ o N sCF3
Z RL e
HoN™ Me 1.05 equiv KOPh T e
X =ClorBr 2.00 equiv Dioxane, 100 °C, 6 h
>99% ee >99% ee
H H
NYCF3 NYCFg
/( j M /©/ M
NC © MeO °
437 44
X=Cl, 86% X=Cl, 95%
X= Br, 89% X=Br, 92%
H CF. H CF
3 = 3
Y r T
Me X, Me
Me N
45 46
X=Cl, 76% X=Cl, 85%
X= Br, 80% X= Br, 100%
b)
X 0.375 mol % [Pd(allyl)Cl],
N O\ 1.50 mol % CyBippyPhos N
R + N CF3 S
= n
H -HCI 2.15 equiv NaOtBu R7 P CFy
X =ClorBr 1.10 equiv Dioxane, 65 °C, 6 h
>99% ee >99% ee
/©/ CF3 /©/ CFs3
NC MeO
47 48
X=Cl, 85% X=Cl, 99%
X=Br, 92% X=Br, 87%
QNQ @ “Q
CF. CF
Me  ° SN s
49 50
X=Cl, 67% X=Cl, 71%
X=Br, 52% X=Br, 21%

Figure 6. Fluoroalkyl anilines derived from trifluoroisoporpyla-
mine and 2-(trifluoromethyl)pyrrolidine. Reactions were conduct-
ed on 0.300 mmol scale; yields of products obtained from aryl
chlorides are isolated yields, whereas yields of reactions of aryl
bromides were determined by "’F NMR spectroscopy. “Reaction
conducted with /BuBippyPhos as the ligand and with 3.00 equiv
of amine.

These conditions do not lead to the coupling of the same set of
aryl halides with 2-(trifluoromethyl)pyrrolidine; instead, such
couplings occur with the catalyst containing CyBippyPhos as
ligand and with NaO7Bu as base (Figure 6b) at 65 °C.*® Although
reactions of representative ortho-substituted aryl halides or het-
eroaryl halides occur in moderate yield, reactions of representa-
tive electron-rich and electron-deficient aryl halides occur in good
yield. The GC traces of products isolated from reactions of enan-
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tiopure 2-(trifluoromethyl)pyrrolidine do not contain a signal at
the retention time corresponding to the minor enantiomer. Finally,
we investigated reactions of more highly fluorinated amines;
however,  couplings of  hexafluoroisopropylamine  or
bis(trifluoroethyl)amine did not produce anilines under either set
of conditions.

Derivatization of the Coupled Products. As noted earlier in
this paper, the fluorinated anilines produced by coupling of triflu-
oroethylamine with aryl halides are unstable in the presence of
strong base at 100 °C (Figure 2). Thus, it was unclear if the fluor-
inated anilines would undergo decomposition in further transfor-
mations, such as a second arylation, acetylation, or alkylation that
would be conducted under basic conditions. To address this issue,
we tested the room temperature coupling of 1 with 4-
bromoanisole in the presence of a catalyst for the coupling of
diarylamines with aryl halides and 1.2 equiv of NaOsBu (Equa-
tion 1). This reaction produced diaryl fluoroalkylamine 51 in
quantitative yield. This result indicates that decomposition of
fluorinated anilines in the presence of strong base does not occur
rapidly at room temperature. While a full evaluation of the reac-
tions of fluorinated anilines is beyond the scope of this paper, this
result indicates that the fluoroalkylanilines produced in this work
can undergo subsequent transformations that require strong base
when conducted at or near room temperature.

OMe
Br o
H 1.0 mol% Pd(dba),
N 0.80 mol% PtBug
W + _— (1)
CF; 1.2 equiv NaOfBu N
nBu Toluene, 25 °C b
OMe CF
1 nBu 3
51, quant

Mechanistic Studies of the Coupling of Aryl Halides with
Fluoroalkylamines. Typical conditions for the Pd-catalyzed cou-
pling reactions to form C-N bonds include strong alkoxide or
amide bases, rather than the phenoxide base in the reactions re-
ported here. The fluorinated amines that undergo coupling under
these conditions are less basic than the non-fluorinated aliphatic
amines that are typically coupled with aryl halides. Therefore, we
studied the mechanism of the amination of fluoroalkylamines
under the catalytic reaction conditions we developed (Scheme 2)
to determine the effect of the low basicity and solubility of potas-
sium phenoxide and low nucleophilicity of the amine on the reac-
tion. Although higher TON are observed when the reaction is
conducted with the catalyst generated from AdBippyPhos as the
ligand than with the catalyst generated from ¢BuBippyPhos,
mechanistic studies were conducted with rBuBippyPhos as the
ligand because multigram quantities can be readily prepared from
inexpensive materials.

2.5 mol% [Pd(allyl)Cl],
10 mol% tBuBippyPhos

Scheme 2. Model reaction for mechanistic studies
KOPh or 4-n-Bu-PhOK

Cl HoN
JO A
F CF3
Dioxane, 50 °C

52 53

Identification of the Catalyst Resting State. The reaction of 4-
fluorochlorobenzene (52) with trifluoroethylamine catalyzed by
the combination of 2.5 mol % of [Pd(allyl)Cl], and 10 mol % of
tBuBippyPhos was conducted in an NMR tube and was monitored
by 'F and *'P NMR spectroscopy (Scheme 2). At 50% conver-

sion, the *'P NMR spectrum contained two singlets in a 1:1 ratio.
One singlet at 2.6 ppm corresponds to free /BuBippyPhos,
whereas the second singlet at 38.4 ppm corresponds to the resting
state of the palladium. The '’F NMR spectrum of the same reac-
tion contained resonances for 4-fluorochlorobenzene (-117.53
ppm), 4-fluoro-N-trifluoroethylaniline (53, -128.90 ppm), trifluo-
roethylamine (-76.68 ppm), and a new signal at -122.25 ppm.
This signal at -122.25 ppm was tentatively assigned to an arylpal-
ladium complex because the integration of this signal indicated
that the fluoroaryl group was present in the same concentration as
the palladium in the reaction. Furthermore, when the same reac-
tion was conducted with potassium 4-fluorophenoxide as the base,
an additional resonance at -134.09 ppm was present in the “°F
NMR spectrum. The intensity of this resonance was the same as
that of the resonance at -122.25 ppm (attributed to an arylpalladi-
um species). No '’F NMR signals that could be attributed to a Pd
amido complex were observed. The *'P NMR spectrum of an
identical reaction conducted with 4-fluorobromobenzene was the
same as the *'P spectrum of the reaction conducted with 4-
fluorochlorobenzene. This observation indicates that the resting
state lacks a halide ligand because the 3'P NMR chemical shifts of
an aryl palladium chloride complex and an aryl palladium bro-
mide complex should be distinct from each other.

Collectively, these data suggest that the catalyst resting state is
[(rBuBippyPhos)Pd(Ar)(OPh)]. To test this hypothesis, we al-
lowed [Pd(allyl)Cl],, fBuBippyPhos, 4-fluoro-chlorobenzene, and
potassium phenoxide to react at room temperature in THF. Filtra-
tion, partial removal of the solvent, and the addition of pentane
produced a yellow solid. The *'P NMR spectrum of this yellow
solid contained a single resonance that matched the *'P spectrum
of the catalyst resting state.

The structure of the catalyst resting state was unambiguously
shown by X-ray diffraction to be [(rBuBippyPhos)Pd(Ar)(OPh)]
(54, Figure 7). The complex contains a dative bond between Pd
and the bipyrazole backbone, which has been reported for the
BuBippyPhos complex of PdClL,*” and for other Pd complexes
containing bulky biaryl phosphine ligands.**' This complex is
stable in air in the absence of excess phenoxide, which is con-
sistent with the ability to conduct the amination without rigorous
exclusion of air.

Figure 7. Catalyst resting state 54 structure shown with 50%
thermal ellipsoid. Hydrogen atoms are omitted for clarity. Select-
ed bond lengths (A) and angles (°) of 45: C1-Pd1l = 2.429(2);

ACS Paragon Plus Environment

Page 6 of 11



Page 7 of 11

P OO~NOUILAWNPE

C33-Pdl = 1.992(2); O1-Pdl = 2.0447(14); P1-Pd1 = 2.2658(6);
N3-C1-Pd1 =103.74(12)

Reaction Kinetics. To assess the connection between this com-
plex and the steps of the catalytic cycle, we determined the rate
law for the reaction (Scheme 2). To increase the solubility of the
base, potassium 4-nBu-phenoxide was used in place of KOPh.
The *'P NMR spectrum of a reaction conducted with 4-nBu-
phenoxide was the same as that conducted with KOPh. This result
indicates that the change in base does not cause a change in the
catalyst resting state.

The kinetics were determined by measuring initial rates with
the ratios of reagents close to that of the preparative reactions and
the isolated resting state as the catalyst. Due to the low boiling
point of trifluoroethylamine (BP = 35 °C), the rates were meas-
ured at 50 °C, instead of the 100 °C temperature of the preparative
reactions. The reaction progress was followed by the formation of
fluoroalkylaniline 53 by "F NMR spectroscopy; this approach
was appropriate because the mass balance of the reaction with
respect to the limiting reagent (aryl halide 52) was >98%. The
reaction was conducted with 0.667 mol % of an equimolar
amount of the phenoxide complex 54 and /BuBippyPhos as cata-
lyst, aryl halide 52 as limiting reagent, 1.05 equiv 4-n-Bu-PhOK,
and 2.00 equiv trifluoroethylamine in dioxane.’> The amination
reaction was found to be 0™ order in 1-chloro-4-fluorobenzene
and BuBippyPhos; it was found to be 1% order in trifluoroethyl-
amine and in palladium phenoxide complex 54. A nearly zero, but
small positive dependence on the concentration of potassium 4-
nBu-phenoxide was also found; an explanation for this depend-
ence is presented below.

a) [Pd(allyl)Cl],
ngand, PhOK
Pho\/\

ArX
h
ANHCH,CF 0" order
turnover
limiting

LPd(Ar)NHCH,CF5 LPd(ANX

PhOH
inverse PhOK
15t order " order
LPd(Ar)OPh

NH2CH2CF3 resting state
15t order
b) [Pd(allyl)Cl],
L|gand, PhOK
PhO\/\

lh
ArNHCHzCF:>/ 0% order

LPd(Ar)NHCH,CF3 LPd(Ar)X

turnover
PhOH limiting phoK
0™ order b order
LPd(Ar)OPh

NHoCH2CF3  festing state
15t order

Figure 8. Two mechanisms consistent with the observed rest-
ing state and reaction kinetics.

Two mechanisms that fit the kinetic data are shown in Figure 8.
Both mechanisms include oxidative addition to form an arylpalla-
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dium halide complex, conversion of the arylpalladium halide
complex to an arylpalladium fluoroalkylamido species, and reduc-
tive elimination to form Pd(0) and the C-N bond in the fluoroal-
kylamido product. However, the first mechanism (Figure 8a)
involves turnover-limiting reductive elimination, whereas the
second mechanism involves turnover-limiting formation of a pal-
ladium amido complex (Figure 8b). These two mechanisms can
be distinguished by additional kinetic experiments. If reductive
elimination were turnover limiting, then formation of the palladi-
um-amido complex would be reversible. In this scenario (Figure
8a), the amination reaction would be inverse 1% order in phenol
because it is generated as a stoichiometric by-product during the
ligand exchange.

Phenol
(0.000 M - 0.0891 M)

Ph + /@/ w @)
(tBu),P Ph CFs Dioxane, 30 °C . CF,
/N

54,0.0188 M 0.185M

Determination of the order of the reaction in phenol is com-
plex because phenol forms strong hydrogen-bond adducts with
phenoxide.*® These hydrogen bond adducts reduce the concentra-
tion of free phenol. Therefore we monitored the initial rates of
stoichiometric reactions of the palladium phenoxide 54 with tri-
fluoroethylamine in the presence of varied concentrations of phe-
nol (eq 2) in the absence of phenoxide base. Analysis of the initial
rates (Figure 9) showed that the reaction of 54 with trifluoroethyl-
amine is inverse 1% order in phenol. This result implies that the
conversion of the phenoxide to the arylamine and Pd(0) species
occurs by reversible proton exchange between the amine and the
phenoxide complex, followed by irreversible reductive elimina-
tion to form the arylamine product.

1/Initial Rate vs [Phenol]

9.00E+05

7.50E+05

6.00E+05

4.50E+05

3.00E+05

1/Initial Rate (s/M)

y = 7.83E+06x + 3.09E+04
R#=1.00E+00

1.50E+05

0.00E+00
0.00E+00 2.50E-02  5.00E-02  7.50E-02 1.00E-01
[Phenol] (M)

Figure 9. Plot of 1/Initial Rate versus the concentration of phe-
nol used to determine the reaction order in phenol.

The inverse order observed for phenol and the formation of
strong hydrogen bonds between potassium phenoxides and phe-
nols provides a plausible explanation for the observed partial
order in potassium 4-nBu-phenoxide. Excess 4-nBu-phenoxide
reduces the concentration of the phenol byproduct because the
phenoxide hydrogen bonds to the phenol. Therefore the concen-
tration of free phenol is higher in reactions conducted with lower
concentrations of 4-nBu-phenoxide than in reactions conducted
with higher concentrations of the phenoxide, and reactions con-
ducted with higher concentrations of 4-nBu-phenoxide occur
faster than reactions conducted with lower concentrations of the
phenoxide.
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To determine the relative reactivity of different amines under
these conditions, we conducted a reaction containing three distinct
nitrogen nucleophiles: n-butylamine, p-toluidine, and pen-
tafluoropropylamine (eq 3) in the presence of 1.0 mol % catalyst.
This coupling occurred to full conversion in just 30 min at 65 °C.
Products arising from the couplings of p-toluidine and n-
butylamine were formed in 55% and 44% yield, respectively; the
product from coupling of pentafluoropropylamine was not ob-
served under these conditions. The formation of products from the
aryl and alylamine over the fluoroalkylamine could be due to
faster formation of the alkylamido or anilido complex relative to
the formation of a fluoroalkylamido complex or from faster re-
ductive elimination from the alkylamido or anilido complexes
than from the fluoroalkylamido complex. Although we have not
studied the origin of the observed selectivity, this result clearly
demonstrates that the weak basicity of fluorinated amines dramat-
ically changes the rate at which they react in C-N coupling reac-
tions. Furthermore, this experiment demonstrates that the combi-
nation of this catalyst and phenoxide base is suitable for the cou-
pling of alkylamines and arylamines, although we have not yet
studied the scope of reactions with this base in depth.

H
HaN N.

P-Tolyl 500 mol % [Pd(allyl)Cll, R
cl H,N 2.00 AdBippyPh
/@/ . N sy ippyPhos .
E 1.05 equiv KOPh
Dioxane, 65 °C

HN 3)
2V CH,CF,CF;4
52 2.00 equiv each

56 R = p-Tolyly; 55%
57 R = n-Bu; 44%
58 R = CH,CF,CF3; 0%
Mechanistic Conclusions. Our mechanistic data are consistent
with the pathway shown in Figure 8a. Oxidative addition of the
aryl halide occurs to the palladium(0) species ligated by /BuBip-
pyPhos to generate a fBuBippyPhos(Ar)X complex. This complex
reacts with phenoxide to generate the catalyst resting state, phe-
noxide complex 54. Complex 54 reacts reversibly with trifluoro-
ethylamine to form an amido complex. The transition state with
the highest energy is that for reductive elimination.

It is unusual for Pd-catalyzed couplings of an aryl halide with
an amine catalyzed by a complex containing a monophosphine
ligand to occur with reductive elimination as the turnover-limiting
step. Two prior studies, one on the coupling of benzophenone
hydrazone® and one on the coupling of ammonia® with aryl hal-
ides implied that reductive elimination was the turn-over limiting
step. However, these studies were conducted with palladium cata-
lysts ligated by the bisphosphines BINAP and Josiphos, respec-
tively. Thus, our mechanistic experiments reveal an unusual case
in which aryl halide amination catalyzed by palladium ligated by
a monophosphine occurs with reductive elimination as the turno-
ver-limiting step. The reaction of the fluoroalkylamines in the
current also constitute an unusual case in which the coupling of an
aryl halide with an aliphatic amine occurs by a mechanism in-
volving turnover limiting reductive elimination. The unusual
turnover-limiting step is likely the result of the strongly electron-
withdrawing property of the trifluoroethyl group. Reductive elim-
ination from palladium amido complexes derived from electron
rich amines (e.g. iBuNH,) has been shown to be faster than reduc-
tive elimination from palladium amido complexes derived from
less electron rich amines (PhNHz).56 Indeed, the only other case
of reductive elimination as the slow step in a C-N coupling reac-
tion of an aliphatic amine catalyzed by a monophosphine ligated
palladium complex was recently reported, although the authors
concede they cannot exclude formation of the amido complex as
the turnover limiting step.57

The resting state of the catalyst in the current study is also
unique for a coupling to form an arylamine and allows an unusu-

ally direct view of the formation of the amido complex. The ami-
do complex has been proposed to form in cross-coupling reactions
by coordination of the amine, followed by deprotonation of the
bound amine by the base, or by formation of an alkoxide com-
plex, followed by proton transfer to convert the alkoxide complex
to an amido complex.’® For reactions catalyzed by complexes of
monophosphine complexes, the most commonly proposed mech-
anisrsré ég that involving coordination of the amine and deprotona-
tion.””

Numerous groups have reported the preparation of arylpalladi-
um-amine complexes ligated by monophosphines and have shown
that addition of amide or alkoxide base to these complexes results
in the formation of anilines by reductive elimination from an ar-
ylpalladium amido intermediates.***"** These data imply that the
reactions of alkylamines catalyzed by complexes of bulky mono-
phosphines occurs by coordination of the amine and deprotona-
tion by base.® For this reason, the direct observation of a phenox-
ide complex bound by a monophosphine as the resting state was
unexpected. Assuming the proposed mechanism for formation of
an alkylamido complex from the previous work is valid, the dif-
ference in mechanism for the reaction of alkylamines in the prior
studies and the fluoroalkylamines in the current studies likely
results from the large difference in Lewis basicity of the two types
of amines or the different properties of phenoxide bases relative
to tert-alkoxide bases. Indeed, the prior observation of an alkoxo
complex during cross coupling to form amines catalyzed by com-
plexes of bisphosphines was made on the reaction of an arylamine
mediated by NaO#Bu, not an alkylamine.**®*

Conclusion

In summary, we have developed conditions for the coupling of
primary fluoroalkylamines with aryl bromides and aryl chlorides.
The reaction occurs in high yield and can be conducted with low
catalyst loadings for most substrates. The observed instability of
the products toward strong bases led to the development of condi-
tions in which weaker bases are used to promote the coupling
reaction. Moreover, the combination of the low nucleophilicity of
the amine and the low basicity of KOPh allows the reaction to
occur in the presence of functional groups that are typically not
tolerated by C-N coupling reactions. We anticipate that the prod-
ucts will have useful applications in pharmaceutical and agro-
chemical industries.

The reaction occurs with several unusual mechanistic features.
First, the catalyst resting state is the phenoxide complex
[(rBuBippyPhos)Pd(Ar)(OPh)] (54). The observation of this com-
plex is the first evidence that a monophosphine ligated arylpalla-
dium phenoxide or alkoxide complex can be an intermediate in
the coupling process. Second, the turnover-limiting step for the
reaction is reductive elimination. The kinetic data provide rare
evidence that reductive elimination to form a C-N bond can be
rate-limiting during cross-coupling reactions to form amines cata-
lyzed by complexes of the commonly used bulky monophos-
phines. These unusual features result from the selection of a base,
rarely used in cross coupling, that enabled reactions to form prod-
ucts valuable for medicinal chemistry, agrochemistry, and coordi-
nation chemistry, from a class of amine that is unexplored for
cross-coupling reactions.
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NMR spectra (IH, 13C, 1("F, 31P), HRMS, and IR spectra of all
reaction products are include in the supporting information. “This
material is available free of charge via the Internet at
http://pubs.acs.org.”
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