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ABSTRACT: N-alkyl arylamines are important structural motifs in
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C(sp°)H/N(sp?)

pharmaceuticals, yet traditional alkylating methods rely on the >jgt:?c|2;ys/ cross-coupling %Pr
nucleophilicity of the amine and make access to such compounds electronically OO NH O OEt
with valuable bioproperties challenging. While metal-mediated dverse o AN R NG ""/P\(OEt
reactions may alleviate these limitations, they often encounter s 30 olefins ©/ ©io
amine-metal interactions that can hinder catalysis or lead to  «highFG -

tolerance [(SOX)-Pd(ll)-phosphoric

deleterious pathways. Herein, we report a palladium(II) [Pd(I)]/
sulfoxide-oxazoline(SOX) /phosphoric acid-mediated C(sp*)H/N- 0\ Me ®
WM (MasOX)PA'Sop

(sp?) cross—c01'1pling of ?3 arylamipe nucleophiles .and ?’9 terminal  pyy NHRAN), Meo\(r e
olefins to furnish >80 diverse tertiary (3°) arylamines in excellent resting <= S

yields (average 82%) and selectivities (>20:1 E/Z, >20:1 linear/ state 0
branched). The reaction furnishes electron-deficient and sterically
bulky arylamines as well as those housing alkyl/aryl halides,
epoxides, carbonyls, epimerizable centers, carboxylic acids, and N-triflyl/tosyl alkylamines, showcasing orthogonal scope to existing
aminations. The generality of this reaction enables facile synthesis of six pharmaceuticals and derivatives (e.g., zafirlukast) and five
late-stage drug fragment couplings (e.g., flutamide-duloxetine). Whereas spectroscopic studies identify a catalytically inactive
bis(arylamine)-Pd(II) complex 4 as the resting state, the reaction proceeds with high efficiencies (short reaction times, low catalyst
loadings). Mechanistic studies reveal that the SOX ligand L1 [(#)-MeO-SOX = MaSOX)] establishes a dynamic equilibrium with 4
to generate the active catalyst. Phosphoric acids promote the reaction by affording a significant increase in the functionalization rate,
rendering a lower energy allylic C—H cleavage as the rate-determining step. We anticipate that this reaction will find broad use in the
discovery of complex and medicinally relevant N-alkyl arylamines and that the mechanistic insights will be leveraged to improve
efficiencies of other metal-catalyzed aminations.
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B INTRODUCTION

The modularity of the phenyl moiety paired with the
physiological properties of nitrogen atoms makes arylamines
attractive motifs that are found in one-third of medicinal
compounds.' > Traditional approaches to furnish N,N-
dialkylated tertiary (3°) arylamines—reductive and Hofmann
N-alkylations—face reactivity challenges because they rely on
coupling polarizable, “soft” arylamine nucleophiles with “hard”
preoxidized electrophiles (e.g, alkyl halides, carbonyls; Figure
la).* Electron-deficient and sterically bulky 3° arylamines—
structural modifications that may improve a drug’s biopro-
perties (e.g., metabolic stability), enhance lipophilicity, and
prevent undesired oxidation pathways’—are the most
challenging to synthesize with these methods and generally
require excess electrophile, forcing conditions, or substrate-
specific modifications.

Nucleophilic aromatic substitutions"” provide an orthogonal
synthesis of 3° arylamines that cross-couple aryl halides and
secondary (2°) amines. Advances in copper and palladium-
catalyzed C(sp?)—N aminations®®~ have enabled broad
applicability and streamlined the synthesis of cyclic N,N-
dialkylated arylamines (Figure 1a). The coupling of acyclic 2°
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amines, however, remains challenging due to their steric bulk
and/or propensity to undergo metal-mediated p-hydride
elimination processes.”” Additionally, the strongly basic
conditions commonly utilized may result in compatibility
limitations with acidic functionality, potentially leading to
catalyst deactivation or undesired side reactions.'’

A C(sp®)—H cross-coupling of terminal olefins with 2°
arylamines under mildly acidic conditions affords an analogous
retrosynthetic disconnection to N-alkylations that may be
more facile due to good polarity matches between the
arylamine nucleophile and the z-allyl-Pd(II) electrophile
(Figure 1b). Reported intermolecular Pd(1I)-catalyzed allylic
C—H aminations have demonstrated limited scope using
specialized arylamines (e.g., diphenylamine) and/or activated
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Figure 1. Reaction Development. *Olefin recovered starting material (RSM) yield. "Yield was determined by crude 'H NMR analysis using
benzotrifluoride as an internal standard. Wacker oxidation (ca. 9%) observed with trace 3 (ca. 2%) likely results from an aza-Wacker pathway. Yield
of 3 at 24 h ca. 4% with reduced olefin RSM (70%). °A solution of 1 in dioxane was added via a slow addition. %Yield of L1 was determined by 'H
qNMR using 1,3,5-trimethoxybenzene as an internal standard. °4 is formed as a mixture of diastereomers. ‘R = CH,CH,Ph. 8Experiment with 1
equiv of dbp and 10 equiv of 1 yielded 94% L1. "R’ = CH,CH=CHC4H,,.

olefins (e.g., allylarenes and dienes) in excess amounts (2—7
equiv).'"” Pd(0)-catalyzed allylic substitutions of preoxidized
olefins also have a narrow scope and in some cases poor
selectivities [E/Z, L/B (linear/branched)].'>'* This precedent
suggested to us that binding of arylamines to Pd(II) to form
catalytically inactive bis(arylamine)-Pd(II) complexes may
make C—H cleavage and/or functionalization challenging.
We hypothesized that the high affinity of SOX (sulfoxide-
oxazoline) ligands for Pd(11)" and the sterically hindered
nature of 2° arylamines may enable productive catalysis.
Herein, we report that Pd(II)/SOX/phosphoric acid
catalysis enables a general C(sp*)H/N(sp?) cross-coupling of
electronically and sterically diverse 2° arylamines with complex
terminal olefins to furnish over 80 acyclic and cyclic 3°
arylamine products in high regio- and stereoselectivities (>20:1
E/Z, >20:1 L/B). The amination proceeds under fragment
coupling conditions (1 equiv) with broad scope and the
highest average yields (82%), shortest reaction times (ca. 12
h), and lowest catalyst loadings (S mol %) of any reported
allylic C—H functionalization to date. This method is
orthogonal to reductive amination and Hofmann N-alkylation
reactions, efficiently furnishing electron-deficient and sterically

hindered tertiary arylamines bearing epimerizable carbonyls,
alkyl halides, epoxides, and aldehydes. Moreover, substrates
containing functionality that pose challenges in palladium-
catalyzed aminations—including acyclic 2° arylamines, acidic
functionality such as N-tosyl (Ts) and N-triflyl (Tf) amines,
indoles, alcohols, and carboxylic acids—are well-tolerated.
While this reaction proceeds with notable efficiency, '"H NMR
studies suggest that the majority of Pd(II) is sequestered as an
inactive bis(arylamine)-Pd(I) species and that trace SOX:
Pd(II) catalyst is present during catalysis. The key to efficient
reactivity is the ability for SOX to competitively bind to Pd(II)
and undergo ligand exchange with the arylamine, thereby
promoting C—H cleavage and functionalization. The fluxional
binding of SOX to Pd(II) demonstrates that static ligand
binding is not essential for efficient, selective catalysis when
amine binding is reversible. The typically high barrier for z-
allyl-Pd(II) functionalization is lowered with phosphoric acid
additives, shifting the rate-determining step to a lower energy
C—H cleavage.
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B RESULTS AND DISCUSSION

Reaction Development. We previously reported
(£)-MeO-SOX (MaSOX)-Pd(OAc), (cat-1) catalyzed allylic
C—H amination cross-couplings of terminal olefins with both
nonbasic N-Tf protected 1° alkylamines'® and basic 2°
alkylamines,'” in which MaSOX ligand L1 is critical for
catalysis.">'” Whereas high concentrations of basic amines
bind to electrophilic Pd(II) catalysts and irreversibly displace
L1, BF;/HBF, 2° alkylamine salts were discovered to undergo
a catalyst-regulated slow release of free amine nucleophiles at
concentrations tolerated in catalysis. Unlike alkylamines (pK,
~ 10), less basic arylamines (pK,y ~ 4) do not undergo full
complexation to generate N-alkyl phenylamine-BF;/HBF,
salts. Attempts at in situ generation resulted in poor reactivity
and low mass balance due to unproductive olefin reaction
pathways (see the Supporting Information). Significantly,
examining free 2° N-methyl phenylamine 1 with unactivated
allylcyclohexane 2 furnished 3° arylamine product 3 in an
encouraging yield (35%) and excellent mass balance (95%)
(Figure Ic, entry 1). Primary (1°) phenylamine, however,
furnished no observable allylic amination product and poor
conversion (Supporting Information).

Phosphoric acid additives have been demonstrated to
improve reactivity in allylic C—H aminations with 2° aliphatic
amines by acting as noncoordinating counteranions and
effecting Coulombic activation of the cationic z-allyl-
MaSOX-PA(II)(X) electrophile (where X = phosphate)
(Figure 1b)."”*" Introducing dibutyl phosphate (dbp) to the
catalytic reaction with N-methyl phenylamine 1 afforded a
substantial increase in reactivity (from 35% to 64% yield,
Figure 1c, entry 2) whereas 1° phenylamine still furnished only
trace product (see the Supporting Information). Phosphoric
acids are additionally excellent H-bond donors and accept-
ors;”' for example, the acceptor properties of phosphate
counteranions were shown to accelerate cis-SOX-Pd(II)-
catalyzed allylic C—H etherifications involving H-bond-
donating alcohol nucleophiles.”” In this reaction with H-
bond-accepting nucleophiles, we questioned whether excess
dbp was hydrogen-bond donating to the arylamine and
reducing the active nucleophile’s concentration in solution.
'H and *'P NMR analysis of 2° arylamine 1 with high dbp
loadings (25 and S0 mol %) revealed shifts consistent with
hydrogen-bond donation and/or protonation (see the
Supporting Information).”” Lowering dbp loadings to match
the upper limit of the electrophile in the catalytic cycle (S mol
%) further improved yield (from 64% to 90% yields, entry 3).
Collectively, these experiments showed that excess acid may
deactivate the arylamine nucleophile and support that dbp’s
main role is to electrostatically activate the z-allyl-MaSOX-
PA(II)(X) electrophile by promoting counterion exchange.

In order to evaluate if MaSOX ligand L1 undergoes ligand
exchange with excess amines, representative of catalysis,
MaSOX-Pd(OAc), cat-1 was exposed to amine nucleophiles
used in allylic C—H aminations.'®'” Nonbasic amine
nucleophile N-Tf phenethylamine afforded no observable free
MaSOX L1, even at 10 equiv (Figure 1d, entry 1). Basic 2°
amine nucleophile piperidine, which requires BF;/HBF,
protection for catalysis, fully displaced the MaSOX ligand at
3—-10 equiv (>99% free L1, entry 2). Significant ligand
displacement was observed with 1° phenylamine even at low
concentrations (92% L1 with 3 equiv of amine, see the
Supporting Information), and MaSOX was fully displaced at

10 equiv (>99% free L1, entry 3). Strong binding to Pd(II)
may, in part, account for why 1° arylamines are generally not
effective nucleophiles under these conditions (Supporting
Information). In contrast, N-methyl phenylamine 1 did not
fully displace the ligand, however, substantial amounts of free
ligand were observed at 10 equiv (96% free L1, entry 6) with
formation of (PhNHMe),-Pd(OAc), 4 as the major palladium
species in solution. Addition of 1 equiv of dbp with respect to
cat-1 did not significantly alter the amount of free ligand L1
generated (94% free L1), indicating that the phosphoric acid
does not significantly influence ligand exchange. Whereas these
studies support a MaSOX-Pd(II) ligand L1 exchange with
arylamines, importantly, no catalysis was observed without
MaSOX L1 (Figure lc, entry 4).

Tertiary arylamine product 3 did not displace MaSOX L1 as
readily as the corresponding 2° arylamine nucleophile 1 (21%
versus 96% L1 with 10 equiv amine, Figure 1d entries 7 versus
6). We hypothesized that product formation decreases the
concentration of 2° arylamine nucleophile and shifts the
equilibrium toward active MaSOX-Pd(II) catalyst. Consistent
with this, lowering cat-1 loadings (2.5 mol %) afforded a
diminished yield of 3° phenylamine 3 (Figure lc, entry $S),
however, decreasing the concentration of 2° amine 1 in
solution via slow addition of 1 restored the yield (entry 6). In
contrast, neither doubling the cat-1 loadings (10 mol %) nor
slow addition of the 1° phenylamine nucleophile significantly
improved the yields of allylated 2° phenylamine (7% and 11%,
respectively; see the Supporting Information), suggesting that
1° arylamine binding to Pd(II) is less reversible and may more
strongly sequester the catalyst.

Nucleophile Scope. We first assessed the reactivity of
electronically and sterically diverse N-methyl arylamines with
unactivated allylcyclohexane 2 under MaSOX-Pd(OAc), cat-
1/dbp catalysis under conditions open to air and moisture
(Figure 2a). Spectroscopic interrogation of 4-nitro-N-methyl
phenylamine with cat-1 showed decreased bis(arylamine)-
Pd(1I) complexation relative to N-methyl phenylamine 1 (14%
L1 with 10 equiv of amine), whereas only free MaSOX L1 was
observed with electron-rich 4-methoxy-N-methyl phenylamine
(99% L1 with 10 equiv of amine). Reflective of this, electron-
deficient and -neutral amines underwent amination under the
standard conditions (5—7, 9), whereas 4-methoxy-N-methyl
phenylamine required either 10 mol % cat-1 or slow addition
of the amine under standard conditions to achieve high yields
(8). These trends contrast with classic N-alkylations, where the
attenuated nucleophilicities of electron-deficient arylamines
require more forcing conditions than electron-rich ones.
Consistent with challenging functionalization, longer reaction
times (48 h) paired with increased dbp loadings (15 mol %)
were needed for preparative reactivity of sterically hindered
2,6-disubstituted N-methyl arylamines. 2,6-dihalogen analogue,
a prominent moiety in drugs like clenbuterol, was furnished in
72% vyield (10). Additional modifications (10 mol % cat-1)
were needed to couple highly sterically encumbered 2,6-
diisopropyl-N-methyl phenylamine in useful yield (11).
Current methods to alkylate these sterically hindered amines
require harsh conditions, such as formal amine deprotonations
with strong bases and/or elevated temperatures.”

N-methyl arylamines decorated with diversifiable function-
alities allow streamlined access to attractive synthetic
intermediates. Substrates housing aryl bromide and aryl
boronic ester moieties, classic electrophiles and nucleophiles
in Pd(0)-mediated cross-coupling reactions, underwent ami-
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Figure 2. Nucleophile Scope. Unless otherwise noted, all reactions were run under the standard conditions: amine and olefin (1 equiv), Pd(OAc),
(5 mol %), MaSOX (S mol %), 2,5-dimethylbenzoquinone (2,5-DMBQ) (1.1 equiv), and dibutyl phosphate (dbp) (5 mol %) in dioxane (1 M)
and stirred for 12 h at 45 °C under ambient conditions; olefin RSM (shown in parentheses) was determined by crude "H NMR analysis; reported
yields are the average isolated yields of three experiments. All products were formed in >20:1 E/Z and >20:1 L/B selectivity. *2 repeats. *10 mol %
cat-1. ©24 h. 90.9 equiv 2,5-DMBQ was used for ease of purification. °15 mol % dbp. 48 h. 8Recovered starting amine. "10 mol % dbp. 'S mol % cat-
1 for 48 h afforded 15% yield (42% olefin RSM). 'Toluene. 50 mol % dbp. '1,2-dichloroethane.

nation under these oxidative conditions (12, 13). 4- amine nucleophiles containing these functionalities successfully

(methylamino)benzaldehyde, containing a traditional electro-
phile for reductive aminations, afforded 14 in 95% yield.
MaSOX-Pd(II) catalysis shows orthogonal reactivity to base-
mediated processes that do not tolerate unprotected

4g,10

phenols and that effect benzylic alcohol oxidations;**

afforded the 3° allylic arylamines 15 and 16 in excellent yields.

Nonbasic N-heterocyclic functionality like Boc-protected
piperidine as well as piperidinone and morpholinone, found in
drugs like apixaban and rivaroxaban, were well-tolerated in N-
methyl arylamine derivatives (17—19). Although 3° aliphatic

32789 https://doi.org/10.1021/jacs.5c08883
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Figure 3. Electrophile Scope. Unless otherwise noted, all reactions were run and analyzed using the standard conditions (Figure 2) and all products
were formed in >20:1 E/Z and >20:1 L/B selectivity. Olefin RSM is reported in parentheses. “24 h. b3 h. €10 mol % dbp. 10 mol % cat-1. °48 h.
.5 mol % cat-1. 81.2 g, 56. "2 repeats. ‘Reaction run in the absence of 1 afforded 49% recovered olefin with unidentifiable byproducts (see the

Supporting Information). 120 mol % dbp. ¥4 h.

amines are generally not tolerated due to their high affinity for
electrophilic Pd(1I), the sterically encumbered N-benzhydryl
functionality was compatible (20). N-methyl arylamine
substrate 21 housing an acidic N-Tf alkylamine reacted
under C(sp*)H/N(sp®) cross-coupling conditions to furnish
allylic arylamine 22 in 85% yield with no observed N-Tf
alkylamine coupling. Running the reaction under the
previously reported nonacidic conditions for N-Tf alkylamine
C—H allylic amination (10 mol % cat-1, 72 h, 0% dbp)'®
furnished a diminished yield of 22 (44%), with poor
conversion (40% olefin recovered starting material (RSM))
and no observed N-triflyl amine allylation product (see the
Supporting Information).

A diverse scope of N-alkyl arylamine nucleophiles, which
present steric challenges and greater susceptibility for g-
hydride elimination,”” were evaluated (Figure 2b). N-butyl
phenylamine as well as chiral (R)-N-(1-phenylethyl)arylamine
derivative were each cross-coupled to afford 23 and 24 in high
yields, with high enantiospecificity (99% e.s.) and no imine or
acetophenone byproducts detected for the latter (see the
Supporting Information). These results signify that C(sp®)H/
N(sp?) cross-coupling likely proceeds via C—N bond
formation outside the sphere of the metal and/or with neutral

3a

arylamines,'* as palladium-alkylamido intermediates are
known to undergo p-hydride elimination and racemization
pathways. A series of sterically bulky N-methine substituted
derivatives (isopropyl, cyclohexyl (Cy), and adamantyl)
furnished preparative yields of 3° allylic arylamines 25-27,
underscoring the high steric tolerance for this reaction.

N-alkylated arylamines appended with ester, ketone, and
alkyl-chloride functionalities, classical electrophiles in N-
alkylations, afforded 28—30 with no detected byproducts
from competitive condensation, substitution, or elimination
pathways. N-propanol phenylamine housing a 1° unprotected
alcohol afforded 31 in 89% yield under this oxidative protocol,
with no observed ether’” or carbonyl** byproducts. Heter-
oatoms tethered by a two-carbon linker can act as strong
bidentate ligands to palladium and inhibit catalysis. Whereas a
furan functionality was well-tolerated under the standard
conditions (32), an N-Boc amine gave recovered starting
material. Highlighting the capacity for MaSOX-Pd(OAc),
conditions to be readily modified to overcome inhibitory
substrate binding, 10 mol % cat-1 or nucleophile slow addition
furnished 33 in 97% and 93% yields, respectively.

Cyclic alkyl arylamine heterocycles were also proficient
nucleophiles. Tetrahydroquinoline and tetrahydrobenzoaze-
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Figure 4. Complex Examples. Unless otherwise noted, all reactions were run and analyzed using the standard conditions (Figure 2) and all products
were formed in >20:1 E/Z and >20:1 L/B selectivity. Olefin RSM is reported in parentheses. *2.5 mol % cat-1. "Room temperature. 24 h. 410 mol

% cat-1. °10 mol % dbp. 72 h. 81,2-dichloroethane. "48 h.

pine afforded products in excellent yields under the standard
conditions (34, 35), however, indoline afforded trace cross-
coupled product 36 with poor mass-balance (see the
Supporting Information). Consistent with indoline’s higher
basicity,”* spectroscopic studies revealed more MaSOX L1
displacement relative to N-methyl phenylamine 1 (97% versus
81% L1 at 3 equiv of amine) as well as the formation of indole
side products.”® Slow addition of indoline at 5 mol % cat-1

gave cross-coupled product 36 in 67% yield with restored
mass-balance. Arylamine-derived morpholine and piperazine,
bearing a pendent benzothiophene, were also suitable cyclic
nucleophiles and furnished densely functionalized 3° amines
37 and 38.

Diarylamines, broadly represented in pharmaceuticals and
natural products, are challenging nucleophiles due to their
electron-deficient and sterically encumbered nature. Consistent
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with this, catalyst deactivation via amine binding was not
problematic; evaluation of cat-1 with diphenylamine (10
equiv) resulted in only 8% free L1. While modest reactivity was
observed under the standard conditions (see the Supporting
Information), increasing catalyst and/or phosphoric acid
loadings afforded significant improvements. This reactivity
enhancement was likely due to higher concentrations of the
electrophilic 7-allyl-MaSOX-Pd(II) intermediate, thereby
promoting functionalization. Under such conditions, the
C(sp*)H/N(sp®) cross-coupling of allylcyclohexane with
diphenylamine or cyclic dihydrodibenzazepine, problematic
under reductive amination conditions,” afforded allylated
products 39 and 40 in 76% and 58% yields, respectively
(Figure 2c). Diarylamines like iminostilbene, phenoxazine, and
2-H/Cl phenothiazine—having a more puckered conformation
that partially releases the nitrogen lone pair from resonance
delocalization”” —underwent amination at 5 mol % cat-1 (41—
44). Phenothiazines—generally strong binders to Pd(II)—are
common cores in psycholeptic drugs, and ones housing
thioether and morpholine functionalities afforded N-allylated
products 45 and 46 in useful yields at higher cat-1 and dbp
loeiclirxgs.4b’28’29

Electrophile Scope. We explored coupling N-methyl
phenylamine with diverse olefins, many bearing functionality
not tolerated in known aminations (Figure 3a). Underscoring
this method’s orthogonality to reductive aminations, olefins
containing classically reactive aliphatic and benzylic aldehydes
afforded allylic 3° arylamine products 47 and 48 as the only
observed products. Whereas enolizable a-substituted ketones
are prone to epimerization under basic amination conditions,”
a stereodefined sec-butyl ketone olefin underwent functional-
ization in 76% yield (49) with 99% e.s. under these mildly
acidic conditions. Olefins housing an alkyl chloride and a
terminal epoxide, electrophiles for Hofmann N-alkylations,
were maintained to afford aminated products 50 and 51 in
good yields and with excellent mass balance. An allylic acetate
moiety, employed as electrophiles in Pd(0)-catalyzed allylic
substitutions,'> was well-tolerated in this oxidative Pd(II)
amination to furnish 52 in preparative yield. Consistent with
previous reports of sulfoxide-Pd(OAc), catalysis, allylic C—H
cleavage was highly selective for terminal olefins in the
presence of internal ones.">~"”** In a geraniol-derived diene,
C—H cleavage occurred selectively at the terminal olefin on a
hindered 3° center to afford trisubstituted $3 in a useful yield.
Interestingly, the E/Z selectivity remained preparative (8:1 E/
Z) and was substantially higher than Pd(0)-mediated allylic
substitution of a geraniol allylic alcohol with arylamine
nucligphiles (1:1.6 E/Z), suggesting a faster functionalization
step.”

We evaluated the selectivity for arylamine functionalization
on olefins bearing nucleophiles precedented to react under
PA(II) catalysis (Figure 3b). A substrate appended with a
remote N-Ts amine—a classic nucleophile for aza-Wacker
reactions”’ but not allylic C—H aminations—afforded the
linear allylic arylamine product 54 in a good yield (88%).
Indole, an ambident nucleophile for C2- and N-alkylation in
Pd(II)-mediated olefin functionalizations,”* was well-tolerated
in the electrophile in both the N—H and N-Boc forms to
furnish $$ and $6, respectively (56, 1.2 g, 91%). Indoline, a
nucleophile for this reaction (e.g., 36), was well-tolerated on
the olefin in its protected form (57). Primary and 2° alcohols,
recently reported nucleophiles under cis-SOX-Pd(II)/phos-
phoric acid catalysis,”* were maintained on the olefin coupling

partner in this allylic amination (58—60). Interestingly, 2-allyl
cyclohexanol, housing an alcohol positioned for intramolecular
functionalization, afforded a diminished yield of aminated
product (61, 40%) with poor olefin recovery (9%).
Introduction of an acetate protecting group restored
productive reactivity to afford 62 in 86% yield. Remarkably,
arylamines reacted preferentially to carboxylic acids, well-
precedented nucleophiles in Pd(II)-catalyzed allylic C—H
esterifications,” to furnish products 63 and 64 in preparative
yields.

Cinnamyl-derived olefins are typically more reactive in allylic
C—H functionalizations due to more activated C—H bonds
and more electrophilic 7-allyl-Pd(IT) intermediates.'* Electron-
rich and -neutral allylbenzenes, including N-heterocycles,
reacted with reduced reaction times (3 h) or 2.5 mol % cat-
1 loadings (65—67, Figure 3c). We explored electron-deficient
and/or sterically hindered olefins that may compete poorly
with arylamines for Pd(II)-binding required for C—H cleavage.
Electron-deficient allylbenzenes were effective coupling
partners using longer reaction times (48 h), higher catalyst
loadings (10 mol %), or the slow addition protocol under
standard conditions (68—70). For example, whereas 4-
trifluoromethyl allylbenzene did not react under standard
conditions, either 10 mol % cat-1 or slow addition of N-methyl
phenylamine 1 at 5 mol % cat-1 furnished 69 in 95% yield.
Ortho-methoxy aryl substitution afforded 87% yield of 71
under standard conditions, whereas bulkier methyl substitution
afforded 72 in good yield by using the slow addition protocol.
Consistent with a competitive arylamine/olefin Pd(1I)-binding
scenario, exchange of 1 with 4-nitro-N-methyl phenylamine—a
nucleophile that binds poorly to cat-1 (14% free L1, see
Supporting Information)—afforded 73 in excellent yield under
the standard conditions. 2-Allylthiophene, containing a sulfur
that may additionally compete for Pd(II)-coordination, reacted
with 1 at higher catalyst loadings (10 mol %) to afford
preparative yield of 74.

Complex Examples. We investigated whether the broad
scope and robust conditions of this C—H amination enable a
platform for late-stage fragment coupling to furnish pharma-
ceuticals and their derivatives. Antidiabetic experimental drug
75 was furnished via coupling of a pyrrolyl allylphenylalanine
derivative with N-methyl phenylamine at low catalyst loadings
and short reaction times (2.5% cat-1, 12 h) in ca. a 2-fold
increase in overall yield relative to the previous hydro-
zirconation/borylation route (58% versus 33%) (Figure
4a).** Hofmann alkylations with sterically hindered and/or
electron-deficient arylamines proceed under strongly basic
conditions that require protecting group manipulations of
competing nucleophilic functionality. Highlighting the notable
reactivity and chemoselectivity of MaSOX-Pd(OAc), catalysis,
the cross-coupling of a hindered, electron-deficient 2-
arylamino ethanol derivative with allylbenzene at 2.5% cat-1
afforded experimental cholesteryl ester transfer protein
(CETP) inhibitor 76. By eliminating alcohol protection/
deprotection steps, the C—H amination route proceeded in
half the steps relative to a Hofmann sequence.”

The E-allylic arylamines generated via this C(sp®)H/N(sp®)
cross-coupling are versatile intermediates for the construction
of diversely functionalized N-heterocycles (Figure 4b). The
coupling of Boc-L-valine-derived arylamine with diethyl allyl
phosphate afforded 77 in preparative yield; subsequent
intramolecular aza-Michael c%fclization36 provided rapid access
to synthetically challenging,””*” nonsymmetrical C3- and C5-
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substituted piperazine 78, the core of serotonergic drug
eltoprazine. E-allylic amines generated from readily available 2-
bromo arylamines can be directly taken into the Mori—Ban
reaction, providing a diversifiable route to indoles, the sixth
most frequent heterocycle in pharmaceuticals.”®*” Using the 4-
carbamoyl-N-methyl arylamine fragment 79, selective cross-
coupling of the more electron-rich nitrogen with the
allylbenzene fragment 80a furnished E-allylic amine 81 as
one regio- and stereoisomer. The ortho-bromine functionality
was maintained under these oxidative conditions and further
utilized in the Mori—Ban reaction®” to afford known indole
precursor 82 to zafirlukast 84, an FDA-approved antiasthma
medication, in two steps with excellent yields and selectiv-
ities."” An alternative route to 84 would be a late-stage cross-
coupling with sulfonyl benzamide olefin 80b followed by the
Mori—Ban reaction. No allylic amination was observed using
80b, however, (trimethylsilyl)ethyoxymethyl (SEM) protec-
tion of the sulfonyl benzamide restored catalytic reactivity (see
Supporting Information). We postulated that accumulation of
an anionic olefin sulfonyl benzamide nitrogen in 80b (N—H
pK, ~ S) generated from deprotonation by the arylamine 79
deactivated cat-1. In agreement with this, the slow addition of
arylamine 79 to 80b afforded 83 in preparative yield (60%).

A C(sp*)H/N(sp*) cross-coupling, olefin hydrogenation
sequence provides a rapid route to N-alkyl 3° arylamine drug
derivatives traditionally challenging to access using direct
alkylation (Figure 4c). A sterically encumbered a-trifluor-
omethyl (CF;) arylamine—an amide bioisostere®' —was
effectively coupled with benzyl butenoate to furnish 85 in
81% yield. Global hydrogenation of the olefin and benzyl ester
furnished clanobutin derivative 86. Although 1° arylamines are
generally not viable nucleophiles in this reaction (see the
Supporting Information), some electron-deficient and/or
sterically hindered 1° arylamines can afford 2° allylic
arylamines in preparative yields. 2-nitro arylamine, a common
precursor for quinoxaline derivatives, underwent amination to
afford 87 in 88% yield. No diallylated product was observed,
likely because of a deactivating intramolecular hydrogen-
bonding interaction between the N—H and ortho-nitro group
in the 2° arylamine product.*” Subsequent hydrogenation of
the olefin and nitro functionalities afforded the known diamine
intermediate for the synthesis of flavin mononucleotide
(FMN) derivative 88.*

Amines tethered via flexible carbon linkers to other
functionalities are a common structural feature in medicines
and molecular recognition moieties (Figure 4d). Proteolysis-
targeting chimera (PROTAC)—a heterobifunctional molecule
with a linker that connects an E3 ubiquitin ligase to a protein
of interest—is a promising protein degradation therapeutic-
strategy.* Functionally dense lenalidomide, a known E3
ubiquitin ligand, presents challenges in the installation of
small molecules via Hofmann N-alkylations due to competitive
generation of arylamine- and imide-alkylated products.*
Under MaSOX-Pd(OAc),/dbp catalysis, lenalidomide and its
benzylated derivative were cross-coupled with allylbenzene and
an allylated clopidogrel derivative, bearing a tetrahydrothieno-
pyridine, to afford monoallylated 2° arylamine 89 and 3°
arylamine 90. Although ca. 10% diallylated product (see the
Supporting Information) was seen in cross-coupling of the 1°
arylamine, no detected imide-alkylation was observed for either
89 or 90. Tertiary arylamine coumarins are used as small-
molecule fluorescent probes in environmental and medicinal
applications.” This amination provides a convenient approach

for tethering small molecules to the arylamine core, as
demonstrated in the cross-coupling of a coumarin-derived N-
ethyl arylamine with an amino-acid olefin analogue (91, 94%
yield).

Late-stage C(sp’)H/N(sp®) cross-coupling of drug frag-
ments furnishes complex arylamines housing biologically
relevant functionality. An N-alkyl arylamine flutamide ana-
logue, showcasing a sterically and electronically challenging
nucleophile, was cross-coupled with an allylated duloxetine
derivative, housing a thiophene-core and an unprotected
benzylic alcohol, to afford 92 in 72% yield. An allylated
derivative of antidiabetic vildagliptin underwent amination
with the sterically demanding N-butyl arylamine tetracaine
analogue to furnish 93 in high yield. Whereas benzylic alcohols
and tetrahydrobenzoazepines were individually well-tolerated
in this allylic C—H amination (e.g, 16, 35, 58, 92), modest
yields were observed in the cross-coupling of a tolvaptan
fragment containing a free benzylic alcohol with an allylated
sulbactam fragment (33% yield, see the Supporting Informa-
tion). Silyl protection of the alcohol, however, restored
reactivity to furnish tolvaptan-sulbactam derivative 94 in 72%
yield.

Mechanistic Investigations. Palladium catalyst deactiva-
tion via ligand displacement and formation of off-cycle
bis(amine)-Pd complexes is a central challenge in C—N
cross-couplings.”® Fluxional ligand binding was previously
observed in bis-sulfoxide-Pd(Il) catalyzed allylic C—H
functionalizations and as a result, these reactions required
the use of specialized, electron-deficient nucleophiles (e.g., N-
Ts carbamates) for effective catalysis.”*”*” Previous MaSOX:
Pd(1I) allylic C—H aminations also used electron-deficient
amines (N-Tf alkylamines)'® or diverted this challenge with
basic 2° alkylamines using a slow-release strategy with BF;/
HBF, amine salts.'” Mechanistic studies were conducted to
understand the basis for the remarkably high generality and
efficiency of this C(sp*)H/N(sp?) cross-coupling despite only
trace amounts of the active MaSOX-Pd(II) catalyst present
during the reaction.

We hypothesized that the efficiency of this allylic C—H
amination is attributed to the aptitude of MaSOX ligand L1 to
establish a dynamic equilibrium with inactive bis(arylamine)-
PA(II) 4 as well as Pd complexes throughout the catalytic
cycle. Complex 4 was not effective as a catalyst for C(sp®)H/
N(sp?) amination (Figure Sa, entry 1) and agrees with the
results observed without MaSOX L1 (vide supra, Figure 1c,
entry 4). However, combining both L1 and 4 in the reaction
restored the reactivity (Figure Sa, entry 2), supporting the
proposed equilibrium scenario and necessity of MaSOX for
catalysis. Precedented C—N cross-couplings often require
elevated temperatures (>80 °C) and/or the development of
modified ligand scaffolds to access sufficient concentrations of
active catalyst.46 In contrast, this C(sp®)H/N(sp*) cross-
coupling achieves high reactivity under mild reaction
conditions (45 °C) and with one SOX ligand (L1). This
underscores the facile reversibility between inactive bis-
(arylamine)-Pd(II) 4 and active MaSOX-Pd(II) cat-1.

To directly probe the effects of MaSOX L1 and phosphoric
acid on functionalization, four stoichiometric z-allyl-Pd(II)
complexes were synthesized with either acetate (OAc) or
phosphate (OP) counterions with or without the MaSOX
ligand (L1). The reactivity and initial rates of functionalization
were evaluated with N-methyl phenylamine 1 or N-Tf
phenethylamine under mock-catalytic conditions (20 equiv of
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amine relative to 1 equiv of palladium) (Figure Sb). Reaction
profiles revealed an induction period for functionalization of
OP and [OP(L1)] complexes only with arylamine 1, and initial
rates were measured afterward. '"H NMR analysis of complexes
OAc(L1) and OP(L1) in the presence of arylamine 1 showed
chemical shift changes that suggests altered L1 binding,
however, free MaSOX L1 was not observed (see the
Supporting Information).

Evaluation of z-allyl-Pd(II)X/, (X = acetate or phosphate)
complexes in the absence of MaSOX L1 (OAc and OP) with
N-methyl phenylamine 1 showed no reactivity from OAc but
product 3 formation from OP (see the Supporting
Information). Given that catalysis does not happen in the
absence of MaSOX L1, this suggests that the ligand is required
for allylic C—H cleavage but not for functionalization under
the phosphoric acid conditions. However, MaSOX-bound
complex OP(L1) afforded a ca. 35-fold increase in the rate of
functionalization relative to that of OP, indicating that catalysis
likely proceeds via a MaSOX-bound z-allyl-Pd(II) intermedi-
ate. Consistent with the beneficial effect of dbp on reactivity
with arylamines (Figure lc, entries 1—3), the rate of
functionalization of electrostatically activated 7z-allyl-MaSOX-
Pd(I1)[OP(O)(OBn),] OP(L1) with N-methyl phenylamine
1 proceeded ca. 7-fold faster, after the induction period, than
the corresponding acetate complex OAc(L1).

Whereas phosphoric acid additives had a negligible effect on
C—H amination with acidic N-Tf amine nucleophiles when
used in equimolar amounts relative to cat-1, at higher dbp
loadings—where full exchange of acetate for phosphate
counteranion occurs—significantly diminished yields of 96
were observed (see the Supporting Information). Stoichio-
metric z-allyl rate studies of N-Tf phenethylamine with
complex OP(L1) showed a ca. 6-fold decrease in the rate
relative to OAc(L1) (Figure Sb). The acetate counteranion
may serve an important role in deprotonating acidic N-Tf
amine nucleophiles, thereby facilitating functionalization.
Consistent with this, under the standard C(sp®)H/N(sp?)
reaction conditions, the yield of N-Tf amine product 96 was
significantly lower than that of arylamine 3 (28% versus 90%,
respectively; see the Supporting Information and Figure Ic,
entry 3). However, functionalization rate studies and parallel
reactions with each nucleophile in the absence of phosphoric
acid suggested that N-Tf amines should be competitive with N-
arylamine nucleophiles (Figure Sb,c). Interestingly, analogous
to the intramolecular competition results (Figure 2, 21), an
intermolecular competition between N-methyl phenylamine
and N-Tf phenethylamine under dbp-free conditions afforded
3° arylamine 3 as the major product (Figure Sc). This suggests
that arylamines have an inhibitory effect on functionalization of
less basic nucleophiles previously demonstrated under (SOX)-
Pd catalysis.'****® Collectively, these effects may strongly
contribute to the high chemoselectivity for arylamine
functionalization in this reaction.

Under previous intermolecular allylic C—H cross-couplings,
functionalization is either entirely rate-determining or
contributes significantly to the reaction rate.'®** The high
efficiency of this reaction may partially arise by shifting the
rate-determining step from a high-energy functionalization to a
lower energy C—H cleavage step. Consistent with this, parallel
rate and intramolecular KIEs of N-methyl phenylamine 1
under the optimal reaction conditions with 5 mol % dbp
matched (4.95 + 0.06 and 5.05 + 0.02, respectively), signifying
that C—H cleavage is rate-determining and that functionaliza-
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Figure 5. Mechanistic Investigations. ‘Reactions were run under
standard conditions (Figure 2) with complex 4 as the Pd(II)-source
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Figure 5. continued

and 0.9 equiv of 1. *Determined by 'H NMR analysis. “No product 3
observed. %, measured after an induction period. “Complex cat-1A
is cationic if L is coordinated to the Pd(II) center.

tion is facile (Figure Sd). In contrast, parallel rate measure-
ments in the absence of phosphoric acid showed a lower
intermolecular KIE (2.50 + 0.08) than that of the innate
intramolecular KIE (4.38 + 0.08), indicating that functional-
ization plays a prominent role in the amination rate. These
latter KIEs are comparable to those previously observed with
the N-Tf phenethylamine nucleophile where allylic C—H
amination is less efficient, requiring higher catalyst loadings
and longer reaction times (10 mol % cat-1, 24—72 h)."°

Guided by these mechanistic studies, a proposed mechanism
for C(sp*)H/N(sp?) cross-coupling amination is shown in
Figure Se. Bis(arylamine)-Pd(II) 4A is an inactive Pd(II)
resting state that is in a dynamic equilibrium with catalytically
active MaSOX-Pd(II) cat-1A (Figure 1). Rate-determining
heterolytic C—H cleavage from MaSOX-Pd(II) olefin complex
B affords z-allyl-MaSOX-Pd(II)[OP(O)(OBu),] C that
undergoes ligand- and counterion-accelerated functionalization
to give 3° arylamine product 3A. Although not explicitly
shown, interactions of arylamine with Pd(II) complexes B and
C are likely occurring. Arylamine functionalization of C via an
amine-Pd(II) binding and soft deprotonation pathway is not
supported by the results observed with acyclic N-alkyl
arylamines that do not undergo epimerization or f-hydride
elimination—processes typically associated with palladium-
alkylamido mechanisms (Figure 2b, 24).°” The greater steric
hindrance of 3° arylamine product 3A relative to the 2°
arylamine nucleophile makes it less competitive for Pd(II)-
binding, thereby driving the reaction forward via a Le Chatelier
effect (Figure 1d, entries 6 and 7). Quinone-mediated Pd(0)
reoxidation of complex D generates hydroquinone and
reestablishes the active cat-1A.

In conclusion, a general and efficient MaSOX-Pd(OAc),/
phosphoric acid catalyzed C(sp®)H/N(sp>) amination is
presented that cross-couples complex 2° arylamines and
complex terminal olefins to furnish diverse acyclic and cyclic
3° N,N-dialkylated arylamines in preparative yields and high
selectivities. This fragment-coupling method showcases an
orthogonal scope to both classic and palladium-mediated
aminations. Mechanistic studies revealed that MaSOX L1
undergoes ligand exchange with neutral arylamines to furnish
MaSOX-Pd(II) complexes that effectively promote C—H
cleavage and functionalization. Moreover, the barrier for
functionalization can be lowered using precise amounts of
phosphoric acids. These findings underscore the ability to
access both efficient and highly selective reactivity under
transition-metal catalysis without the requirement for static
ligand binding. We anticipate that this reaction will find broad
use in the synthesis of medicinally relevant, complex
arylamines and that the mechanistic studies will inform the
development of other metal-catalyzed aminations.
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