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ABSTRACT: An intermolecular 1,2-carboamination of unactivated
alkenes proceeding via a Pd(II)/Pd(IV) catalytic cycle has been
developed. To realize this transformation, a cleavable bidentate
directing group is used to control the regioselectivity of
aminopalladation and stabilize the resulting organopalladium(II)
intermediate, such that oxidative addition to a carbon electrophile
outcompetes potential B-hydride elimination. Under the optimized
reaction conditions, a broad range of nitrogen nucleophiles and carbon
electrophiles were compatible coupling partners in this reaction,
affording moderate to high yields. The products of this reaction can be
easily converted to free y-amino acids and y-lactams, both of which are
common structural motifs found in drug molecules and bioactive
compounds. Reaction kinetics and DFT calculations shed light on the
mechanism of the reaction and explain empirically observed reactivity
trends.

INTRODUCTION

Nitrogen-containing small molecules possess diverse bioactivity
and are commonly encountered as pharmaceutical agents,
agrochemicals, and natural products.' 1,2-Carboamination of alkenes
offers a potentially powerful platform for accessing structurally
complex amines from comparatively common and inexpensive starting
materials. However, despite extensive effort over the past decades,
realizing a catalytic intermolecular carboamination of unactivated
alkenes has remained a challenge. During the last decade, Wolfe and
others have developed a series of palladium(0)-catalyzed
intramolecular carboamination methods by using alkene substrates
with a tethered nitrogen nucleophile (Scheme 1A)2 These
transformations are an effective means of accessing various
azaheterocycles. A significant advance was reported in 2015 by Piou
and Rovis using rhodium(III) as a catalyst to promote coupling of an
enoxyphthalimide (which serves as both the nitrogen and carbon
source) with an electronically activated alkene. (Scheme 1B).>
Three-component intermolecular carboamination reactions that
proceed with unactivated alkenes would be highly enabling but remain
underdeveloped.®*

Based on our previous success in palladium(II)-catalyzed alkene
hydrofunctionalization®® and  1,2-dicarbofunctionalization,” we
questioned ~ whether a  chelation-stabilized =~ aminopalladated
Wacker-type intermediate could be intercepted with a carbon
electrophile as a strategy for alkene carboamination.®® By strategic use
of a proximal removable directing group to control the regioselectivity
of aminopalladation and stabilize the resulting alkylpalladium(II)
intermediate, we envisioned that we could develop a highly selective
and heretofore elusive three-component carboamination reaction via a
Pd(I1)/Pd(IV) catalytic cycle (Scheme 1C). To the best of our
knowledge, palladium(II)-catalyzed intermolecular three-component
carboamination of unactivated alkenes is unprecedented.'’ Herein, we

describe a new catalytic carboamination method for unactivated alkene
substrates, wherein a removable bidentate directing group enables
regioselective aminopalladation and facilitates subsequent oxidative
addition and reductive elimination. This method enables
straightforward access to drug molecules and natural products bearing
Y-amino acid and y-lactam structural motifs and is amenable to
combinatorial synthesis (Scheme 1D).

Scheme 1. Background and Project Synopsis

A. Intramolecular carboamination of alkenes (Wolfe, 2004)
cat. Pdp(dba);

NHR cat. ligand NR
Q/\ + Ar—Br Ar
=
B. Two- p intermolecular sy b ination (Rovis, 2015)

NPhth
oG g cat cptBRh) () COZRCO o
2™ + 0!
CO.R ): VieOH Ar
Ar NPhth
C. Thr ponent intermolecular anti-carboamination (this work)
cat. Pd(OAc),
[e] [N[-H  KHCOj3 (1 equiv) [C] (0]
R_.— + —>» R 2
\/\)I\AQ [C1X HFIP, 100 °C Y\)LAQ
[N]

[C] = aryl, vinyl, alkyl, alkyny!

D. Potential natural products or drug targets

S

Baclofen (R = Cl) Lyrica Brlvaracetam
Phenibut (R = H)
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Rolipram Phenylpi ine

RESULTS AND DISCUSSION

To initiate our study, 3-butenoic acid masked as the corresponding
8-aminoquinoline (AQ)****amide (1a) was selected as the pilot alkene
substrate, and phthalimide (2a) and 4-iodoanisole (3q) were
investigated as potential coupling partners. During initial screening, we
were delighted to find that 23% of the desired product was formed by
using 10 mol% Pd(OAc); as the catalyst and 1 equiv K2COs as the base
in toluene as solvent (Table 1, entry 1). Different inorganic bases were
tested (entries 1-3), and K;HPOj4 gave the highest yield (up to 34%) in
toluene. We then discovered that when hexafluoroisopropanol (HFIP)
was used as solvent, the yield increased to 44% (entry 6). Further
optimization revealed that lowering temperature to 100 °C and
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switching the inorganic base to KHCOs gave a higher yield of 54%
(entry 8). Finally, we found that by increasing the amount of the
4-iodoanisole (3q) to 6 equiv, the 1,2-aminoarylated product 4q was
generated in 61% yield (entry 10). Gratifyingly, when we tested the
more reactive electrophile styrenyl iodide (3a, 4 equiv), the
corresponding aminovinylated product 4a was isolated in 85% yield
under the optimized reaction conditions (entry 11).

Table 1. Optimization of the Reaction Conditions”

o oscogo PN PA(OAC), o
NL N /QJ . 2 § + 38 — %( R O
:}1\0) N | oF Base N\/]\/U\AQ
(4-OMe)C4Hyl o
1a 2a 3q 4aordq
entry Electrophile Solvent Base Temp. (°C) Yield? (%)
1 3q toluene K,CO3 110 (23)
2 3q toluene Cs,CO3 110 trace
3 3q toluene KHPO, 110 (34)
4 3q MeCN K HPO, 110 trace
5 3q DCE KoHPO, 110 @
6 3q HFIP KHPO, 110 (44)
7 3q HFIP KHCOg 110 38
8 3q HFIP KHCO3 100 54
9 3q HFIP KHPO, 100 (15)
10¢ 3q HFIP KHCO, 100 61
" 3a HFIP KHCO3 100 85

“Reaction conditions: 1a (0.1 mmol), 2a (1.5 equiv), 3a or 3q (4
equiv), Pd(OAc). (10 mol %), base (1 equiv), HFIP (0.2 mL), air,
10-24 h. 'Isolated yield. Values in parentheses represent yields
determined by '"H NMR analysis of the crude reaction mixture using
CH>Br: as internal standard. ‘6 equiv of aryl iodide 3q.

Having optimized the reaction conditions, we next investigated the
substrate scope of this palladium(II)-catalyzed alkene carboamination
reaction. First, various carbon electrophiles were tested with alkene
substrate 1a and phthalimide (2a) as the nitrogen nucleophile (Table
2). An array of E- and Z-styrenyl iodides containing different
substituents on the aromatic ring were found to be reactive, providing
the corresponding carboaminated products in moderate to high yields
(4a-4e). Notably, bromide and chloride groups were tolerated,
presenting the opportunity for subsequent diversification via
cross-coupling. A 2-thienyl group was well tolerated on the alkenyl
iodide (4f), and a l-iodo-1,3-diene was similarly competent as a
reaction partner (4g). Several alkyl-substituted alkenyl iodides were
also suitable electrophiles in this transformation (4h-4n), including a
2,2-dimethyl-substituted example (4k). In general, alkenyl iodides
bearing a substituent at the I-position were inefficient coupling
partners in this reaction, presumably due to steric hindrance, which
increases the activation energy for the oxidative addition and reductive
elimination steps. Fortunately, 1-iodo-cycloheptene was found to be an
exception, and we were able to obtain carboaminated product 41 in
70% yield. Surprisingly, the presence of a free hydroxyl group was well
tolerated (4m), as were the ether and ester groups in the
steroid-derived alkenyl iodide (4n). With E-alkenyl iodides, the
reaction was completely stereoretentive in terms of alkene geometry,
whereas with Z-alkenyl iodides, there was noticeable erosion of the
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Z-stereochemistry in the product compared to the starting material
(4d-4gand 4§)."

Table 2. Carbon Electrophile Scope’

Y

10 mol% Pd(OAc),
1 equiv KHCO, O R o
— 50
HFIP, 100 °C N\)\/U\AQ
3a-w 4a-w
o
AQ F4C AQ
o)
o.

H ogo

4a, 85% 4b (X = CI), 81% 4d, 82%b 4o, 43%b
4c (X = Br), 65% Z/E =291 Z/E = 8.4:1
Ph Me
SRS [e) Z
\ ~
s AQ o 7 o _
o
Ox¢Nyz0 AQ AQ
N0 oMo AQ
H E 3 ’ 2 N ; ’
4f, 84%P 4g, 79%° 4h, 76% 4i, 97%
Z/E =21 ZE=1:4

o
AQ
Ogo

4, 71%° 4k, 60% [X-ray] 41,70%
0
AQ
O?N §o
4m, 78% 4n, 84%¢ 40, 53%°
cl ome  4r=T OMe OMe

4p, 46% 4q, 61% 4r, 52%° 4s, 60%
s — i TIPS
S
P xS i N ||
0 [e]
Z 5 o
AQ AQ
OsgrNaz0 O N0 Aa O N\20
E ; E § ojgszo §\< >F
4, 78% 4u, 65% av, 17%° 4w, 79%h

“Reaction conditions: 1a (0.1 mmol), 2a (1.5 equiv), electrophile (4
equiv), Pd(OAc). (10 mol %), KHCO; (1 equiv), HFIP (0.2 mL),
100 °C, air, 10-24 h. Percentages refer to isolated yields. "Pure
(Z)-alkenyl iodide was used. Z/E ratios were determined by 'H NMR
analysis of the crude reaction mixtures and were consistent with those
of the purified products. ‘Alkenyl iodide 3g was used as a mixture of
Z/E isomers (Z/E = 1.6:1).“Enantiopure alkenyl iodide 3n was used.
°8 equiv of aryl iodide, 48 h./10 equiv of 1-chloro-4-iodobenzene (3p),
72 h. %6 equiv of 4-iodoanisole (3q).
"(Bromoethynyl)triisopropylsilane (3w) was used as the electrophile.
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Aryl iodides were also competent electrophiles, and substituents
on the para or meta position were tolerated under the optimized
conditions, with electron-withdrawing groups attenuating reactivity
(40-4s). Heteroaryl iodides, bearing a thienyl group (3t and 3u), are
excellent coupling partners in this reaction. While pyridine-based aryl
iodides are not very reactive under the standard condition, requiring a
substituent at 2-position to diminish the pyridine nitrogen
coordination (4v). In general, aryl iodides were less reactive in this
transformation, requiring additional equivalents to achieve moderate
yields. Additionally, we managed to install an alkynyl group by using
(bromoethynyl)triisopropylsilane (3w) as the electrophile in good
yield (4w). In general, alkenyl iodides and
(bromoethynyl)triisopropylsilane were the most reactive electrophiles,
followed by electron-rich aryl iodides, and finally electron-poor aryl
iodides (vide infra), similar to the trend that was observed in our
previously published 1,2-dicarbofunctionalization.”

We next moved on to examine alkyl iodides as potential
electrophiles in this reaction (Table 3). Notably, in our previously
reported 1,2-dicarbofunctionalization, we were unable to achieve even
modest yield with any alkyl iodide coupling partners.” In contrast,
under optimal carboamination conditions, when using methyl iodide
(3x) as the electrophile, the 1,2-aminomethylated product was formed
in moderate yield. Unfortunately, this result was not general to other
alkyl iodides, potentially due to steric considerations, as other alkyl
iodides were incapable of providing the desired products (4z—4ab).
Among many that were tested (selected examples of which are shown
in Table 3) only 2-iodoacetonitrile (3y) was found to participate in the
reaction, giving 11% of 4y. Though these results are preliminary in
nature, they nevertheless establish the viability of achieving
C(sp®)-C(sp®) bond formation in the final reductive elimination step
in 1,2-alkene difunctionalization via Pd(II) /Pd(IV) catalysis.

Table 3. Alkyl Electrophile Scope®

10 mol% Pd(OAc)

o 2
1 equiv KHCO3 0
/\)L + Aky—  —— Alkyl O
HFIP, 100 °C N\)\)I\AQ
0

3x-ab 4x-ab

Et0,C

mwww
HHHH

4x, 53%" 4y, 11%° 4z, trace

O,

4aa (R = Me), trace
4ab(R Ph), n

“Reaction conditions: 1a (0.1 mmol), 2a (1.5 equiv), 3x-ab (4
equiv), Pd(OAc). (10 mol %), KHCO; (1 equiv), HFIP (0.2 mL),
100 °C, air, 10-24 h. Percentages refer to isolated yields. 75 %
conversion. ‘48% conversion.

Next, the scope of nitrogen nucleophiles was studied with alkene
substrate 1a and styrenyl iodide (3a) or 4-iodoanisole (3q) as the
electrophile under the standard reaction conditions (Table 4). First,
different masked ammonia nucleophiles that can easily be converted to
primary amines upon deprotection were tested. To our delight, many
S- and 6-membered cyclic imides all underwent carboamination in
(5a-5d),
immunomodulatory drug thalidomide (Sc). Tosyl- and nosyl-

excellent  yields including ~ the  commercial
protected amines (2f and 2g) were also competent nucleophiles but
gave lower yields (Se and 5f). Additionally, the reaction performed

smoothly with hydroxamic acid derivatives (5g and Sh). Importantly,
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several azaheterocycles, relevant to medicinal chemistry,'

including
triazole (2k), benzimidazole (21) and carbazole (2m), were also

suitable nucleophiles in this reaction (§j-5m).

Table 4. Nitrogen Nucleophile Scope”

o 10 mol% Pd(OAc),
PP Rl R2 1 equiv KHCO, R R 0O
& N + N . N
L | H R-I (4 equiv) R1 AQ
(AQ) TS HFIP, 100 °C
1a 2b-m 5a-m
Z o “Z o
AQ AQ
v U &z Czi;c
0 a’
5a, 90% 5b, 60% 5c, 83%0 5d, 73%
dr.=1.4:1
7 o
N 9 AQ
AQ 0eN
NHR m
o)
5e (R = Ts), 5% 59, 68% 5h, 46% 5i, 80%

5f (R = Ns), 30%°

EAQ ﬁi %
ba)

o ¢

5j, 70% 5k, 50% 51, 42%¢ 5m, 40%

“Reaction conditions: la (0.1 mmol), 2b-m (1.5 equiv),
electrophile (4 equiv), Pd(OAc). (10 mol %), KHCO; (1 equiv),
HFIP (0.2 mL), 100 °C, air, 10-24 h. All the yields refer to the isolated
yields. *Thalidomide was used as the nucleophile.75% conversion. “1
equiv of K2COs, toluene (0.2 mL), 110 °C.

Subsequently, we examined the scope of unactivated alkenes with
phthalimide (2a) as the nucleophile and styrenyl iodide (3a) as the
electrophile. We were pleased to find that internal alkene (E)-1b could
be successfully converted into carboaminated product, although in
relatively low yield. Though stereochemically pure (E)-alkene was used
in the reaction, the diastereomeric ratio of 6a was observed to be
approximately 1.1:1. This is likely due to rapid E/Z isomerization of
the alkene substrate under the reaction conditions.'> Cyclopentenyl
substrate 1c was also carboaminated under the standard conditions.
Notably, this transformation establishes two new stereocenters and
provides expedient access to a highly substituted cyclopentane
framework. The trans relationship of the two new substituents is
consistent with anti-nucleopalladation’ and stereoretentive oxidative
addition/reductive elimination.” A variety of a-substituted terminal
alkenes were found to be suitable substrates and underwent
carboamination in moderate to high yields (6c-6g). The steric
properties of the a-substituent have a dramatic effect on the
diastereoselectivity. a-Methyl substituted carboamination product 6¢
was formed in a diastereomeric ratio of only 5:1. With more sterically
demanding isopropyl or benzyl groups, the diastereomeric ratios of
corresponding products are greater than 20:1 (6d and 6e). The relative
stereochemistry of 6e, as determined by X-ray crystallography, is
consistent with selective formation of a trans S-membered palladacycle
intermediate upon nucleopalladation.” With a substrate containing two
alkenes, the reaction proved to be chemoselective in preferentially
functionalizing the proximal -y alkene over the more distal §-¢ alkene
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(6f and 6g) because only the former can react to give a S-membered
palladacycle.
a,a-disubstituted alkene substrate proceeded in a relatively good yield,
albeit at a slower rate, requiring longer reaction time (6h).

Carboamination of the sterically congested

Table S. Unactivated Alkene Scope”

10 mol% Pd(OAc),
1 equlv KH603
X2 H / | HFIP1OOC C%;(
nay N

O R!' R?
3a 6a-|
o o]
= =
Qo s N ; ] §
AQ o \O """ { \/\HJ\
Me AQ
(+)-6a, 30%" (+)-6b, 28%° (+)-6¢, 92%
dr=1.1:1 dr.=51
43
ot [
SO Wal
“ﬁ : “ﬁ Step
g 5
+)-6d, 64% +)-6e, 73% [X-ray]
dr 25:1
o
7; AQ ; &
N AQ
[¢] Me" Me
+)-6f, 78% +)-6g, 48% 6h, 54%7
dr 10:1 dr 9:1

“Reaction conditions: 1b—i (0.1 mmol), 2a (1.5 equiv), 3a (4 equiv),
Pd(OACc): (10 mol %), KHCO:s (1 equiv), HFIP (0.2 mL), 100 °C, air,
10-24 h. All the yields refer to the isolated yields. "64% conversion.
‘61% conversion. 434 h. 70% conversion.

Upon removal of the AQ directing group (and amine deprotection
when necessary), the products of this reaction are functionalized
y-amino acids, which are ubiquitous core structures in human
therapeutics. To demonstrate the practical utility of this
Pd(II)-catalyzed alkene carboamination method as a tool for library
synthesis in the context of drug discovery, we performed the synthesis
of a number of commercially available drug molecules and their
derivatives bearing a structure motif of y-amino acid or y-lactam
(Scheme 2). Notably, all of these compounds were synthesized from a
common alkene substrate, 1a, and a single nitrogen nucleophile,
phthalimide (2a). Lyrica, which is used both as an anticonvulsant and
to treat general anxiety disorder,"® was synthesized in 5 steps with an
overall yield of 47%. Baclofen, used to treat spasticity,'* and phenibut,

'S were both obtained in moderate

utilized for its anxiolytic effects,
yields in two steps. Rolipram, an anti-inflammatory APL'® and its
derivative 7 were also prepared efficiently. To demonstrate the
scalability and operational simplicity of the carboamination reaction,
the first steps of lyrica and rolipram derivative 7 syntheses were carried

out on 2 mmol scale.

Scheme 2. Synthesis of Drugs and Their Derivatives”

Lyrica

47% yield over 5 steps
cl [First step 2 mmol scale]

[0}
Al A 9)&
HaN Me HoN oH

|
Baclofen _©_ 3k ©_| Phenibut
30
E
[0
g

45% yield over 2 steps 49% yield over 2 steps
B

2a O
OMe ¢
O.
a Q" @
MeO l
HN 3s HN

(0]
7
Rolipram Derivative
31% over 3 steps
[First step 2 mmol scale]

Rolipram
48% over 5 steps

“Reagents and conditions: (A, Step 1) 1a (2 mmol), 2a (1.5 equiv),
3k (4 equiv), Pd(OAc), (10 mol %), KHCO:s (1 equiv), HFIP (4 mL),
100 °C, 36 h, 65%; (A, Step 2) Boc:O (10 equiv), DMAP (2.5 equiv),
THF, 50 °C, 3 h; (A, Step 3) LiOH.H,O (1.1 equiv), H.O: (8.8 equiv),
THE/H:0 (3:1), 0 °C, 2.5 h, 97% (2 steps); (A, Step 4) Pd/C (10
mol%), Ha (20 atm), EtOAc, 23 °C, 60 h; (A, Step 5) HCI (6 M),
130°C, 24 h, 75% (2 steps). (B, Step 1) 1a (0.1 mmol), 2a (1.5 equiv),
3p (10 equiv), Pd(OAc): (10 mol %), KHCO; (1 equiv), HFIP (0.2
mL), 100 °C, 72 h, 46%; (B, Step 2) HC1 (6 M), 130 °C, 24 h, 97%. (C,
Step 1) 1a (0.1 mmol), 2a (1.5 equiv), 3s (8 equiv), Pd(OAc). (10
mol %), KHCO; (1 equiv), HFIP (0.2 mL), 100 °C, 48 h, 60%; (C,
Step 2) Boc:O (10 equiv), DMAP (2.5 equiv), THF, 50 °C, 3 h; (C,
Step 3) LIOH-H,O (1.1 equiv), H.O: (8.8 equiv), THF/H.O (3:1),
0°C, 2.5 h, 89% (2 steps); (C, Step 4) N2H4eH2O (4 equiv), MeOH,
23 °C, 24 h; (C, Step 5) SOCL/MeOH (1:10), 23 °C, 12 h; then
NaOH (2 M), 23 °C, 1 h, 90% (2 steps). (D, Step 1) 1a (2 mmol), 2a
(1.5 equiv), 3q (6 equiv), Pd(OAc). (10 mol %), KHCO:s (1 equiv),
HFIP (4 mL), 100 °C, 24 h, 61%; (D, Step 2) HCI (6 M), 130 °C, 24 h;
(D, Step 3) ALOs (2 equiv), toluene, 125 °C, 24 h, 50% (2 steps). (E,
Step 1) 1a (1 mmol), 2a (1.5 equiv), 30 (8 equiv), Pd(OAc). (10
mol %), KHCOs3 (1 equiv), HFIP (2 mL), 100 °C, 48 h, 52%; (E, Step
2) HCI (6 M), 130 °C, 24 h, 95%.

MECHANISTIC ANALYSIS

Similar to our previously published 1,2-dicarbofunctionalization,’
three mechanistic scenarios could be imagined for this catalytic alkene
1,2-carboamination reaction (Scheme 3). Pathway A involves
aminopalladation to form a five-membered palladacycle followed by
direct reaction of this alkylpalladium(II) intermediate with the
organohalide via oxidative addition to palladium(IV) and reductive
elimination to generate the carboaminated product. Pathway B
similarly begins with aminopalladation, but in this case, rapid and
reversible protodepalladation then takes place to form a
hydroaminated intermediate.’ This intermediate can reengage with the
catalyst and undergo C-H cleavage to reform the palladacycle. In this
case, the hydroaminated intermediate would be favored at equilibrium,
making it distinct from Pathway A. An additional plausible mechanistic
pathway (Pathway C) involves aza-Wacker addition into the alkene
with subsequent B-H elimination to generate Pd(0) and the
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corresponding enamine, oxidative addition of Pd(0) to the
organohalide, Heck-type carbopalladation to give a six-membered
palladacycle, and finally protodepalladation of the resultant
alkylpalladium (II) species to form the product.

To probe the viability of these pathways, several mechanistic
experiments were performed (Scheme 4). In the first experiment, we
subjected alkene substrate 1a and phthalimide (2a) to the reaction
conditions in the absence of the electrophile. In this case, only 8% of
the putative hydroaminated intermediate 8 was observed (Scheme
4A). Notably, in the 'H NMR kinetic studies of this
1,2-carboamination reaction described below, we have also observed
that 8 does not build up at any point during the course of the reaction.
In the second experiment, we independently prepared 8° and used this
compound in place of the alkene in the standard reaction without
additional nucleophile (Scheme 4B). No product was observed in this
experiment. The former result illustrates that protodepalladation to
form 8 is not facile under these reaction conditions. The latter result
establishes that the requisite C—H alkenylation process in Pathway B
does not take place under these reaction conditions.”” Next, we took
note of the connectivity of a-methyl product 6c and a,a-gem-dimethyl
product 6h; if Pathway B were operative, one would expect the alkenyl
group to be installed at the a-methyl position since palladium(II)
species are known to preferentially activate methyl C(sp*)-H bonds
rather than methylene C(sp®)-H bonds’®f Similarly, with other
substrates in Table 5 that contain a-alkyl branching, regioisomeric
product mixtures would be expected if C-H alkenylation were
operative. Collectively, these results are inconsistent with Pathway B.
In a third experiment, we prepared deuterium-labeled substrate d>-1a
and subjected it to the standard conditions (Scheme 4C). No H/D
exchange in the product was observed, suggesting that
B-hydride/deuteride elimination does not take place at the terminal
position. Additionally, f-hydride elimination intermediates were not
observed during 'H NMR kinetic experiments. These results are
inconsistent with Pathway C. Overall, the experiments depicted in
Scheme 4 are consistent with Pathway A and inconsistent with the
other two possible mechanisms.

Scheme 3. Possible Mechanistic Pathways for Alkene
Carboamination

Pathwa A
2 v R O
[N] H X
I Pd" Ny \ e MAQ
\—PdI-N g am/no [N] | \
S % palladanon R” N/ e/lmmatlon [N]

addlllan
Pathway B _HX 4H* *. Pathway C protodepalladation H*
C-H activation ’ proto- ﬁ-hydrlde X$ H

depalladation  elimination

o
N o o~ o T
j\)(l)\ [N]\/\)I\A oxldat/ve F‘d" N
H N addition/ R )
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We next performed Reaction Progress Kinetic Analysis (RPKA),
which is a powerful method for interrogating the mechanism of
complex catalytic processes.'® First, we established a reproducible
standard protocol using alkene 1la, phthalimide (2a), and alkenyl
iodide 3i using 1,3,5-triisopropylbenzene as internal standard. Aliquots
were removed at predetermined time points, diluted with CDCl;, and
monitored by "H NMR.
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Scheme 4. Mechanistic Study
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At the outset, we were aware that the multicomponent nature of
this reaction could potentially lead to complicated kinetic behavior. In
terms of general features of the reaction, the kinetic data that we
describe below suggests that the reaction has two regimes, one at less
than approximately 50% conversion (roughly five catalyst turnovers),
and one at higher conversion. Several different causes could explain
this phenomenon, including catalyst deactivation, product inhibition,
change in pH, or precipitation of reaction components at high
conversion. Because the first regime is more likely to reflect the
intrinsic kinetics of the catalytic system, the remainder of the
discussion will focus on this portion of the reaction. Though it could be
potentially interesting in its own right, a detailed investigation of the
second regime is outside of the scope of the present investigation. We
also note that the reaction has an induction period of approximately 10
min. During this time, formation of the corresponding alkene-bound
Pd(II) complex® can be observed by "H NMR of reaction aliquots." In
the ensuing analysis, we define ‘excess’ [e] of one reaction component
over another as the difference in their initial molarities, in particular:

[2a]o=[1a]o+ [e]2a
[3i]o = [Ia]o + [C}:ﬁ

Two same-excess experiments were carried out with 0.5 and 0.8
equiv of alkene la (Figures 1A and Figure SSB). A same-excess
experiment simulates entering the reaction after a certain amount of
starting material has been consumed (i.e., a certain number of catalyst
turnovers). Rate profiles of a standard run and a same-excess
experiment are expected to overlay if the on-cycle -catalyst
concentrations are equivalent in both cases. In our experiments, the
data from both same-excess experiments were found to overlay with
the standard rate profile when time-adjusted, indicating that there is no
significant catalyst deactivation or product inhibition in this reaction.
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Figure 1. (A) Same-excess experiments start with 50% of substrate 1a.
(B) and (C) Different-excess experiments of phthalimide 2a, 3i and 1a.

In order to determine the orders of the reaction components, a
series of different-excess experiments were next performed. With
higher concentration of Pd(OAc),, the reaction rate increased. By
visualizing this data using the Burés method in which product
formation is plotted using a normalized time axis, t«[Pd(OAc).]", we
find that there is overlay between the two rate profiles, indicating
first-order kinetics in [Pd(OAc).] (Figure 1B).* Changing the
concentration of phthalimide (2a) and alkenyl iodide 3i did not
change the reaction rate, indicating apparent zero-order kinetic in both
the [2a] and [3i]. Finally, changing the amount of alkene substrate 1a
did not change the reaction rate at low conversion, indicating apparent
zero-order kinetics in [la] as well (Figure 1C). Two possible
mechanistic scenarios fit this kinetic data: (1) C-C reductive
elimination from Pd(IV) is rate-limiting, or (2) oxidative addition is
rate-determining, and the catalyst resting state is the nucleopalladated
[Pd(II)-alkenyl iodide] dative complex (vide infra) under saturation
kinetics. To distinguish between these two possibilities, a series of
competition experiments and computational studies were undertaken.

To gain a quantitative understanding of the electrophile
reactivity trends in Table 2, we designed several competition
experiments (Scheme S). We first examined the relative rates of two
representative pairs of electrophiles by using equimolar quantities of
the electrophiles of interest in a single flask and stopping the reactions
at abridged times to measure initial rates. In Scheme SA, the reactivity
of alkenyl and aryl iodides was compared; 2 equiv of each of 3i and 3q
were subjected to standard condition, and products 4i/4q were formed
in a >30:1 ratio. In Scheme 5B, the reactivity of two aryl iodides with
different electronic properties was measured; in this case, 6 equiv of
each of 3q and 3p were used, and products 4q/4p were formed in a
2.5:1 ratio. Next, the global rates of these three different electrophiles
were compared. The rate data for 3i is shown in Figure 1. The rate
profiles of aryl iodides 3q and 3p were measured following an
analogous procedure (see Supporting Information). Initial rates of
these three electrophiles were then compared. With aryl iodides, the
carboamination reaction was substantially slower. The calculated kil
values across this across this series of electrophiles (3i:3q:3p) is
71:2.2:1. This result indicates that alkenyl iodide 3i reacts faster than
both aryl iodides tested. Between the two aryl iodides, electron-rich
aryl iodide 3q is more reactive than electron-poor aryl iodide 3p. The
influence of the aryl iodide electronic properties on reaction rate is
consistent with a rate-limiting C—C reductive elimination step, whereas
the opposite trend would be expected if oxidative addition were
rate-limiting.
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Scheme 5. Competition Experiments
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To elucidate the origin of the empirically observed reactivity
trends, we performed a systematic computational investigation with
Although  the
addition/reductive elimination processes involving Pd(0)/Pd(II)

various  carbon  electrophiles. oxidative
species have been extensively studied,” little mechanistic information
about Pd(II)/Pd(IV) systems has been disclosed by computations.?
C-C bond-forming reactions involving palladium(IV) intermediates
are expected to furnish distinct reactivities, in particular, in promoting
reductive elimination from a high-valent palladium center.*** However,
the effects of the steric and electronic properties of carbon
electrophiles in the C-C bond formation event have not been
investigated systematically.

We performed density functional theory (DFT) calculations® on
the oxidative addition (TS1) and reductive elimination (TS2)
transition states of alkylpalladium(II) intermediate 9 reacting with
various carbon electrophiles (Figure 2).* The computationally
predicted activation Gibbs free energies agree well with the
experimental reactivity trend that electron-rich aryl iodides are slightly
more reactive than electron-poor aryl iodides and alkenyl iodides are
among the most reactive substrates for the carboamination.
Interestingly, in all reactions tested, the C—C reductive elimination®
from the high-valent Pd(IV) species requires higher barrier than
oxidative addition (Figure 3 and Figure S12 in the SI), indicating the
steric properties of electrophiles will affect their reactivities. Indeed, the
reactions with aryl iodides (30-3q and 3z) have higher barriers to
reductive elimination than those with styrenyl and alkenyl iodides (3a,
3i, and 3k) due to greater steric repulsions about the forming C-Ar
bond. This unfavorable interaction is evidenced by the short distance
between the hydrogen atom on the alkyl group and the ortho carbon on
the aryl group (2.37 A) in the reductive elimination transition states
(TS20 and TS2q). In contrast, the steric repulsions with the less
hindered styrenyl and alkenyl groups are weaker, leading to much
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lower barriers in the reductive elimination (TS2a, TS2i, and TS2k).
The barriers to reductive elimination are moderately sensitive to
electronic effects. Electron-rich aryl iodides (e.g. 3q) are more reactive
in the rate-determining reductive elimination process. These results
indicate that the aryl group can be considered as the nucleophilic
component in the C-C reductive elimination step.?****f

NN Pd" -N ] " Il pn hN i
;\ PhiN > d N ] ! Pd Ny ]
9

N0
RS,
R
240 rg=—¢
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220
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Experimental i N
reactivity: more reactive %

Figure 2. Computationally predicted reactivity trend of carbon
electrophiles. The Gibbs free energies of activation are calculated from
the catalyst resting state (in HFIP:10 in the reaction with 3a and 3i, 9
in other reactions; in Phl: 10 in the reaction with 3i, 9 in other
reactions) to the rate-determining reductive elimination transition
state (TS2). See Figure 3 and the SI for the energy profiles of the
oxidative addition and reductive elimination steps. “Yields were
determined by "H NMR analysis of the crude reaction mixture using
CH,Br; as internal standard. "Reaction run for 8 h. ‘Reaction run for 24

h.
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Figure 3. Computed reaction energy profiles of 9 with a) 3i,b) 30, and
c) 3q. See SI for reactions with other electrophiles.

A plausible mechanism for this Pd(II)-catalyzed three-component
alkene carboamination reaction is proposed in Scheme 6. To begin, the
palladium catalyst, Pd(OAc),, coordinates with the AQ directing group
of the substrate, bringing it in close proximity to the alkene. 7-Lewis
acid activation enables attack of the nitrogen nucleophile (e.g,
phthalimide) on the backside of the Pd(II)-bound alkene
(anti-nucleopalladation) to generate the alkylpalladium(II) species.
This palladacycle does not undergo f-hydride elimination due to the

stability and conformational rigidity imparted by the bidentate AQ
directing group. Instead, it is sufficiently long-lived to be intercepted by
a carbon electrophile via oxidative addition to form a palladium(IV)
intermediate. Finally, stereoretentive C-C reductive elimination from
the high-valent palladium center furnishes the palladium(II)-product
complex. The computational data suggests that oxidative addition/C-I
reductive elimination is reversible and that C—C reductive elimination
is the rate-determining step. For electrophiles in which reductive
elimination is particularly slow (eg, an electron-poor Arl),
protodepalladation becomes a competitive non-desired pathway,
leading to consumption of the starting material and diminished yields.
Ligand exchange of this palladium(II)-product complex with a new
substrate molecule then releases the 1,2-carboaminated product and
regenerates the active palladium(II)-substrate complex.

Scheme 6. Proposed Reaction Mechanism
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CONCLUSION

In conclusion, we have developed a regiocontrolled intermolecular
carboamination reaction of unactivated alkenes using a removable
directing  group. By  intercepting a
chelation-stabilized aminopalladated intermediate with a carbon

8-aminoquinoline

electrophile, this reaction has allowed us to achieve the first example of
catalytic three-component carboamination of 3-butenoic acid
derivatives. The reaction proceeded smoothly with a broad range of
nitrogen nucleophiles, carbon electrophiles, and alkene substrates.
Notable, several azaheterocycles relevant to medicinal chemistry were
reactive, methyl iodide was a competent electrophile (enabling
1,2-aminomethylation), and sterically hindered internal and
a-substituted alkene substrates participated in the reaction. The
method was amenable to scale up for preparative chemistry. In
particular, this transformation was used to convert a single alkene
starting material into five drug molecules/derivatives containing a
y-amino acid or y-lactam structural motifs. RPKA experiments
elucidated the details of the reaction mechanism, pointing to C-C
reductive elimination from a Pd(IV) center as the rate-determining
step. DFT studies shed light on key elementary steps in the catalytic
cycle and clarified the origins of the reactivity trends of different carbon
electrophiles. Future investigation will focus on developing an
asymmetric variant of this transformation. These results will be
reported in due course.
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