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Abstract

The use of the weak base Cs,COj3 in Pd-catalyzed carboamination reactions of N-protected
yaminoalkenes with aryl bromides leads to greatly increased tolerance of functional groups and
alkene substitution. Substrates derived from (E)- or (Z)-hex-4-enylamines are stereospecifically

converted to 2,1'-disubstituted pyrrolidine products that result from suprafacial addition of the
nitrogen atom and the aryl group across the alkene. Transformations of 4-substituted pent-4-
enylamine derivatives proceed in high yield to afford 2,2-disubstituted products, and cis-2,5- or
trans-2,3-disubstituted pyrrolidines are generated in good yield with excellent diastereoselectivity
from N-protected pent-4-enylamines bearing substituents at C1 or C3. The reactions tolerate a broad
array of functional groups, including esters, nitro groups, and enolizable ketones. The scope and
limitations of these transformations are described in detail, along with models that account for the
observed product stereochemistry. In addition, deuterium labeling experiments, which indicate these
reactions proceed via syn-aminopalladation of intermediate palladium(aryl)(amido)complexes

regardless of degree of alkene substitution or reaction conditions, are also discussed.

Introduction

Substituted pyrrolidines are common motifs displayed in a wide array of interesting
biologically active compounds, including natural products and pharmaceutically relevant
molecules.! Due to the significance ofgyrrolidine derivatives, a large number of methods have
been developed for their synthesis.la’ However, few existing methods effect closure of the
pyrrolidine ring with concomitant formation of a C—C bond and a stereocenter adjacent to the
ring.3 In addition, the invention of new methods for pyrrolidine synthesis that can be used to
prepare many different analogs from a common precursor has great potential utility in
medicinal chemistry applications.

Over the past several years, our group has developed and explored a new method for the
synthesis of substituted pyrrolidines via Pd-catalyzed carboamination reactions of N-
substituted y-aminoalkenes with aryl/alkenyl halides (eq 1)_4,5,6 These transformations effect
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the construction of the pyrrolidine ring with simultaneous formation of one C-N bond, one C-
C bond, and up to two stereocenters from simple precursors.3 In addition, this method can
easily be used to generate many different analogs from a single alkene substrate, as a large
number of aryl, heteroaryl, and alkenyl halides are readily available.

R1
|
Pd-catalyst N
+ R2-Br >~
NaOBu, Toluene R@/\R2
60—110 °C up to
PMP, Boc, Ac 201 dr

= Aryl, Alkenyl

(1)

Despite the utility of these transformations, the original reaction conditions employed the
strong base NaOtBu as a reagent, which led to several significant limitations. For example,
many common functional groups such as esters, nitro groups, or enolizable ketones were not
tolerated under the strongly basic conditions. In addition, the scope of this method was usually
limited to substrates bearing terminal alkenes, as almost all attempted transformations of
disubstituted alkenes either resulted in competin9 base-mediated substrate decomposition or
formation of complex mixtures of regioisomers. 8

We recently reported the discovery of mild conditions for Pd-catalyzed carboamination
reactions of N-protected y-aminoalkenes, in which the strong base NaOtBu is replaced with
the weak base Cs,COj3. These conditions significantly expand the scope of the carboamination
method by allowing the use of functionalized aryl halide coupling partners.9 In this Article we
describe our full studies on the development, scope, and limitations of Pd-catalyzed
carboamination reactions conducted under these new conditions. In addition to illustrating
improved functional group tolerance, these studies demonstrate that transformations of
disubstituted alkenes can now be achieved when an appropriate catalyst system is employed.
We also present experiments that provide additional evidence for our previously described
mechanistic hypothesis,5 which involves alkene syn-aminopalladation as a key step in the
catalytic cycle. These experiments suggest the pyrrolidine products are formed through a
common mechanism regardless of the degree of alkene substitution or the nature of the base
(NaOtBu vs. Cs,COs).

Optimization Studies

In order to develop mild conditions for Pd-catalyzed carboamination reactions we initially
examined the coupling of a simple substrate, N-Boc-4-pentenylamine (1), with an electron-
neutral aryl bromide £4—bromo-tert—butylbenzene) in the presence of a catalyst composed of
Pd,(dba)s/Dpe-phos. 0 As shown in Table 1, this transformation afforded 2 in 81% yield using
our original, strongly-basic, conditions (NaOtBu, toluene, 105 °C). A number of organic and
inorganic bases were screened under otherwise similar reaction conditions, and disappointing
results were obtained. In general, use of organic bases (e.g. Et3N) failed to provide any of the
desired product, and most inorganic bases were also ineffective, although small amounts of 2
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were occasionally observed.11 The most promising results were obtained with Cs,COs, but
the yield of 2 was still modest (38%, entry 2).12

In order to further optimize conditions with Cs,COg3 as base, we examined the effect of other
reaction parameters. We quickly discovered that use of Pd(OAc), in place of Pdy(dba)s
provided significantly improved yields (63%, entry 3). After conducting reactions in several
different solvents, we arrived at much improved conditions in which 2 was obtained in 82%
yield when dioxane was used as solvent (entry 4).13

Studies on Scope and Limitations

Reactions of Terminal Alkene Substrates—Having successfully optimized conditions
for the coupling of 1 with 4-bromo-tert-butylbenzene, we proceeded to explore the utility of
these conditions for transformations of different substrate combinations. As shown in Tables
2 and 3, a number of N-protected 4-pentenylamine derivatives are effectively converted to 2-
benzylpyrrolidines in good yield. Although the functional group tolerance of Pd-catalyzed
carboamination reactions is modest when NaOtBu is used as base, a broad variety of functional
groups are tolerated with the new, mild reaction conditions. As shown below, aldehydes,
enolizable ketones, nitro groups, methyl esters, and alkyl acetates can be incorporated into the
pyrrolidine products. In addition, the carboamination reactions of electron-rich, electron-
neutral, and heterocyclic aryl bromides proceed with good chemical yields. However, use of
dppe10 as ligand was necessary to suppress competing N-arylation when 4-bromonitrobenzene
was used as a coupling partner (Table 2, entry 7).

Reactions of unfunctionalized aryl bromides with N-Boc- or N-acyl-4-pentenylamine (1 or 3)
provided similar yields regardless of whether NaOtBu or Cs,CO3 was used as base (Table 2,
entries 1, 2, and 6). However, the new reaction conditions provided excellent results for the
carboamination of Cbz-protected substrate 4 with 2-bromonaphthalene (88% yield of 11, entry
8), whereas use of NaOtBu for this transformation provided only 17% yield of 11. Cleavage
of the Cbz-group from the substrate was problematic when the reaction was conducted with
the stronger base.

The mild conditions are also effective for stereoselective reactions of N-Boc-and N-Cbz-
protected 4-pentenylamine derivatives bearing substituents adjacent to the nitrogen atom and/
or adjacent to the alkene. For example, substrates 13 and 14, which are substituted at the allylic
position, were converted to trans-2,3-disubstituted pyrrolidines 18-20 with 12 to 15:1
diastereoselectivity (Table 3, entries 1—3).14 The synthesis of cis-2,5-disubstituted pyrrolidine
products 21 and 22 was achieved in good yields and >20:1 diastereoselectivity through
carboamination of substrates 15 and 16, which are substituted adjacent to the nitrogen atom
(entries 4-5). The coupling of 17 with bromobenzene provided 23, which is an intermediate
in the synthesis of the natural product preussin,59 in 71% yield with >20:1 dr (Table 3, entry
6). Similarly good results were obtained for the coupling of 17 with methyl-4-bromobenzoate
(Table 3, entry 7).

Reactions of Hex-4-enylamine Derivatives—Palladium-catalyzed carboamination
reactions of substrates bearing internal alkenes are of considerable potential utility, as these
transformations would create two new contiguous stereocenters in one step. However, efforts
to convert these substrates to substituted pyrrolidines under conditions in which NaOtBu was
used as a base were largely unsuccessful. Pd-catalyzed reactions of aryl bromides with hex-4-
enylamines bearing N-aryl substituents provided complex mixtures of products,5a and
transformations involving N-Boc-protected substrates proceeded in low yield. For example,
treatment of (E)-alkene 25 with 2-bromonaphthalene and NaOtBu in the presence of the Pd
(OAC),/Dpe-phos catalyst afforded only 26% vyield of 26 (eq 2).15’16
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Br
10 mol% Pd(OAc), Boc

20 mol% Dpe-phos =~ N
NaOiBu, toluene
65 °C, 20 h
26%, >20:1 dr 26

(2)

In order to improve the efficiency of reactions involving acyclic internal alkene substrates, we
investigated the cyclization of 25 using Cs,CO3 as base and dioxane as solvent. After
considerable screening, we were gratified to find that use of Nixantphos10 as ligand led to the
conversion of 25 to pyrrolidine product 26, which results from suprafacial addition across the
alkene, in 59% yield with >20:1 dr (Table 4, entry 1). Although Nixantphos provided the best
results for the coupling of 25 with 2-bromonaphthalene, subsequent experiments indicated that
use of (x)-BINAP as ligand provided the best results for most systems examined. Side products
resulting from competing N-arylation of the substrate were usually formed in lesser amounts
with BINAP than Nixantphos.

Yields in the transformations of (E)-alkene 25 were generally modest, although
diastereoselectivities were uniformly high (>20:1 dr). Relatively long reaction times were
required for these transformations (27-44 h), and in some instances (entries 2—-3) the formation
of ca. 10-20% of regioisomeric side products (31, 33)17 was also observed. Electron-poor aryl
bromides could be employed as coupling partners, but use of electron-rich aryl bromides, such
as 4-bromoanisole, led to low conversions (<50%) and formation of large amounts of side-
products resulting from competing Heck arylation of the alkene. Reactions of Cbz-protected
(E)-alkene substrate 27 proceeded in modest yield, but with excellent (>20:1) regioselectivity
and diastereoselectivity (entries 4-5).

Palladium-catalyzed carboamination reactions of (Z)-alkene substrates 28 and 29 also afforded
products resulting from suprafacial addition to the alkene with >20:1 dr and moderate chemical
yield (Table 4, entries 6-11). However, several significant differences in reactivity between
(E)- and (2)-alkene substrates were observed. The reactions of 28 and 29 were usually faster
than transformations of (E)-alkene substrates 25 and 27. In addition, the regioselectivity in
reactions of 28 and 29 with m- and p-substituted aryl bromides was uniformly high (>20:1).
For example, the coupling of 25 with methyl 4-bromobenzoate required 44 h and afforded a
5:1 mixture of regioisomers 32 and 33 (entry 3), whereas the analogous reaction of 28 was
complete in 21 h, and afforded a single pyrrolidine product (entry 7, 37).

A final difference in the reactivity of (E)- vs. (Z)-alkenes was observed when we attempted to
couple 25 and 28 with 2-bromochlorobenzene (eq 3-4). Surprisingly, the reaction of this aryl
halide with (Z)-alkene 28 failed to provide the expected 2-(sec-phenethyl)pyrrolidine product,
but instead afforded regioisomer 42 in 70% yield (eq 3).18 In contrast, the analogous reaction
of N-protected (E)-alkene substrate 25 with 2-bromochlorobenzene gave a complex mixture
of products. This mixture contained less than 10% of 42, and little or none of the expected 2-
(sec-phenethyl)pyrrolidine (eq 4).
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Boc

HN Br 5 mol % Pd(OAc), Boc  Cl
Cl  7.5mol % (£)-BINAP N
* Cs,COg, Dioxane
o8 100 °C, 44 h 49
\ 70% yield
3)
,Boc

HN

Br 5 mol % Pd(OAc),

cl 7.5 mol % (x)-BINAP <10% yielo_l 42,
- > complex mixture
5200, Dioxane of products

100 °C, 24 h

(4)

Attempts to couple cyclopentene-derived substrate 43 with 4-bromobiphenyl under the
optimized mild reaction conditions also led to surprising results.19 As shown in eq 5, this
transformation afforded less than 5% of the expected product 45. Instead, benzocyclobutene
44 was generated in 72% yield and >20:1 dr.20 |n contrast, when the strong base NaOtBu was
employed for this transformation the expected N-Boc-6-aryl octahydrocyclopenta[b]pyrrole
45 was formed in 51% yield with >20:1 dr (eq 6).
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- >NHBoc

I

4 mol % Pd(OAc),
8 mol % Dpe-phos
Cs,CO;, Dioxane
100°C, 21 h H
72%, >20:1 dr

Ph
.Boc PBr

Ph 4 mol % Pd(OAc), N~Boc

43 8 mol % Dpe-phos H
NaO1Bu, Toluene
90°C, 17 h 45

51%, >20:1 dr

Ph

(5)(6)

Reactions of 4-Substituted Pent-4-enylamine Derivatives—N-protected y-
aminoalkenes bearing substituents at the 4-position are another class of compounds that are
not suitable substrates for Pd-catalyzed carboamination reactions conducted under strongly-
basic conditions. For example, the conversion of 46 to 47 proceeded in only 31% yield when
NaOtBu was employed as base (eq 7). Fortunately, use of the mild reaction conditions
described above (Cs,COg3, dioxane) with catalysts supported by Nixantphoslol21 provided
excellent results with these substrates. These new conditions facilitated the preparation of 47
in 73% yield (Table 5, entry 1).

,BOC Br
2 mol % Pd(OAC)2 Boc

O 4 mol % NixantPhos &I
+ O NaOtBu, Toluene
90 °C
46 47

31%

(7)

As shown in Table 5, various aryl bromides were effectively coupled with 46 and the Chz-
protected analog 48, including electron-poor, electron-rich and heteroaryl derivatives (entries
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1-5). The 4-substituted pent-4-enylamine derivatives are more reactive than the N-protected
hex-4-enylamines, and in most cases carboaminations of 46 and 48 can be effectively achieved
using only 2 mol % Pd, compared to the higher catalyst loadings (5-10 mol % Pd) that are
required for (E)- or (Z)-alkene substrates 25 and 27-29.

These conditions are also effective for the coupling of methylene cyclopentane and -
cyclohexane derivatives 49-51 with several different aryl bromides. Reactions of these
substrates provided fused bicyclic products 56-60 in good yield with >20:1 diastereoselectivity
(Table 5, entries 6-10).

Attempted Reactions of Trisubstituted Alkene Derivatives—In order to further test
the degree of alkene substitution tolerated in Pd-catalyzed carboamination reactions, we briefly
examined reactions of trisubstituted alkenes 61 and 62 (eq 8-9). Unfortunately, neither of these
substrates was converted to the desired pyrrolidine product. Reactions of 61 provided mainly
products resulting from Heck arylation of the alkene, whereas no reaction was observed
between substrate 62 and 4-bromo-tert-butylbenzene at temperatures up to 175 °C with several
different catalyst systems.

Boc
NH Br

: Boc
various I{l
Pd-catalysts
+ .
Cs,COg3, Dioxane )(
100 OC not

4 t-Bu observed t-Bu

(8)

NH Br

: Boc
various I{I
Pd-catalysts
: X
Cs,COg3, Dioxane ‘jb
100 OC not
/

t-Bu +Bu
62 observed

Deuterium Labeling Experiments—In our previous investigations on Pd-catalyzed
carboamination reactions that employ NaOtBu as base, we determined that transformations of

J Org Chem. Author manuscript; available in PMC 2009 November 21.
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cyclopent-2-enylethylamine-derived substrates (e.g. 43) afford products resulting from
suprafacial addition to the alkene (eq 6)_5a,C,d,22 This proved to be a key piece of data that
suggested the carboaminations proceed viaa mechanism involving a rare syn-aminopalladation
process (see below). However, prior to the studies described in this Article, we had not
elucidated the stereochemistry of alkene addition in reactions using the weak base Cs,COj3’
23 nor had alkene addition stereochemistry been examined with terminal alkene substrates.
Moreover, although reactions of terminal alkenes provide pyrrolidine products regardless of
whether NaOtBu or Cs,COs is used as base, transformations of cyclopent-2-enylethylamine
derivative 43 provide much different products depending on the nature of the base (eq. 5-6).
Thus, two significant questions about the mechanism of Pd-catalyzed carboamination reactions
remained unresolved: a) do reactions of internal alkenes, terminal alkenes, and cycloalkenes
all proceed via a similar mechanism? b) do reactions that employ Cs,COs3 as base occur through
a pathway that is mechanistically analogous to reactions in which NaOtBu is used?

The results shown above in Table 4 and equation 2 indicate that transformations of acyclic 1,2-
disubstituted alkene substrates occur with suprafacial addition using either NaOtBu or
Cs,CO3 as base, and are stereospecific. In order to address questions about the mechanism of
carboamination reactions of terminal alkenes, we prepared a simple terminal alkene substrate
63 bearing a deuterium label at C5. As shown below (eq 10), treatment of 63 with methyl 2-
bromobenzoate?4 in the presence of Cs,CO3 and the Pd(OAcC),/Dpe-phos catalyst afforded
64 in 72% yield as a single sterecisomer that results from suprafacial addition to the alkene.
No side products resulting from loss or migration of deuterium were observed.

CO,Me  4mol% Pd(OAc),  °¢ D CO,Me
H

Br 8 mol % Dpe-phos N

-

Cs,CO3 Dioxane
100 °C, 20 h 64
72%, >20:1 dr
suprafacial-addition

(10

To determine if the nature of the base had an effect on the stereochemistry of addition, the
reaction of 63 with methyl 2-bromobenzoate was also conducted using NaOtBu as base. In
addition to the expected product 64, this transformation provided three additional products
65a—c that result from scrambling of the alkoxide groups on the carbamate and ester appendages
(Scheme 1). Fortunately, treatment of this mixture with LiAlH, afforded a single product
stereoisomer 66 that derives from suprafacial alkene addition in the carboamination reaction.

Conversion of Pyrrolidine Products to Tetrahydropyrroloisoquinolin-5-ones—
In addition to significantly expanding the scope of pyrrolidine-forming reactions, the mild
reaction conditions described above can be used in a high-yielding three-step reaction sequence
for the conversion of N-Boc-protected y-aminoalkenes to substituted
tetrahydropyrroloisoquinolin-5-ones. As shown below (eq 11-12), N-Boc pyrrolidine
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derivatives 8, 20, and 57, which were prepared from 1, 14, and 49 (Table 2, entry 5; Table 3,
entry 3, and Table 5, entry 7), were transformed to 67—69 in good to excellent yields via
treatment with TFA followed by Na,COs3. These heterocyclic scaffolds are displayed in several
biologically active natural products and pharmaceutical leads. 25

Boc 2Me O
1) TFA N
NaQCO3

2.,
o2 X2

8:H=H
20: R =Me

7: R =H, 70%
8: R = Me, 95%

(11)

1 lllI

zZ
5 =

_I
Q3
S

Y

=z

11

2
@ Boc 86% o

57 CO,Me 69
86%

(12)

Discussion

Synthetic Scope and Limitations

Palladium-catalyzed carboamination reactions of aryl bromides with y-aminoalkenes bearing
N-acyl, N-Boc, or N-Cbz protecting groups are mild and efficient means for the stereoselective
synthesis of functionalized pyrrolidines. Although the scope of these transformatlons is
somewhat limited when the strong base NaOtBu is employed as a key reagent, SC the new
reaction conditions described in this Article,® which replace NaOtBu with Cs,COg, are
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effective with a much broader range of substrates. A number of functional groups are tolerated
under these conditions, including methyl esters, alkyl acetates, enolizable ketones, and nitro
groups. In addition, the reactions can also be conducted with aryl bromides that are electron-
neutral, electron-poor, or heteroaromatic. Electron-rich aryl bromides can be effectively
coupled with pent-4-enylamine derived substrates, although reactions of these electrophiles
with hex-4-enylamine derivatives are slow and generally fail to proceed beyond 50%
conversion even with relatively high catalyst loadings (10 mol % Pd). Aryl bromides bearing
substituents in the meta- or para-positions provided good results with all N-protected-y-
aminoalkenes examined in these studies, and ortho-substituted derivatives can be coupled with
several different N-protected pent-4-enylamines. In addition, the use of methyl 2-
bromobenzoate as the aryl halide electrophile leads to the formation of 2-benzylpyrrolidine
derivatives that can be converted to substituted tetrahydropyrroloisoquinolin-5-ones in good
yield through a two step sequence of Boc-deprotection followed by intramolecular amide bond
formation (eq 11°12). However, carboamination reactions of o-substituted aryl bromides with
hex-4-enylamine derivatives were generally not effective, except for the conversion of (Z)-
alkene 28 and 2-bromochlorobenzene to 2-(1-phenylethyl)pyrrolidine 42 (eq 3). Efforts to
couple alkenyl bromide electrophiles were also unsuccessful, although alkenyl bromides can
be usedsin carboamination reactions of terminal alkene substrates when NaOtBu is employed
as base.”¢

The mild reaction conditions described in this Article also broaden the scope of Pd-catalyzed
carboaminations with respect to the degree of alkene substitution that is tolerated.
Transformations that use NaOtBu as base are generally limited to terminal alkenes, but
moderate yields can be obtained with the cycloalkene substrate N-Boc-cyclopent-2-
enylethylamine (43). In contrast, the use of Cs,CO3 allows for coupling reactions of substrates
bearing either pendant terminal alkenes or disubstituted alkenes. However, substrate 43 is
converted to benzocyclobutene derivatives under these conditions, rather than to substituted
pyrrolidines.19 In addition, reactions of very sterically encumbered trisubstituted alkenes
failed to generate pyrrolidine products. It appears likely that the development or discovery of
new catalyst systems will be required in order to effect carboamination of these compounds.
When Cs,COg3 is employed as base, the relative reactivity of different alkenes decreases in the
order of: terminal alkenes > 1,1-disubstituted alkenes > (2)-1,2-disubstituted alkenes > (E)-1,2-
disubstituted alkenes >>> trisubstituted alkenes. This order of reactivity mirrors that of many
metal-catalyzed transformations that involve alkene insertion processes.

Reaction Mechanism and Origin of Regioisomers

The pyrrolidine-forming carboamination reactions between N-protected-y-aminoalkenes and
aryl bromides appear to be mechanistically similar to other Pd-catalyzed carboetherification
and carboamination reactions that afford oxygen—22’27 or nitrogen5 heterocycles. A simplified
catalytic cycle for the pyrrolidine-forming reactions is shown below (Scheme 2). The
transformations are presumably initiated by oxidative addition of the aryl bromide to a Pd(0)
catalyst that is generated in situ from the combination of Pd(OAc), and phosphine ligand. The
resulting L,Pd(Ar)(Br) intermediate 70 is likely converted to palladium(aryl)(amido) complex
71 through reaction with the amine substrate and base.12 Intramolecular syn-aminopalladation
of 71 can provide 72:9:28,29 which is transformed to the observed product via C-C bond-
forming reductive elimination.30

Two key pieces of evidence support this mechanistic hypothesis, along with the notion that the
mechanism for pyrrolidine formation is not dependent on the nature of the base.31 First of all,
the transformations proceed with suprafacial addition across both terminal and internal alkenes,
as illustrated by the examples shown in Table 4, equations 2, 6, and 10, and Scheme 1. The
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suprafacial addition is observed when either NaOtBu or Cs,COj3 is employed as base, and is
consistent with the conversion of 71 to 72 via syn-aminopalladation.

The formation of 2-ethylpyrrolidine derivatives 31 and 33 (Table 4, entries 2-3) and 2-(1-
phenylethyl)pyrrolidine 42 (eq 3) is also consistent with the mechanism shown above, and
cannot satisfactorily be explained by alternative mechanisms that involve carbopalladation
rather than aminopalladation.32 As shown below (Scheme 3), products 31 and 33 are most
likely generated through syn-B-hydride elimination from intermediate 72 (via transition state
73) to give 74. Reinsertion of the alkene into the Pd-H bond of 74 with the opposite
regioselectivity would yield 75, which can undergo a second series of B-hydride elimination/
reinsertion processes to provide 77. Reductive elimination from 77 could then afford isomers
arylated at the 3-position, whereas additional p-hydride elimination/reinsertion steps could
ultimately generate isomers arylated at the 4- or 5-position.

The formation of 3-arylpyrrolidine side products is commonly observed in Pd-catalyzed
carboamination reactions of y-(N-arylamino) alkenes bearing relatively electron-rich N-aryl
groups (e.g. Phor PMP).55l In contrast, the formation of mixtures of regioisomers is usually
not observed in reactions of N-Boc, N-acyl, or N-Cbz protected substrates, except for couplings
of (E)-disubstituted alkenes 25 and 27 with electron-poor aryl bromides (Table 4, entries 2—
3). The absence of these side-products in most reactions of N-Boc and N-acyl protected
substrates may be due to decreased rates of p—hydride elimination from intermediate 72 relative
to the analogous N-aryl derivative. This may be due to stabilization of 72 through chelation of
the metal to the carbonyl of the amide or carbamate,33 or through inductive effects induced
by the amide/carbamate protecting groups. These electron-withdrawing groups likely
destabilize the developing positive charge on C2 in the transition state for f-hydride elimination
(73).34 The fact that a similar regioisomer was not generated when the electron-neutral 2-
bromonaphthalene was coupled with 25 may be due to the decreased electrophilicity of the
arylpalladium complex (72, Ar = 2-naphthyl), which could slow the rate of B-hydride
elimination. However, the reasons for formation of only trace amounts (ca. 1-5%) of
regioisomers in transformations of Cbz-protected substrate 27 are unclear.

The pathway by which 42 is generated is likely similar to the mechanism for the formation of
31 and 33, but with initial B-elimination of a hydride from the methyl group of 72a (Scheme
4) rather than from C2 (Scheme 3). The formation of regioisomers analogous to 42 was not
observed with p- or m-substituted aryl bromides. This suggests the steric bulk of 2-
bromochlorobenzene may increase the rate of B-hydride elimination from the less hindered
methyl group relative to the more hindered C2 position, or slow the rate of reductive elimination
from 72a or 77 relative to 79.35

Interestingly, the formation of regioisomers similar to 31 and 33 was not observed in reactions
of N-Boc-protected (Z)-alkene substrate 28. This may be due to severe developing allylic strain
interactions in the transition state for p-hydride elimination, from steric destabilization of the
resulting (Ar)Pd(H)(alkene) complex, or both. As shown in Scheme 5, alkene insertion from
71 would yield 72, which could undergo p-hydride elimination from transition state 73 to
provide 74. This intermediate could then be converted to the observed regioisomers as
described above. A similar sequence of transformations from (Z)-alkene-derived intermediate
71a could lead to the analogous intermediate 74a. However, the eclipsing interaction between
the methyl group and the carbamate protecting group in transition state 73a would result in
developing allylic strain similar to that in an S-cis-locked-(2),(2)-1,4-diene. This presumably
raises the energy of the transition state to a sufficient degree such that competing B-elimination
of the C2-hydrogen atom is minimized. Further evidence for the high energy of transition state
73a comes from the formation of regioisomer 42 in the reaction of (Z)-alkene 28 with 2-
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bromochlorobenzene (eq 3). This product results from p-hydride elimination of 72a from the
less electronically favorable methyl-position.

Ligand Effects

Three ligands that were surveyed in Pd-catalyzed carboamination reactions that use Cs,CO3
as a base were found to provide good results with the majority of substrate combinations
described in this paper. In most cases, Dpe-phos provided satisfactory yields in transformations
of 1- or 3-substituted pent-4-enylamine derivatives. However, more sterically encumbered 4-
substituted substrates were converted to pyrrolidine products most efficiently when Nixantphos
was employed as ligand. Finally, highest yields in carboaminations of hex-4-enylamine
derivatives were usually obtained with (£)-BINAP.

The precise origin of the observed ligand effects is not clear, but is likely influenced by the
effect of ligand bite angle on the relative rates of carboamination vs. competing Heck arylation
or N-arylation of the substrate. In general, use of Nixantphos led to greater amounts of N-
arylated side products than Dpe-phos or BINAP, whereas the latter two ligands led to greater
amounts of products resulting from Heck arylation. The relatively wide bite angle37 of
Nixantphos (>108°)38 compared to Dpe-phos (104°) and BINAP (93°) may accelerate the
aminopalladation step (71 to 72) as well as competing C—N bond-forming reductive elimination
from 7139 the change in relative rates appears to depend on substrate structure. However, the
electronic properties of the ligand are also likely of importance, as the related wide-bite angle
ligand Xantphos (108")37 was inferior to both Nixantphos and Dpe-phos, and provided large
amounts of N-arylated side products.

Stereochemistry

The stereochemistry of pyrrolidine products generated in Pd-catalyzed carboamination
reactions of N-protected y-aminoalkenes appears to be determined in the syn-aminopalladation
step of the catalytic cycle illustrated above (Scheme 2, 71 to 72). The syn-aminopalladation
ultimately leads to suprafacial addition of the nitrogen atom and the aromatic group across the
substrate C—C double bond. Moreover, it appears likely that the alkene insertion proceeds
through a highly organized cyclic transition state, in which the alkene w-system is eclipsed with
the Pd-N bond, %0 and substituents on the tether between the amine and the alkene are oriented
to minimize nonbonding interactions. For example, transformations of substrates 13-14
bearing allylic substituents provide trans-2,3-disubstituted pyrrolidine products 18-20 (Table
3, entries 1-3). As shown below (Scheme 6), syn-aminopalladation via 80, in which the C3-
methyl group is oriented in a pseudoequatorial position, would provide the observed major
diastereomers.

The conversion of substrates 15-16 to cis-2,5-disubstituted pyrrolidines 21-22 can be
rationalized through a similar transition state model. As shown in Scheme 7, syn-
aminopalladation via transition state 82 would generate 83, which can be converted to the
observed products through reductive elimination. Cyclization through 82, in which the C1-
phenyl group is oriented in a pseudoaxial position appears to be favored over transition state
84, which suffers from A(:3)-strain between the C1-phenyl group and the nitrogen protecting
group.41'42

Summary and Conclusion

In conclusion, the mild reaction conditions described in this Article greatly expand the scope
of Pd-catalyzed alkene carboamination chemistry. The combined use of the weak base

Cs,CO3, dioxane solvent, Pd(OAc), precatalyst, and the appropriate phosphine ligand allows
for the stereoselective synthesis of substituted pyrrolidines from N-protected y-aminoalkenes
with good tolerance of functional groups. The pyrrolidine products are formed in moderate to
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excellent yields, with diastereoselectivities ranging from 12 to >20:1. The mild conditions also
greatly increase tolerance of alkene substitution, and for the first time substrates bearing acyclic
disubstituted alkenes can be successfully employed in these reactions.

The observed selectivity for suprafacial addition with both internal and terminal alkene
substrates provides additional evidence in support of our proposed reaction mechanism, which
involves intramolecular syn-aminopalladation as a key step. In addition, the results described
above suggest this mechanism of pyrrolidine-formation is operational regardless of the degree
of alkene substitution, and with either Cso,CO3 or NaOtBu as the stoichiometric base.

Future studies will be directed towards the development/discovery of highly active catalysts
that can transform tri- and tetrasubstituted alkene derivatives, along with additional
applications of these transformation to the synthesis of biologically active molecules.

Experimental

General Procedure for Pd-Catalyzed Carboamination Reactions of Aryl Bromides

A flame-dried Schlenk tube equipped with a magnetic stirbar was cooled under a stream of
nitrogen and charged with the aryl bromide (1.2 equiv), Pd(OAc), (2 mol %), Dpe-phos, dppe,
(x)-BINAP, or Nixantphos (4 mol%) and Cs,COg3 (2.3 equiv). The tube was purged with
nitrogen and a solution of the N-protected amine substrate (1.0 equiv) in dioxane (5 mL/mmol
substrate) was then added. The resulting mixture was heated to 100 °C with stirring until the
starting material had been consumed as determined by GC analysis. The reaction mixture was
cooled to room temperature and saturated ag NH4CI (1 mL) and ethyl acetate (1 mL) were
added. The layers were separated, the aqueous layer was extracted with ethyl acetate (3 x 5
mL), and the combined organic layers were dried over anhydrous Na,SOy, filtered, and
concentrated in vacuo. The crude product was then purified by flash chromatography on silica
gel.

2-(4-tert-Butylbenzyl)pyrrolidine-1-carboxylic acid tert-butyl ester (2).

The general procedure was employed for the reaction of 4-tert-butyl bromobenzene (52 pL,
0.30 mmol) with 1 (47 mg, 0.25 mmol) using Dpe-phos as ligand. This procedure afforded 66
mg (83%) of the title compound as a pale yellow oil. 1H NMR (300 MHz, CDCl5) §7.38-7.26
(m, 2 H), 7.22-7.07 (m, 2 H), 4.12-3.84 (m, 1 H), 3.49-3.23 (m, 2 H), 3.23-2.96 (m, 1 H),
2.60-2.42 (m, 1 H), 1.92-1.67 (m, 4 H), 1.52 (s, 9 H), 1.32 (s, 9 H); 13C NMR (100 MHz,
CDCl3) $154.5, 148.9, 136.1, 129.1, 125.2, 79.0, 58.8, 46.4, 40.0, 34.3, 31.4, 29.7, 28.6, 22.7;
IR (film) 1695 cm~L. Anal calcd for CooH31NO,: C, 75.67; H, 9.84; N, 4.41. Found: C, 75.46;
H, 9.88; N, 4.38.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Boc
HN
COzMe 4 mol % Pd(OAC)2
. Br 8 mol % Dpe-phos
NaO1Bu, Dioxane
\ 100 °C, 20 h
53% R =Boc or CO,Me g4 + 65a—
D 63 R' = Boc or CO,Me
e b ., CHzOH
LiAIH,
~THF, reflux
67%
>20:1 dr
suprafacial-addition
scheme 1.
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Scheme 2.
Catalytic cycle.
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Scheme 3.
Formation of 31 and 33
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Table 1
Summary of Reaction Optimization®
NHBoc cat. "Pd" t-Bu
Br '
cat. Dpe-phos
+ pep Boc
1
1 +Bu base, solvent N
105 °C 2
Entry Base “Pd” Solvent Yield
1 NaO tBu Pd,(dba); Toluene 81%
2 Cs,CO5 Pd,(dba); Toluene 38%
3 Cs,CO,4 Pd(OAc), Toluene 63%
4 Cs,CO;, Pd(OAC), Dioxane 829%°

aConditions: 1.0 equiv substrate, 1.2 equiv ArBr, 2.3 equiv base, 1 mol % Pd2(dba)3 (2 mol % Pd) or 2 mol % Pd(OAc)2, 2 mol % Dpe-phos (with
Pd2(dba)3) or 4 mol % Dpe-phos (with Pd(OAc)?2), solvent (0.25 M), 105 °C, 17-27 h (reaction times are unoptimized).

bThe reaction was conducted at 100 °C.
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