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Abstract

This short review describes new developments in Pd-catalyzed aminoarylation reactions between
aryl halides and alkenes bearing pendant nitrogen nucleophiles. These transformations provide a
novel and powerful method for accessing numerous 3-, 5-, 6-, and 7-membered nitrogen
heterocycles.
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1 Introduction

The stereocontrolled construction of saturated nitrogen heterocycles is of great importance
due to the presence of these units in both pharmaceuticals and natural products. Compounds
that bear 2-(arylmethyl) substituents constitute an important subclass of nitrogen
heterocycles, as these motifs are prevalent in numerous biologically active compounds
including those illustrated in Figure 1.

Over the past several years palladium-catalyzed alkene aminoarylation reactions have
emerged as powerful tools for the synthesis of 2-(arylmethyl)pyrrolidines and related
nitrogen heterocycles.2:23 These transformations effect the cross-coupling of simple
aminoalkene substrates with aryl or alkenyl halides to generate the heterocyclic ring with
formation of a C-N bond, a C-C bond, and one or more stereocenters, with good to
excellent stereocontrol. Moreover, these methods are quite useful for generating analogs of a
particular scaffold, as a wide variety of aryl electrophiles are readily available. This short
review will highlight recent developments in this field from 2008-2011.

2 Synthesis of Pyrrolidines via Pd-Catalyzed Alkene Aminoarylation
Reactions

2.1 Pd(0)-Catalyzed Alkene Aminoarylation Reactions

In 2004 our group first reported a new method for the stereoselective synthesis of
pyrrolidines via Pd-catalyzed cross-coupling reactions between aryl halides and -y-
aminoalkene derivatives. The reactions are effective with a number of different aryl or
alkenyl halide coupling partners, and substrates bearing A-aryl, N-acetyl, N-Boc, and A-Chz
groups can be employed (Scheme 1).1:2P.5 This method provides access to ¢/s-2,5- and
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trans-2,3-disubstituted pyrrolidines with good to excellent diastereoselectivity, and
enantiomerically enriched substrates are converted to the heterocyclic products without loss
of optical purity. Moreover, starting materials bearing internal alkenes are stereoselectively
transformed into products that result from suprafacial addition to the alkene.® The scope and
limitations of this strategy have been outlined in previous reviews.12?

The Pd-catalyzed aminoarylation reactions have been shown to proceed via the catalytic
cycle illustrated in Scheme 2.120:4 The transformations are initiated by oxidative addition of
the aryl bromide to Pd(0) to afford 1, which is converted to the key intermediate
palladium(aryl)amido complex 2 via reaction with the amine substrate and base. Complex 2
undergoes intramolecular syr-migratory insertion of the alkene into the Pd—N bond (syr-
aminopalladation) to yield 3.8 The pyrrolidine product is then generated by C—C bond-
forming reductive elimination from 3.

The stereochemical outcome of these reactions is substrate controlled, and is determined
during the alkene syr-aminopalladation event.12P As shown in Scheme 3, substrates 4
bearing a substituent at C1 are selectively transformed to ¢is-2,5-disubstituted pyrrolidines 6
by way of transition state 5, where axial orientation of the R-group minimizes A(-3)-strain
with the nitrogen protecting group. In contrast, analogous reactions of substrates bearing
allylic substituents (7) provide trans-2,3-disubstitued products 9 via transition state 8 in
which the R-group is equatorial. The generation of 2,4-disubstituted pyrrolidines from
substrates that contain a homoallylic group typically proceeds with modest (ca. 2-3:1)
diastereoselectivity.1ab.7

2.1.1 Synthesis of trans-2,5-Disubstituted Pyrrolidines—Although the
transformations described above provide efficient access to ¢is-2,5-disubstituted
pyrrolidines, a stereocontrolled route to the analogous #rans-2,5-disubstituted isomers is
highly desirable. These latter compounds have found many applications as ligands, chiral
auxiliaries, and catalysts.8 In addition, this motif is also displayed in biologically active
natural products.® We recently described a stereoselective synthesis of #rans-2,5-
disubstituted pyrrolidine derivatives via Pd-catalyzed alkene aminoarylation reactions of
cyclic carbamate substrates such as 10.10 These transformations may proceed via transition
state 11, in which ring strain is minimized during the key alkene aminopalladation step
(Scheme 4), to provide bicyclic products 12. These products can be converted to
pyrrolidines 13 using standard transformations.

Substrates 10 were generated in enantiopure form in a few steps from either Boc-protected
threonine or serine. A catalyst composed of [(allyl)PdCI], and RuPhos provided optimal
results, and delivered the desired oxazolidin-2-one products 12 in good yield with >20:1
diastereoselectivity (Scheme 5).

The bicyclic products of the aminoarylation reactions were transformed to the desired
trans-2,5-disubstituted pyrrolidines via either hydrolysis with NaOH or reduction with
LiAIH4 (Scheme 6). Both methods provided good yields and afforded products 13a—b with
no erosion of stereochemical purity.

2.1.2 Transformations of Aryl Chloride Electrophiles—The use of aryl chloride
electrophiles in cross-coupling reactions is often desirable due to their low cost relative to
aryl iodides or bromides. However, the slow rate of oxidative addition of aryl chlorides to
Pd(0) necessitates the use of electron-rich ligands, which are known to slow rates of C-C
bond forming reductive elimination.1! In preliminary studies, use of electron-rich ligands for
Pd-catalyzed alkene aminoarylation reactions of 14 led to the formation of regioisomeric
side products 17 (Scheme 7), which are generated via competing p-hydride elimination side
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reactions that occur when reductive elimination from intermediate 15 is relatively slow.
Work by Buchwald and Hartwig has illustrated that bulky electron-rich phosphine ligands
can both facilitate oxidative addition of aryl chlorides and promote reductive elimination.12
As such, we explored the use of these ligands for alkene aminoarylation reactions.13

After optimization we found that Buchwald’s S-Phos ligand!* provided good results for the
coupling of a range of aryl chlorides with y- A-(Boc-amino)alkenes, affording pyrrolidine
products with excellent regio- and diastereoselectivity (Scheme 8). Efforts to use this ligand
for analogous transformations of y-A-(arylamino)alkenes led to competing N-arylation of
the substrates. However, a catalyst composed of Pdy(dba)s and PCy,Ph proved to be useful
for these latter transformations. The desired pyrrolidine products were generated in good
yield, and only relatively small quantities of regioisomeric side-products (ca. 8-10%) were
formed.

2.1.3 Synthesis of Hexahydro-3H-pyrrolizin-3-ones—A new synthesis of
pyrrolidine-fused lactams (hexahydro-3 H-pyrrolizin-3-ones) via Pd-catalyzed alkene
aminoarylation reactions was recently reported by Cacchi et. a/1°® These products are
potentially valuable precursors to substituted pyrrolizidines, which are displayed in many
biologically active compounds. As shown in Scheme 9, treatment of lactam substrate 18
with an aryl halide, Cs,CO3 and a Pd,(dba)s/X-Phos catalyst led to the stereoselective
formation of products 19 in good yield and with > 20:1 diastereoselectivity. In addition,
reactions of enantiomerically enriched substrates proceeded without loss of optical purity.
The stereochemical outcome of these reactions is likely due to aminopalladation through a
transition state similar to 11 shown above in Scheme 4.

The transformations were effective with a range of aryl bromides, chlorides, and triflates as
coupling partners. Moreover, the use of Cs,COj3 as base allowed for tolerance of functional
groups such as esters, aldehydes, and nitro groups, which are not compatible with stronger
bases such as NaOBu.> However, the scope of these reactions with respect to lactam size or
substitution pattern was not explored.

2.1.4 Enantioselective Synthesis of Monosubstituted Pyrrolidines—A number of
interesting biologically active molecules contain monosubstituted pyrrolidine cores.18 As
such, the development of enantioselective transformations for the construction of these units
is of considerable significance. Our group recently reported an asymmetric alkene
aminoarylation reaction for the synthesis of enantioenriched pyrrolidines.1’ During our
studies we discovered that the monodentate phosphoramidite ligand (/)-Siphos-PE (20),18
gave the best asymmetric induction (Table 1). In contrast, little to no stereocontrol was
observed with chiral bidentate ligands. This effect may be due to a requirement for
aminopalladation via a monophosphine palladium complex.®

The optimized conditions allowed for the synthesis of numerous enantioenriched 2-
(arylmethyl)pyrrolidines in good yield and ee (Table 1). Electron-rich, -poor, and -neutral
aryl bromides and iodides were suitable coupling partners for the alkene aminoarylation
reactions, and the highest enantioselectivities were obtained with alkenyl bromide
electrophiles.

This method was applied towards a concise enantioselective synthesis of the natural product
(-)-tylophorine 22 (Scheme 10).19 Pyrrolidine 21 was generated in 69% yield (88% ee) via
enantioselective aminoarylation. This intermediate was converted to 22 in two steps and
near quantitative yield.
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2.1.5 Asymmetric Total Synthesis of (+)-Aphanorphine—The utility of
enantioselective Pd-catalyzed alkene aminoarylation has also been illustrated through our
recent enantioconvergent synthesis of the benzomorphan alkaloid (+)-aphanorphine
(23).20:21 Our approach to this target involved two key transformations: (1) an
intramolecular Friedel-Crafts alkylation;22 and (2) an asymmetric Pd-catalyzed alkene
aminoarylation reaction (Scheme 11).17 A key element of our strategy involved the
conversion of racemic substrate 25 to a pair of enantioenriched diastereomers 24 with the
same absolute configuration at C2 via a catalyst-controlled reaction.23 This mixture was
then converted to a single enantiopure product via intramolecular Friedel-Crafts arylation.

Substrate 25 was synthesized in 3 steps from commercially available A-Boc-1-amino-2-
propanol in 81% overall yield. The asymmetric alkene aminoarylation reaction between 25
and 4-bromoanisole (26) generated a 1:1 mixture of pyrrolidines 24a—b in 75% vyield
(Scheme 12).

The enantioselectivity of the alkene aminoarylation reaction was determined to be 81%
through the conversion of 24a—b to known intermediate 28 via Friedel-Crafts alkylation
(Scheme 13).22 To complete the total synthesis of (+)-aphanorphine, 28 was transformed to
29 via cleavage of the tosyl group and A-methylation. Finally, O-demethylation with BBr324
afforded (+)-aphanorphine in 63% yield. This route provided (+)-aphanorphine in 10 steps
and 13% overall yield from commercially available materials.

2.2 Pd(ll)-Catalyzed Arene C—H Activation/Alkene Aminoarylation

Michael and coworkers have developed a new cascade arene solvent C—H activation/alkene
aminoarylation reaction that takes advantage of the unique reactivity of high oxidation state
Pd(1V) complexes.25 This method was used to generate a number of different 2-
(arylmethyl)pyrrolidines (Scheme 14). Related transformations were also applied towards
the construction of other 5-, 6-, and 7-membered nitrogen heterocycles in good to excellent
yield. High regioselectivity favoring generation of para-substituted products was observed.

In contrast to Pd(0/I1)-catalyzed alkene aminoarylations involving aryl halide electrophiles,
which proceed via syr-aminopalladation processes, the Pd(11/1V)-catalyzed reactions
involve anti-aminopalladation pathways. As shown in Scheme 15, anti-aminopalladation of
substrate 30 affords Pd(l1)-alkyl species 32. Subsequent oxidation to Pd(IV) with NFBS
followed by arene C-H activation affords intermediate 34, which undergoes C-C bond
forming reductive elimination to yield the product 31. It appears that the preference for antr-
aminopalladation may result from the slightly acidic reaction conditions, which suppress
formation of Pd-amido complexes that are required for syr-aminopalladation to occur.

3 Synthesis of Other 5-Membered Heterocycles via Pd-Catalyzed Alkene
Aminoarylation

3.1 Synthesis of Pyrazolidines

Substituted pyrazolidines are valuable intermediates in complex molecule synthesis, as the
N-N bond can be reductively cleaved to yield 1,3-diamine derivatives. We recently reported
a strategy for the stereoselective synthesis of 3,5-disubstituted pyrazolidines in which
manipulation of allylic strain through choice of nitrogen protecting group was used to dictate
the stereochemical outcome of these transformations (Scheme 16).26 Substrates lacking a
protecting group on the internal nitrogen atom were converted to ¢/s-3,5-disubstituted
products 37 via cyclization through transition state 36, in which R is equatorial (Scheme 16
and Table 3). In contrast, reactions of substrates bearing A2-Boc or aryl groups were
transformed to #rans-3,5-disubstituted products 39 by way of transition state 38, in which
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A(3) strain is minimized via axial orientation of R (Scheme 16 and Table 2). Conversion
of the products to substituted 1,3-diamines was accomplished by Sml,-mediated reductive
cleavage of the N-N bond.

3.2 Synthesis of Isoxazolidines

Substituted isoxazolidines are displayed in a number of biologically active compounds, and
serve as synthetically useful precursors to substituted 1,3-amino alcohols. Although
construction of these compounds is often accomplished via 1,3-dipolar cycloaddition
reactions, the synthesis of 3,5-disubstituted isoxazolidines via this route often suffers from
modest diastereoselectivity. We have developed an alternative approach to the
stereoselective generation of ¢/s-3,5-disubstituted isoxazolidines via Pd-catalyzed alkene
aminoarylation reactions of O-butenyl hydroxylamine derivatives.2’

The substrates for the aminoarylation reactions were prepared in three steps from readily
available homoallylic alcohols. A catalyst composed of Pd,(dba)s/P(‘Bus) provided good
results, and the disubstituted isoxazolidine products were generated in moderate to good
yield with diastereoselectivities that were typically around 20:1. Both aryl and alkenyl
halides were suitable electrophiles, and related substrates bearing a substituent at the allylic
position were converted to frans-4,5-disubstituted isoxazolidines with good yield and
stereocontrol (Scheme 17).

The high diastereoselectivity in these transformations has been ascribed to cyclization
through transition state 40 in which the R group is in an equatorial position and the
carbamate moiety is in a pseudoaxial position and oriented at a 90° angle with respect to the
C3-0 bond This orientation of the carbamate minimizes electronic repulsion of the
neighboring heteroatoms,2’ and contrasts to the preferred orientation of carbamate moieties
in related pyrrolidine-forming reactions (e.g., Scheme 3).

4 Aminoarylation Reactions For the Synthesis of 3-, 6-, and 7-Membered
Heterocycles

4.1 Synthesis of Aziridines

The synthesis of aziridines via Pd-catalyzed alkene aminoarylation was recently reported by
Yorimitsu and Oshima.28 A catalyst composed of Pdy(dba)z and S-Phos was effective for
the coupling of allylic amines with aryl and alkenyl halides to yield a variety of substituted
aziridines (Table 4). However, the presence of two large groups at C1 appears to be
necessary, as substrates bearing small C1 groups (e.g. methyl, entry 4) were transformed in
modest yield due to competing substrate A-arylation.

The stereochemical outcome of these reactions is believed to arise from cyclization through
transition state 41, in which the larger C1 substituent is in an axial orientation to avoid
developing A(3)-strain with the A-aryl group. The transformation of a substrate bearing a
very large fert-butyl group proceeded with low (59:41) diastereoselectivity (entry 3), which
may be due to unfavorable steric interactions between the fertbutyl group and either the
alkene or a ligand on the metal. Deuterium labeling experiments support a mechanism
similar to that described above for the formation of pyrrolidines (Scheme 2), in which syn-
aminopalladation of the alkene plays a key role.

4.2 Synthesis of Morpholines

The morpholine scaffold is found in several natural products and bioactive molecules?® and
is often appended onto pharmaceutical lead compounds to improve pharmacokinetic
properties. Our group has developed a new approach to the synthesis of substituted

Synthesis (Stuttg). Author manuscript; available in PMC 2013 February 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Schultz and Wolfe

Page 6

morpholines via Pd-catalyzed alkene aminoarylation reactions of C-allyl-1,2-aminoalcohol
derivatives.30 The requisite substrates for these transformations were prepared in 3 steps
from commercially available enantiopure amino acids. The alkene aminoarylation reactions
proceeded smoothly using conditions similar to those previously employed by our group in a
related synthesis of cis-2,6-disubstituted piperazines.3!

A variety of ¢/s-3,5-disubstituted morpholines were generated in good yield and with
excellent stereocontrol (Scheme 18). The high diastereoselectivities (>20:1 dr) observed in
these reactions are believed to be the result of syr-aminopalladation via boat-like transition
state 42. This method was also useful for the diastereoselective construction of fused
bicyclic morpholines. However, efforts to generate 2,3- or 2,5-disubstituted morpholines
resulted in formation of products with low diastereoselectivity (ca. 2:1 dr).

4.3 Synthesis of Saturated 1,4-Benzodiazepines

Benzodiazepines are considered “privileged structures” in medicinal chemistry due to their
wide range of therapeutic activities.32 We recently illustrated the use of alkene
aminoarylation reactions for the preparation of saturated 1,4-benzodiazepines, which
provides a new entry into an important class of compounds and demonstrates the potential
for 7-membered ring formation via this strategy.33

Substrates 43 were synthesized in 4 steps from methyl-2-aminobenzoate. A catalyst
composed of PdCI>(MeCN), and PPh,Cy was effective for the conversion of a variety of
substrates bearing different A-aryl groups into saturated 1,4-benzodiazepine products 44 in
good yield (Scheme 19). The reactions were effective with numerous aryl halide coupling
partners, and substrates bearing a substituent at the allylic position were converted to
cls-2,3-disubstituted products with excellent diastereoselectivity. This stereochemical
outcome likely results from syr-aminopalladation via boat-like transition state 45, in which
the R group is oriented in an equatorial position and the Pd—N bond is eclipsed with the
alkene.

A related synthesis of 1,4-benzodiazepin-5-ones 47 was accomplished via Pd-catalyzed
alkene aminoarylation reactions of amide substrates 46. Transformations of 46 were most
effective when P(o-F-CgHy)3 was used as the ligand (Scheme 20).

5 Pd-Catalyzed Synthesis of Fused-, Bridged-, and Spiro-Polycyclic
Heterocycles

5.1 Cascade Alkene Difunctionalization Reactions

Pyrrolizidines and their benzo-fused analogs are displayed in a broad array of biologically
active compounds and natural products. We recently developed a concise synthesis of
benzo-fused pyrrolizidines 51 from aryl halides and A-allyl-2-allylaniline 48 via a cascade
alkene aminopalladation/carbopalladation/reductive elimination sequence (Scheme 21). The
cascade reaction transforms simple substrates into complex products through formation of
three bonds, two stereocenters, and two rings in a single step. However, to achieve this
transformation it was necessary to find a catalyst that promotes carbopalladation from
intermediate 49 in preference to competing reductive elimination.

Our studies revealed that ligand 52 was the most effective at promoting the cascade reaction.
Several substrates bearing different substitution patterns underwent the cascade reaction to
afford the desired products in good yield and diastereoselectivity (Scheme 22).34 This
method was also used for the conversion of A-allyl-2-(but-3-enyl)aniline to the analogous
benzo-fused indolizidine derivatives.
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Interestingly, when substrate 53 was subjected to the optimized conditions, rearranged
product 55 was observed (Scheme 23). Deuterium labeling studies suggest that the
aminopalladation/carbopalladation cascade provides Pd-alkyl intermediate 54, which then
undergoes an unusual 1,3-Pd shift prior to reductive elimination.3®

5.2 Tandem N-Arylation/Alkene Aminoarylation Reactions

The transformations described above provide an efficient means for generating benzo-fused
pyrrolizidine and indolizidine derivatives bearing C2 arylmethyl groups. In contrast, the
synthesis of related compounds 58 bearing arylmethyl groups at C3 was accomplished
through use of intramolecular A-arylation/intermolecular alkene aminoarylation reactions of
substrates 56 (Scheme 24).3¢ The chemoselectivity of these cascade reactions was controlled
by the high reactivity of aryl bromides vs. aryl chlorides, which allowed the intramolecular
N-arylation of the aryl bromide to occur prior to the intermolecular alkene aminoarylation
reaction with the less reactive aryl chloride.

The use of electron rich phosphine ligands was essential in performing both transformations
with a single catalyst.3” The bis-phosphine CysDpe-Phos provided good results with
electron-neutral or electron-rich aryl chloride coupling partners (Scheme 25). However,
when electron-poor aryl chlorides were employed, optimal results were obtained with a
Pd,(dba)s/PCys. The transformations proceeded with moderate to good diastereoselectivity,
and also provided access to tricyclic benzo-fused morpholines and pyrazolidines (albeit in
modest yield).

5.3 Intramolecular Alkene Aminoarylation Reactions

5.3.1 Synthesis of Tropane Derivatives—The tropane scaffold is displayed in a large
number of natural products and pharmaceutically relevant molecules. We have recently
shown that tropane derivatives 60 can be constructed through intramolecular alkene
aminoarylation reactions of substrates 59 (Scheme 26).38 Enantiomerically enriched
substrates (92-99% ee) were synthesized in 4 steps; control of absolute configuration was
achieved via addition of a homoallylic Grignard reagent to a chiral N-fert-butanesulfinyl
imine.

Monodentate phosphine ligands proved superior to bidentate ligands in the intramolecular
reactions, and PCys provided optimal results in most cases. The scope of the intramolecular
carboamination was broad, and a number of enantiomerically enriched benzo-fused tropanes
were synthesized in good yield. The reactions were effective with a variety of aryl, alkenyl,
and heteroaryl halides. Moreover, substrates with substituted alkenes were cleanly converted
into benzo-fused tropanes bearing either quaternary stereocenters or two adjacent
stereocenters.

The utility of the intramolecular aminoarylation reactions were demonstrated through a
concise synthesis of NMDA antagonist 63 (Scheme 27). Substrate 61 was prepared in 3
steps (99% ee), and intramolecular alkene aminoarylation of 61 using S-Phos as ligand

afforded 62 in 71% yield. Removal of the PMP group with aqueous CAN then provided
enantiopure 63 in good yield.

5.3.2 Synthesis of Spirooxindoles—Spirooxindoles are displayed in a variety of
natural products and have also been investigated as potential pharmaceuticals or
agrochemicals. Zhu and coworkers have recently employed alkene aminoarylation reactions
of anilides bearing pendant alkenes (64) for the generation of spirooxindoles 65 (Scheme
28).39 Substrates bearing a substituent (R1) adjacent to the nitrogen atom were
stereoselectively transformed to products bearing two stereocenters. In contrast to most Pd-

Synthesis (Stuttg). Author manuscript; available in PMC 2013 February 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Schultz and Wolfe

Page 8

catalyzed alkene aminoarylation reactions, these transformations proceed via an anti
aminopalladation mechanism and endocyclization of the amino group onto the pendant
alkene is observed. The regiochemistry of these reactions may be controlled by the
electronic bias of the substrate alkene group.

5.3.3 Cascade C-H Functionalization/Intramolecular Alkene Aminoarylation
Reactions—Two research groups have recently reported intramolecular alkene
aminoarylation reactions that effect C—H functionalization of the arene and do not require
the presence of a halogenated electrophile. Zhu has illustrated that substrates 66 are
transformed to spirooxindoles 65 when treated with PdCl, in the presence of excess
PhI(OAC), (Scheme 29).40 Although the need for halogenated substrates is eliminated when
these conditions are employed, chemical yields and diastereoselectivities are modest.

In independent studies Yang has illustrated that benzamide derivatives bearing pendant
alkenes (67) are transformed to fused polycyclic heterocycles 68 via intramolecular alkene
aminoarylation (Scheme 30).41 Substituents on the arene moiety are well-tolerated, and
disubstituted alkene substrates are stereoselectively transformed into heterocyclic products
with net syr-addition to the double bond. Mechanistic studies indicate the reactions likely
proceed by way of syrn-aminopalladation of the alkene followed by arene C-H
functionalization.

Conclusions

The transformations above illustrate the utility of Pd-catalyzed alkene aminoarylation
reactions for the stereocontrolled construction of a broad array of nitrogen heterocycles.
Although there has been considerable progress in this field, there is also great potential for
future developments. In the coming years it seems likely that increasingly complex
structures will become accessible using this approach, and further work on catalyst
development will likely lead to improved scope, stereocontrol, and efficiency.
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Figure 1.
Biologically active compounds with 2-(arylmethyl)heterocyclic subunits highlighted in blue
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Synthesis of pyrrolidines via Pd-catalyzed alkene aminoarylation reactions
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Use of aryl chloride electrophiles in Pd-catalyzed alkene aminoarylation reactions
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Scheme 11.
Strategy for enantioconvergent synthesis of (+)-aphanorphine
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Solvent C-H activation/alkene aminoarylation
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Pyrazolidine stereochemistry
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Synthesis of saturated 1,4-benzodiazepines
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