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An annulation reaction proceeding by the intermolecular addition of an arylpalladium(ll) halide across a strained alkene, followed by an
intramolecular C —H functionalization of a pendant heterocycle is described. A variety of polycyclic heterocycles have been prepared from
readily accessible haloaryl heterocycles by annulation with a range of strained alkene partners.

The catalytic activation of aromatic-€H bonds and direct  to its presence in a wide variety of biologically active natural
arylation processes are emerging as effective methods forproducts and drug moleculésOur group has previously
C—C bond formatiort. These methods do not require demonstrated that the norbornene-mediated palladium-
stoichiometric organometallic reagents and as such cancatalyzed domino ortho-alkylation reactions of aryl iodides
shorten synthetic sequences and minimize waste. It has beegan be terminated by the direct arylation of a number of
shown that the treatment of aryl halidésvith norbornene different heterocyclic systentsWe therefore began to

in the presence of catalytic amounts of palladium(0) can explore the idea that aryl halides substituted by N-containing
produce cyclobutene produ@svia ortho C—H functional- heterocycles would react with strained alkenes to provide
ization? Alternatively, annulation produc& may arise if a interesting annulation rather than cyclobutene products. The
suitable functional group is in place adjacent to the halide annulation of biologically active heterocycles with nor-
(Scheme 1§. bornene can provide new active compounds with improved

(2) (a) Catellani, MTop. Organomet. Cher005 21-53. (b) Catellani,
M.; Ferioli, L. Synthesis1996, 769—772.
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druglike properties such as lipophilicity We initially
investigated the reaction of the pyrroéa with strained

alkenes based on a norbornene skeleton. Gratifyingly, treat-

ment of6awith norbornene, in the presence of a Pd(QAc)
PPh catalyst system and using £50; as a base, provided
the annulated produdta (Table 1, entry 1) in quantitative

Table 1. Annulation of Pyrroles with Norbornene
(10 mol %) Pd(OAc),
7\

(22 mol %) PPhs
27 N

(1 equiv) Cs,CO3
Br (3 equiv) norbornene
6 7
R

toluene, 110 °C, sealed tube

Ry 1
entry substrate product yield (%)
6a
1 R, =Mg¢,R,=H 7a 100
6b
2 R;=H,R,=H 7b 83
6¢c
3 R] = F, R2 =H 7C 81
6d
4 R,=CLR,=H 7d 89
6e
5 R] = Me, Rz =CHO Te 89
R R R
R =Me*
U \; I\ I\ i
] N N N 95 (1.47:1)
Br R= Pha
6f 7f 79 84 (1.67:1)
Ph Ph
H /N Ho /N
N N
7 o Br o 90
6g 7h
8 CO,Et CozEt 92
Br
6h / \
9 85
Br
6i

a|solated as an inseparable mixture.

yield. We next explored the effect of different functional

groups on both the pyrrole and the aryl rings (Table 1). The
annulation reaction was found to be tolerant of a variety of
functionalities, including aldehyde (entries 5 and 7), ester

(6) Leysk, R.; Zimenkovsky, B.; Atamanyuk, D.; Jensen, F.; Kiec-
Kononowicz, K.; Gzella, ABioorg. Med. Chem2006, 14, 5230—5240.
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Scheme 2. Annulation of Biaryl Bromide4

(10 mol %) Pd(OAc),
(22 mol %) PPhy
4 5 100%
Cr O

toluene, 120 °C, sealed tube

(1 equiv) Cs,CO3

(3 equiv) norbornadiene
(entry 8), and chloride (entry 4) moieties, which allow further
elaboration of the products. The aldehyde-containing sub-
strates6e and6g show excellent regioselectivity, providing
solely annulation products. However, upon substitution of
the C-3 of the pyrrole, regioselectivity became problematic,
as the annulation products were isolated as an inseparable,
nonstatistical mixture of compounds showing annulation at
the C-2 and C-5 positions (entry 6). Annulation of the 3,4-
disubstituted pyrrolé&h proceeded with excellent yield and
regioselectivity to deliver the annulation produt(entry
8). Annulation of the 3-substituted pyrro& proceeded in
good yield onto the C-2 position of the pyrrole ring to provide
7j, and only trace amounts of the C-4 annulated product were
detected (entry 9). Interestingly, a reverse in regioselectivity
was observed when the biaryl bromidevas treated under
similar reaction conditions, with norbornadiene as the
strained alkene, providing solely the cyclobutene pro&uct
in quantitative yield (Scheme 2).

Table 2. Annulation of6a with Other Strained Alkenés

entry alkene product yield (%)
7\
N
4
L O
‘% 1
z O
(o]
A7 ome
3 12 OMe
7\
DX L
87 (1:2)
: S

14
5 % 17 - -

a Reaction conditions: Pd(OA£j10 mol %), PPh(22 mol %), CsCOs
(1 equiv), the alkene (3 equiv), aii (1 equiv) were heated in toluene at
110°C in a sealed tube overnight.
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To extend the scope of this process, we next examined
the reaction of6a with a range of strained alkene partners 1 pje 4. Synthesis of Retro-Diels—Alder Products

(Table 2). Benzonorbornerg(entry 1) and the oxabicycles (10 mol %) Pd(OAc),
10 (entry 2) and12 (entry 3) reacted smoothly to generate ﬂ {22 mol %) PPhs M M\
the corresponding annulated products in good to excellent Ry {1equiv) Cs;CO3 | Ry N ‘ RN
yields. No ring-opened products were detected with the Br (4 equiv) norbornadiene !
oxabicyclic substrates. The use of norbornadigadentry O -
4) provided an interesting result as both the annulated species & toluene, 120°C, 15 I 16
15a and the aromatic compourtba were isolated. The sealed tube 1 1
pyrroloquinolinel6aarises via an in situ retro-DietsAlder entry substrate product yield (%)
reaction and loss of cyclopentadiene frasag The use of 6a
the less strained [2.2.2]-bridged bicycler led only to 1 Ri=Me,R,=H 16a 98
recovery of starting material (entry 5). &b
We were able to selectively obtain either the norborna- 2 R,=H,R;=H 16b 92
diene-annulated product or the annulation/retro Diélisler
product through careful control of the reaction temperature. 3 R, = chRz -H 16¢ 36
At a lower temperature, good yields of the annulated alkene
products were generated with a range of functional groups 6d
on the aryl ring (Table 3). The regioselectivity in this case 4 Ri=ClLR;=H led 9
6e
5 R, =Me, R, = CHO 16e 81

Ph

ju

Table 3. Annulation of Pyrroles with Norbornadiehe Ph
I\ Ho /N
entry substrate product yield (%) 6 N N 84
0 Br o |
7\
‘M 6g 16g
1 6a N 94

15a l

CO,Et
\ 100

1

~
(-]
Sw
@
=
ZCEQ
o
(@]
O
N
m
(-]
68

N
2 6b 80 (1:1) | |
8 BY 86
6i / 16i N
N |
3 6¢ 77 [
o, o
. N g N\ 70
o e O
4 6e 64

whereas the alkyl- or fluoro-substituted aryl substrates were

« Reac i PA(OAEILO mol 56, PPB(22 mol %), CsCOs more selective (entries 1, 3, and 4).

eaction conditions: mol %), mol %), Cg! . .

(1 equiv), norbornadiene (4 equiv), and the substrate (1 equiv) were heated At a _hlgher reaction temperature, we were able to
in toluene at 8C°C in a sealed tube overnight. synthesize a range of pyrroloquinoline and related hetero-

cyclic compounds. Bridgehead nitrogen heterocycles such
as these are an important class of natural products; many
seems dependent on the substitution pattern of the benzenexhibit interesting biological activit§° For example, sub-
ring, as treatment of the unsubstituted substBatprovides stituted pyrroloquinolines have been found to be activators
a 1:1 ratio of the isomeric productshb and 18 (entry 2), of caspases and inducers of apoptosis, while it has also been
shown that Birch reduction of these compounds can pro-
(7) For synthesis of biaryl analogues, see: (a) Albrecht, K.; Reiser, O.; vide dihydroquinolines, showing activity against P388

Weber, M.; Knieriem, B.; de Meijere, Aletrahedrornl994,50, 383—401. inll-13 inoli ilitv i
(b) Bhuvaneswari, S.- Jeganmohan, M.; ChengD. Lett. 2006 8, 5581 leukemial Pyrroloquinolines have also found utility in
5584.
(8) (a) For an example of an analogous Pd-catalyzed transformation in ~ (9) Swinbourne, J. F.; Hunt, H. J.; Klinkert, @dv. Heterocycl. Chem.
the synthesis of coumarin, see: An, Z.; Catellani, M.; Chiusoli, GJ.P. 1987,23, 103.
Organomet. Chenl.989,371, C51-C52. (b) For an analogous Pd-catalyzed (10) Hermecz, |.; Vasvari-Debreczy, L.; Matyus, P.@omprehensive
synthesis otis-olefins, see: Masanori, K.; Kumara, T.; Oda, H.; Migita, Heterocyclic Chemistry; Katritzky, A. R., Rees, C. W., Scriven, E. F. V.,
T. Bull. Chem. Soc. Jprl993,66, 3522—3524. Eds.; Pergamon Press: London, 1996; Vol. 8, Chapter 23, pp 583.
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Scheme 3. Proposed Mechanism

4
CsBr + CsHCO; Pd I\
N
©/Br
052C03 / \ 6b

the annulated products such &s (Scheme 3). Functional-
ization of the pyrrole ring could be envisaged to occur by a
Heck process, electrophilic aromatic substitution by attack
of the pyrrole onto the palladium(ll) species, or by direct
C—H insertion.

In summary, we have developed a straightforward method
for the assembly of a variety of heterocyclic scaffolds. These
reactions are tolerant of a wide range of functional groups
and allow the rapid assembly of interesting structures
amenable to further elaboration. Studies toward the synthesis
of other heterocyclic species with interesting biological

activities and physical properties are underway and will be
reported in due course.
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palladium(0) into the arytbromine bond and subsequent
carbopalladation of the reactive alkene provides intermediate
20. Reaction of this intermediate with the aryl ring would
provide the known cyclobutene produéthpwever, under
our conditions, the heterocycle reacts in preference to form
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