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ABSTRACT

R

A method for the synthesis of phenanthridines from benzylamines and aryl iodides which uses a dual palladium-catalyzed process is developed.
The domino sequence ends via an intramolecular amination and an oxidative dehydrogenation. No protecting group or prefunctionalization of
the amine is required, and the process uses dioxygen as the terminal oxidant.

Palladium-catalyzed cascades involving direct C—H bond
activation have emerged as powerful tools for rapid access
to complex polycyclic structures because they bypass the
prefunctionalizations required for the traditional cross-
coupling methods.® In this context, the addition of norbornene
as cocatalyst pioneered by Catellani gives accessto catalytic
sequences uniquely suited to selective sequential bond
forming.> New syntheses of polycyclic frameworks from
simple substrates are thus easily accessible.® Y et, despite the
variety of possibilities offered by Pd/norbornene catalysis,
the introduction of a C-amination step in a cascade has been
limited to anilines.*

We report herein an example of such a domino reaction.
It allows the protecting-group free rapid assembly of phenan-
thridines, which are attractive targets because of their
established significant bioactivities,® from single aryls and
an amine (Scheme 1).
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Reasoning that some Pd(I1) complexes could aso catalyze
oxidative dehydrogenations to generate alkenes,® we fdlt that a
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Scheme 1. One-Pot Strategy to Phenanthridines
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combination of the latter reaction with Pd/norbornene-mediated
formations of N-containing heterocycles could drive the reactiv-
ity of unprotected benzylic amines directly toward the formation
of phenanthridines. To the best of our knowledge, the
Catellani —Lautens coupling reaction has never been associated
with another metal-mediated reaction in adua catalytic process.

We sdected 2-iodotoluene and 2-bromobenzylamine as
representative reagents. Those were reacted in the presence of
paladium acetate (5 mol %) and norbornene (1 equiv) as
cocatdystsin DMF at 130 °C. The conversion was low (10%),
and only dihydrophenanthrine 1a was obtained in 6% yield
(Table 1, entry 1). Addition of triphenylphosphine proved
beneficial, yieding 53% of la and 12% of the desired
phenanthridine 2a (entry 2). Lowering the norbornene amount
to 50 mol % increased the relative retio of 2a, dbet at the
expense of conversion beyond that point (entries 3 and 4).

This suggested that the excess norbornene in the initial
stages of the reaction led to norbornyl-containing byproducts
with reactive iodides.” We thus decided to keep a dlight
excess of the aryl iodide over the bromobenzylamine as some
of it might be consumed in side reactions. Phenanthridinine
2a is formed via dehydrogenation of 1a, which requires a
sacrificial olefin to accept the dihydrogen. Part of the
norbornene is most probably also consumed for the aroma-
tization of la. If its initial amount drops too low, none is
available for further catalysis. Addition of 3 equiv of
norbornene at 90% conversion resulted in an increased ratio
of 2a (1a/2a = 1:4, entry 5).2

Addition of more norbornene after full conversion did not
change the product ratio. We finally found that simple
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Table 1. Formation of Phenanthridines from Benzylamines®

Pd(OAc)2 5 mol % O 1a
PPhg 10 mol % N
Cs,CO4 H
—_— +
DMF, 130 °C O

conv. conv. yield yield
entry norbornene Ar-1° Ar-Br® (%) 1a° (%) 2a°
14 1 equiv 10 7 6 -
2 1 equiv 95 70 53 12
3 0.5 equiv 99 95 58 27
4 0.25 equiv 55 45 20 24
5 0.5 + 3 equiv 99 95 17 65
6° 0.5 equiv 99 95 - 85

@ Reaction conditions: Pd(OAc), (0.013 mmol), PPh; (0.026 mmoal),
norborn., Cs,CO; (0.6 mmol), Ar—I (0.29 mmol), Ar—Br (0.26 mmol) in
DMF (6 mL) at 130 °C under argon until Pd black precipitation (24—48
h). ® Determined by GC. ©H NMR yield using MeNO, asinternal standard.
9'Without PPhs. © O, added after full conversion.

induction of oxygen via a balloon at the end of the reaction
(evidenced by precipitation of Pd black) allowed us to get
rid of any trace of 1a. In atypical experiment, 1.1 equiv of
2-iodotoluene was reacted with 2-bromobenzylamine in the
presence of 5 mol % of Pd(OAc);, 10 mol % of triph-
enylphosphine, and 50 mol % of norbornene in DMF at
130 °C under argon for 36 h. Then, after addition of O,, the
reaction mixture was kept overnight at the same temperature.
Phenanthridine 2a was obtained in 85% yield (entry 6).

Good results were obtained with electron-donating sub-
stituents, whether alky! (entries 1—3) or alkoxy (entries 4—5).
Benzo[ c]phenanthridines were also prepared in high yields
(entries 5 and 6). On the other hand, iodides bearing electron-
withdrawing groups at the ortho position led to moderate to
poor yields (Table 2, entries 8 and 9). This reflects previous
results on similar reactions.’>® As before, omission of the
oxygen resulted in phenanthridine/dihydrophenanthridine
mixtures.

Diversdly 6-substituted phenanthridines were obtained with
excellent yields from both secondary a-methylbenzylamine
(Table 3, entries 1—3) and dibenzylamine derivatives (entries
8 and 9). Aromatic substituents of different electronic and steric
properties did not disrupt the reaction, which proved much more
tolerant of substitution of the benzylamine part (entries 4—7)
than it was of subgtitution of the iodide partner. Electron-
donating and -withdrawing groups worked equally well, inde-
pendently of the substitution on the other partner. Again, this
isin agreement with both previous findings®*° and the proposed
reaction mechanism (vide infra). Note that our method is
thus suitable for the synthesis of fluorinated phenanthridines.

(9) (8 Faccini, F.; Motti, E.; Catellani, M. J. Am. Chem. Soc. 2004,
126, 78-79. (b) Matti, E.; Faccini, F.; Ferrari, |.; Catellani, M.; Ferraccioli,
R. Org. Lett. 2006, 8, 3967—3970.
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Table 2. Effect of Substituents on the Aryl lodide Partner

A3 H 3

b W, L,

R2 ; HN DMF, 180°C 2
then O,

R! A 2b
entry™ R, R:L R’ d ield (°
SR product yield (%)
1 EtL H,H Q@ 2b, 82
21t Me. H, Me 2c, 81
g Ew_g
3 Me. Me, H W 2d,91
b
4 Me. H, OMe I\"@O§ 2e, 65
5 Me, OMe, OMe 2f, 95
6 R, R' = (CH), CQp 2g, 80
R!
7 R!, R1 = (CH), MeQ 2h, 77
8 CLH.H Qj@ 2i, 31
N=
9 CF., H, H

Q@ B

2 Conditions. see Table 1. An O, balloon is introduced after the
appearance of Pd black and the reaction left overnight at 130 °C. ® Without
O,, the phenantr./dihydrophenanthr. ratio was 1:2 (same combined yield).

A tentative mechanism is depicted in Scheme 2. The ortho-
substituted aryl iodide first oxidatively adds to Pd(0) to give
intermediate Pd(11) complex A,*° which inserts norbornene
into the aryl—Pd bond to generate B.* Arene C—H activa-
tion™? delivers palladacycle C.*® This latter intermediate may
react with the aryl bromide possibly affording Pd(1V)
complex D, in analogy to observations made for ortho
akylations (red path),?® in which the amine moiety likely
completes the Pd(1V) coordination sphere.

(10) (a) Fitton, P.; Rick, E. A. J. Organomet. Chem. 1971, 28, 287—
291. (b) Roy, A. H.; Hartwig, J. F. J. Am. Chem. Soc. 2003, 125, 13944—
13945. (c) Amatore, C.; Jutand, A. Acc. Chem. Res. 2000, 33, 314-321.

(11) (a) Horino, H.; Arai, M.; Inoue, N. Tetrahedron Lett. 1974, 647—
650. (b) Li, C.-S;; Cheng, C.-H.; Liao, F.-L.; Wang, S.-L. Chem. Commun.
1991, 710-712. (c) Portnoy, M.; Ben-David, Y.; Rousso, |.; Milstein, D.
Organometallics 1994, 13, 3465-3479. (d) Catellani, M.; Medlli, C.; Motti,
E.; Paoli, P.; Perez-Carreno, E.; Pregosin, P. S. J. Am. Chem. Soc. 2002,
124, 4336-4346.
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689, 4055-4082. (b) Catellani, M.; Chiusoli, G. P. J. Organomet. Chem.
1988, 346, C27-C30. (c) Liu, C.-H.; Li, C.-S,; Cheng, C.-H. Organome-
tallics 1994, 13, 18-20. (d) Gorelsky, S.; Lapointe, D.; Fagnou, K. J. Am.
Chem. Soc. 2008, 130, 10848-10849.

(13) (a) Dyker, G. Angew. Chem.,, Int. Ed. 1999, 38, 1699-1712. (b)
Kakiuchi, F.; Chatani, N. Adv. Synth. Catal. 2003, 345, 1077-1101. (c)
Dick, A. R.; Sanford, M. S. Tetrahedron 2006, 62, 2439-2463.
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Table 3. Effect of Substituents on the Aryl Bromide Partner

RE
3 ] Re
A H . Br. R Pd) R
R2 | Hal RS DMF, 130°C
A R thenO; g NP R
A" ok
entry!™ substituents product yield
1 R' = R* = Me 2k, 90
R'=Me
2 R'=Et 21, 88
R'=Me
Et N=
3 R'= R = Me 2m, 90
R'=Me
=
4™ R'=R*= Me Oj 2n, 82
R, R*= o
~OCH,0-

6 R' = R = Me 20, 86
R'=F
X
7 R'=Cl £ 2p. 46
R=F
(] N=

8 R! = R* = Me 2q.97

9 R‘ R = (CH),
= Ph

2r, 92

a Conditions: see Table 2. ® Without Oy, the phenanthr./dihydrophenanthr.
ratio was 1:2 (same combined yield).

An dternative pathway relies on a transmetalation involv-
ing two Pd(I1) species (blue path).** We could not completely
rule out this mechanism, athough it could hardly account
for the observed selectivity in our coupling sequence.
Transmetal ation among complex C and an arylpalladium(l1)
specieswould likely result in large amounts of (unobserved)
homocoupling byproducts, 3" due to the higher reactivity
of aryl iodides vs bromides.

On the other hand, the selective formation of the desired
compound derives from a faster reaction of the bromoben-
zylamine on complex C relative to the aryl iodide. At a
higher temperature, the smaller bromide might overcome its
inherent lower reactivity and certainly benefit from chelation
to compete successfully with the bulkier iodide at the
sterically congested center.

Reductive elimination forms bipheny! derivative E. Since
the norbornyl moiety remains bonded, the steric hindrance
in complex E causes norbornene to be eliminated to F,2*1°
which undergoes the final intramolecular amination step from
the amine and generates dihydrophenanthridine 1.

(14) (a) Cardenas, D. J; Martin-Matute, B.; Echavarren, A. M. J. Am.
Chem. Soc. 2006, 128, 5033-5044. For variant involving a Pd(0)/Pd(I1)
aryl cooperative activation of an Ar substrate, see: (b) Grushin, V. V,;
Marshall, W. J. J. Am. Chem. Soc. 2006, 128, 4632—4641.
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Scheme 2. Proposed Reaction Mechanism
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Phenanthridine 2 is formed in the presence of dioxygen
(or a sacrificial olefin), which presumably both regenerates
a Pd(Il) species to switch from one catalytic cycle to the
other and acts as the hydrogen scavenger in the dehydroge-
nation step.®

The isolated 1a was not oxidized after 24 h at 130 °C in
DMF/base under argon without any source of palladium. If
dioxygen but no palladium complex was present, then
oxidation occurred, but was much slower, confirming the
role of the latter in the oxidation step.®® We also added an
olefin after full conversion, i.e., when no more ArX was
present in solution to regenerate a Pd(I1) species. This did
not favor dehydrogenation and thus tends to confirm that
this step is catalyzed by Pd(l1).

When norbornene was omitted, low conversions were
achieved, and only traces of Ullmann-type coupled biphenyl
derivatives were observed. Thisrules out the possibility that
the reaction proceeds via initial amination of the iodide
followed by intramolecular ring closure. The ortho-substitu-
ent on the aryl iodide is necessary to trigger biaryl formation
rather than attack of a second aryl halide at the norbornyl
site of palladacycle C.2>%¢

As phenanthridines form a well-known class of molecules
with biological properties,® many protocols for the synthesis
of these compounds have been reported.’® Even if some of
these methods are efficient, they usually require prefunc-

(15) Catellani, M.; Chiusali, G. P. J. Organomet. Chem. 1985, 286, C13—
C16.
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tionalization of substrates or the presence of protecting
groups, which impact their atom economy. From that
perspective also our method compares well to the reported
methods.

In conclusion, we have developed a new method for the
expeditious synthesis of phenanthridines from benzylamines
and aryl iodides, by successfully coupling a palladium/
norbornene cocatalyzed domino sequence ending via an
intramolecular amination with an oxidative dehydrogenation.
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