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ABSTRACT

An efficient and versatile synthesis of cis-hexahydrobenzophenanthridines starting from readily available tetralins has been developed using an
intramolecular Friedel�Crafts alkylation as a key step. The substrates were prepared via a highly stereocontrolled rhodium-catalyzed ring-
opening reaction ofmeso-oxabicyclic alkenes and a hydrogenation sequence. Thus, a wide variety of complex tetracyclic compounds have been
isolated with a high level of regio-, diastereo-, and enantioselectivity.

Advanced studies have been recently reported in the field
of benzylic arylation using a Friedel�Crafts (FC) alkyla-
tion protocol. These newly developed methodologies
allowed the use of milder reaction conditions and in-
expensive and relatively nontoxic catalysts.1 Within this
area, there is a growing interest in the utilization of
π-activated alcohols as a replacement of the less widely
available and more toxic organo halides.2 Additionally,
Bach and co-workers made significant progress in the

domain of diastereoselective FC alkylations.3,4 More re-
cently, our group disclosed an FC process for the inter-
molecular trans-selective benzylic arylation of tetralin
systems.5 We next focused our attention on the case of
the intramolecular FC alkylation of tetralins so as to
efficiently and stereoselectively access more complex
hexahydrobenzophenanthridines. Such fused tetracyclic
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skeletons are often found in pharmaceutically relevant
target molecules (Figure 1).6 Therefore, the development
of a versatile and selective method to synthesize highly
substituted hexahydrobenzophenanthridines is warranted.

In 2000, our group reported the rhodium(I)-catalyzed
asymmetric ring-opening (ARO) of meso-oxabicyclic alk-
enes 1 (Scheme 1).7,8 Thus, awide variety of trans-tetralins 2
were readily prepared with a high level of regio- and
diastereoselectivity (>99:1) using numerous amine nucleo-
philes. Excellent ee’s (up to 99% ee) were also achieved
when the achiral ligandDPPFwas replacedby the Josiphos-
type ligand PPF-PtBu2. Subsequent hydrogenation of these
tetralins 2 delivered the required substrates for the intra-
molecular FC alkylation study.9

We first investigated the conversion of the racemic
tetralin 3 into the hexahydrobenzophenanthridine 4

(Table 1). Although AlCl3 was the best Lewis acid (LA)
to undergo the intermolecular FC alkylation when stirred
in dichloromethane (DCM),5 in the case of the intramole-
cular substrate 3, only moderate yields were achieved
(Table 1, entries 1 and 2). Performing the reaction in

nitromethane (MeNO2) instead of DCM gave similar
results (Table 1, entries 3 and 4). Interestingly, the use
of iron(III) as LA, previously reported by Beller and co-
workers,1h showed the best results. Indeed, treatment of
tetralin 3with 2 equiv of FeCl3 3 6H2O inDCMat 60 �C for
24 h provided the desired product in 95% yield (Table 1,
entry 5). Pure cis-hexahydrobenzophenanthridine 4 was
obtained without further purification, and its relative
stereochemistry at the ring junction was confirmed by
NMR 1H NOE experiments. Finally, diminishing the
number of equivalents of LA only led to the recovery of
the startingmaterial (Table 1, entry 8).Coordination of the
LAwith the amine and/or with the eliminated watermight
consume the LA, making the use of an extra equivalent of
LA necessary.

With these results in hand, we next explored the scope
of the reaction, varying first the substituents on the
aromatic ring of the tetralin (Table 2). Of primary
importance, all cis-hexahydrobenzophenanthridines
6�12 were prepared with a high level of diastereo- and
enantioselectivity regardless of the steric and/or elec-
tronic effects (Table 2, entries 1�4). Furthermore, no
loss of ee was observed after both hydrogenation and
FC alkylation steps. The lower yield observed in the case
of the dimethoxytetralin 7 can be explained by the
higher reactivity of the substrate, thus leading to the
formation of side-products under the standard reaction
conditions (Table 2, entry 2).10 Noteworthy is that the
difluorotetralin 9 was readily converted into the desired
cis-hexahydrobenzophenanthridine 10 (Table 2, entry 3).
Another interesting result is the fully substituted

Figure 1. Pharmaceutically active compounds used in the
treatment of psychiatric and neurological disorders.

Scheme 1. Rh(I)-Catalyzed ARO of meso-Oxabicycles

Table 1. Optimization Studies

entry Lewis acid equiv solvent temp (�C) yielda (%)

1b AlCl3 2 DCM rt 45

2 AlCl3 2 DCM 60 56

3 AlCl3 2 MeNO2 rt 32

4 AlCl3 2 MeNO2 60 54

5c FeCl3 36H2O 2 DCM 60 95

6d FeCl3 36H2O 2 MeNO2 60 0

7d FeCl3 36H2O 2 dioxane 60 0

8d FeCl3 36H2O 1 DCM 60 0

aYield of pure product obtained after column chromatography and
stirring the reaction for 24 h. bReaction stirred only for 4 h. cCrude
yield, no purification needed. dNo conversion, only starting material
recovered.
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cis-hexahydrobenzophenanthridine 12 which was iso-
lated in 79% yield and 98% ee (Table 2, entry 4).

Substrates bearing substituents on the meta-position of
the reacting aryl were then investigated (Table 3).While the
desired methyl- and chloro-substituted products 14 and 16

were prepared in good yields and excellent regioselectivities
(Table 3, entries 1 and 2), the less sterically hindered fluoro-
and methoxyhexahydrobenzophenanthridines 18 and 20

were generated in 96% and 91% yields but as para:ortho
mixtures (85:15 and 72:18, respectively, Table 3, entries 3
and 4). It is important tomention that the lower ee observed
in the case of product 16 resulted from the reduced ee we
obtained at theRh(I)-catalyzedAROreaction using the less
nucleophilic primary amines as coupling partners.

In addition, the use of heteroaryls was examined
(Scheme 2). Though the thiophene substrate 23 was easily
transformed into the desired cis-product 24 in 78%yield,11

onlydecompositionwasobserved in the case of the furan 21.

To further expand the scope of the reaction, substitutionat
the benzylic position was investigated (Table 4). To this end,
racemic branched amines were used for the Rh(I)-catalyzed
ARO reaction, leading to the formation of diastereoisomeric
mixtures. The diastereoisomers were separately subjected to
the hydrogenation step to give compounds (S)-25 and (R)-25
which were readily converted into the corresponding cis-
hexahydrobenzophenanthridines (Table 4, entries 1 and 2).
Treatment of compound (R)-27 with R4 being an ethyl
delivered the desired product (R)-28 in 83% yield (Table 4,
entry 3). To our delight, the reaction proceeded with diaster-
eotopic face differentiation, as cis-hexahydrobenzophenan-
thridine (R)-30 was produced as a single diastereoisomer
starting from substrate 29 (Table 4, entry 5).12

Interestingly, thepresenceof suitableprotectinggroups for

the amine functionality was also tolerated under the reaction

conditions (Table 5). Amines protected by a methyl, an

acetate, or a tosyl group delivered the desired products

32�36 in yields up to 99% (Table 5, entries 1�3). However,

when a Boc or a Cbz group was used, no formation of the

desired cis-hexahydrobenzophenanthridines 38 and 40 was

observed (Table 5, entries 5 and 6). Instead, carbamate 41

was repeatedly isolated in high yields (Figure 2).

Table 2. Scope of the Reaction Varying R1 and R2 Groups

entry substrate R1, R2 product yielda (%), ee (%)

1b 5 H, H 6 99, 98

2c 7 OMe, H 8 59, 92

3 9 F, H 10 88, 98

4 11 Br, Me 12 79, 98

aYield of pure product after column chromatography. bCrude yield,
no purification needed. cAlCl3 was used as LA.

Table 3. Scope of the Reaction with Varying R5 Group

entry substrate R5 product yielda (%), rs (p:o),b, ee (%)

1c,d 13 Me 14 99 (>95:5)

2 15 Cl 16 88 (>95:5), 74

3c,d 17 F 18 96 (85:15)

4d 19 OMe 20 91 (72:28)

aYield of pure product after column chromatography. bRegioselec-
tivity (rs) para:ortho relative to the new C�C bond formed. cCrude
yield, no purification needed. dNo ee determined as no suitable condi-
tions could be found to achieve a desired peaks separation.

Scheme 2. Intramolecular FC Alkylation with Heteroaryls

Table 4. Scope of the Reaction with Varying R4 Group

entry substrate R4 product yielda (%), ee (%)

1b,c (S)-25 Me (S)-26 99

2 (R)-25 Me (R)-26 91, 76

3c (R)-27 Et (R)-28 83

4 29 Ph (R)-30 85, 78

aYield of pure product after column chromatography. bCrude yield,
no purification needed. cNo ee determined as no suitable conditions
could be found to achieve a desired peaks separation.

(11) No ee could be determined as no suitable conditions could be
found to achieve a desired peak separation.

(12) The stereochemistry of compounds (S)-26, (R)-26, (R)-28, and
(R)-30 was confirmed by NMR 1H NOE experiments.
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Finally, we examined the chemoselectivity of the reac-
tion (Scheme 3). Substrates presenting two different aryl
groups were synthesized. While perfect chemoselectivity
was obtained in the case of the electron-poor substrate 44
(the neutral phenyl ring being the only one reacting),
formation of a complex mixture was observed for the
electron-rich substrate 42 (Scheme 3, product 45a vs
products 43a, p-43b, and o-43b). In addition, moderate
chemoselectivity was achieved when one phenyl ring was
replaced by a thiophene.13 However, introducing a
n-propyl group at 4-position of the thiophene drastically
enhanced the chemoselectivity of the reaction as com-
pound 49b was isolated as a single isomer in 80% yield.14

Initial mechanistic studies suggested that the reaction
could proceed via the formation of a stabilized intermedi-
ate carbocation species. Indeed, treatment of both syn-48
and anti-48 compounds in the presence of FeCl3 3 6H2O
furnished the same cis-product 49b.15 Further investiga-
tions to probe the mechanism of the reaction are currently
underway.
In conclusion, we have developed a new and efficient

route to substituted cis-hexahydrobenzophenanthridines
starting from tetralin systems. The initial Rh(I)-catalyzed
ARO step establishes the regiochemistry and the relative

and absolute stereochemistry of the tetralins. Subsequent
FC alkylation of the hydrogenated tetralins delivers the
desired cis-hexahydrobenzophenanthridines in high yields
and diastereoselectivities. Of primary importance, no loss
of enantioselectivity is observed under the reaction condi-
tions. Thus, numerous tetracyclic products presenting
various substitution patterns have been prepared, making
this methodology very useful for the rapid synthesis of
analogues.
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Table 5. Scope of the Reaction with Varying R3 Group

entry substrate R3 product yielda (%)

1 31 Me 32 99

2b 33 Ac 34 78

3 35 Ts 36 49

4c,d 37 Boc 38 0

5d 39 Cbz 40 0

aYield of pure product after column chromatography. bAlcohol
functionality was also protected by an acetate group. cReaction stirred
at rt. dCorresponding side product 41 was isolated in 94% yield
(see Figure 1).

Figure 2. Isolated side product starting from Boc- and Cbz-
protected amines.

Scheme 3. Chemoselectivity of the Reaction

(13) AlCl3 was used as Lewis acid.
(14) The reaction was carried out in dioxane at 80 �C for 20 h.

(15) Substrate syn-48 was prepared via an oxidation�reduction
sequence starting from anti-48.


