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ABSTRACT: Here we present a polycyclization of oxotriphenylhex-
anoates. The polycyclization is governed by electronic effects, and three
major synthetic paths have been established leading to stereochemically
complex tricyclic frameworks with up to five stereogenic centers. The
method is compatible with an array of functional groups, allowing
pharmacophoric elements to be introduced post cyclization.

Morphine,1 paclitaxel,2−4 strychnine,5 or polycyclic
terpenes6,7 are some examples of natural polycyclic

products containing a complex ring system with several
stereogenic centers. Polycyclic compounds are interesting
because they encode a high degree of molecular information
that often makes them selective for a particular biological
target. Additionally, polycycles, with a limited number of
conformational states, suffer from less entropic loss in ligand
binding, making them theoretically more potent binders.8

Therefore, construction of polycycles is a highly relevant
objective in natural product synthesis and medicinal chemistry
research.9−13 However, generally synthesis of polycycles is
difficult and requires multistep synthesis.1−5,14−16 As a
consequence most approaches are time-consuming and cost
prohibitive, hampering true biological evaluation and, in the
end, commercialization.17

A way to circumvent synthetic difficulties is to mimic nature
and construct a stereospecific polycyclization event where
several bonds are set in one step.18,19 One early example is the
biomimetic polycyclization of progresterone reported by
Johnson and co-workers.20 In their strategy, a polyolefinic
substrate undergoes a stereospecific cyclization cascade to give
the core four carbocyclic rings of progesterone. Since then, a
number of cascade polycyclizations in natural product
synthesis21,22 have been designed relying on dearomatizarion-
driven,23 pericyclic,24−32 cationic,33−40 metal-catalyzed,41−48

and radical cascades.49−58 Inspired by these strategies, we
began investigating the possibility for cyclizing the oxotriphe-
nylhexanoate (OTHO) core. The OTHO is made in a
diastereoselective highly modular multicomponent reaction
providing a molecular core with two vicinal aryls oriented in an
anti-relationship (Figure 1 top).59−62 Furthermore, the OTHO

is in principle set up for several potential cyclizations with
nucleophilic and electrophilic centers distributed five or six
carbons apart normally optimal for cyclizations (such as the
Dieckmann condensation between the α-carbon of the ketone
and the ester) (Figure 1). However, we envisioned a design
strategy that would start with initial formation of a six-
membered ring through an intramolecular Friedel−Crafts-type
addition of Ar3 on the aromatic ketone (red arrow) followed
by elimination of the tertiary alcohol to yield olefin 5. In the
next step the double bond undergoes a sequential Lewis
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Figure 1. Design plan: two-step synthesis of complex polycycles from
readily available starting materials.
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activated acylation/aromatic addition to give polycyclic
compound 3 (Figure 1 bottom). To evaluate this hypothesis
the study commenced with initial screening of different Lewis
acids for the cyclization of 1a. While most Lewis acids were
inefficient in promoting the transformation (see ESI) BBr3 (1
equiv) proved to be the only productive Lewis acid delivering
carbocycle 2a via a Dieckmann condensation in 65% yield
(Table 1, entry 1). At a higher loading of BBr3 (3−5 equiv), a

cascade of cyclizations took place and tricycle 3a could be
isolated in 68−70% yield (entries 2 and 3). The fastest
reaction and highest yield of 3a (75%) was observed when 10
equiv of BBr3 was used (entry 4). The reaction performs best
in chlorinated solvents, and chloroform can also be used as a
reaction solvent (entry 5).
With our optimized conditions in hand, we first tested the

efficiency of the domino reaction on a larger reaction scale. It
was shown that the cyclization of 1a in 1 mmol scale
proceeded with just a small loss of efficiency and the
corresponding product 3a could be isolated in 72% yield
(compared to 75% in standard 0.25 mmol reaction scale)
(Figure 2). With these results in hand, the scope was explored.
First, we examined the effect of substituents on Ar3 (Figure 2).
To probe the compatibility with steric bulk, methyl groups
were installed on all position of Ar3 in OTHO 1. It can be seen
that Ar3 can be substituted on all positions to deliver tricycle 3
in generally excellent yield. For instance, methyl-substituted 3b
can be isolated in 75% yield (which corresponds to 91% per
bond formed). The most difficult substrate in the series was 1d
with o-Me on Ar3. The low yield (30%) can be explained by a
steric effect exerted by the Me in the ortho position and/or that
only one of two possible aromatic carbons are available for
bond forming. Halogen substituents are also tolerated, and
chloro and bromo derivative 3f and 3g can be isolated in good
yield (68% and 61%). Investigating the availability of the Ar2
shows a similar trend with methyl-substituted tetracycles 3h, 3i
and 3j isolated in 47%, 51%, and 74% yield, respectively. For
Ar1, both electron-rich and electron-poor substituents are
tolerated. For instance, catechol derivative 3n could be isolated
in 42% yield. In this transformation the BBr3 plays two roles,
promoting the polycyclization and deprotection of the
dimethylated catechol starting material. Ar1 halogens are also
tolerated, and compounds 3o, 3p, 3q, and 3r can be isolated in
52%, 48%, 42%, and 63% yield. In the case of the latter tricyclic

compounds dihydrochrysenone derivatives (4q−r) were
isolated as side products. In the case of cyano (1s) and
pyridinyl (1t) derivatives dihydrochrysenones 4s−t were the
only products that could be isolated. The rest of the reaction
mixture consisted of unidentified decomposed starting materi-
al.
Mechanistically, this finding pointed toward that there are

several reaction pathways operational which are under
aromatic electronic control. Monitoring the reaction on a gas
chromatograph, equipped with a flame ionization detector
(GC−FID), showed that, as the OTHO was consumed, there
was a buildup of an intermediate that in turn was consumed as
the reaction progressed (Figure 3A, yellow line). Stopping the
reaction prematurely at 10 min made it possible to isolate the
intermediate, and we could determine the structure to be
cyclohexene derivative 5. Intermediate 5 could also be

Table 1. Lewis Acid Mediated Cyclization of 1a

entry reagent solvent
time
(h)

conversion
(%)

yield of 2a/3aa

(%)

1 BBr3 (1 equiv) DCM 16 80 65/0
2 BBr3 (3 equiv) DCM 16 100 0/68
3 BBr3 (5 equiv) DCM 16 100 0/70
4 BBr3 (10

equiv)
DCM 10 100 0/75

5 BBr3 (5 equiv) CHCl3 16 100 traces/50
6 BBr3 (5 equiv) MeCN 12 100 −/−

aIsolated yield. Reactions were carried out on 0.25 mmol scale of 1a
in a solvent (3 mL) in a sealed reaction vessel at rt.

Figure 2. Scope of BBr3-mediated polycyclization of OTHO.
Reactions were carried out on a 0.25 mmol scale of 1 in DCM (3
mL) in a sealed reaction vessel at rt. (a) 1 mmol scale reaction yield.
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observed in the reaction mixture by NMR (see the Supporting
Information). To confirm the notion that 5 is the true
intermediate product in the cyclization of 1a intermediate 5
was subjected to 10 equiv of BBr3 to provide 3a in 51% yield.
These observations lead us to propose the following reaction
mechanism (Figure 4). The reaction starts with an intra-

molecular Friedel−Crafts-type addition of Ar3 on the ketone
(blue reaction arrow) followed by elimination of the tertiary
alcohol to yield olefin 5 which can be followed by NMR. In the
next step we propose a BBr3 activated acylation/aromatic
addition to the double bond to yield the final compound 3.
This is the general reaction pattern and occurs for compounds
3a−r. However, with electron-poor Ar1 the reactivity is
drastically shifted with the double bond less prone to react
with the ester. Instead an aromatic acylation occurs on Ar2
(red reaction arrow) forming the dihydrochrysenone deriva-
tives (4q−s), whereas, when 2 was subjected to 10 equiv of
BBr3 no reaction could be observed (Figure 3B). This finding
clearly demonstrates that 2 is not an intermediate in the
synthesis of 3.
The attentive reader notices that only halogens in the meta

position on Ar3 are represented in Figure 2 (entries 3f and
3g). The introduction of electron-withdrawing groups on the
aromatic ring in the para and ortho position converts the
OTHO into a totally different cyclic compound. This was clear
after isolation as the 13C NMR was lacking the carbonyl peak.
At first the structure of the unknown new product was puzzling
considering the very strong effect that was achieved by the
placement of the halogen in the starting material (meta vs para
compare entries 3f, 6b and 3g, 6d). But after solving the
structure by NMR and confirming that structure with single-
crystal X-ray diffraction of compound 6b we could conclude
that we have a new tricyclic compound having two bridgehead
bromo-atoms. The yield for carbocycle 6 is generally good
considering that five new bonds are being formed in this one-

pot transformation and as a single stereoisomer. The scope was
investigated, and the trend is that, as long as an electron
withdrawing group is present para or ortho on Ar3 carbocycle 6
will form (Figure 5). For instance, OTHOs with a halogen

substituted ortho or para on the aromatic ring will cyclize
readily to form compound 6a−f in yields ranging from 46−
76% yield. Electron withdrawing ester group will also cyclize to
give derivative 6g in 35% yield. Interestingly, Ar3 methoxy
substituted OTHOs also form carbocycle 6h. This is
counterintuitive considering that the methoxy group through
electron donation should facilitate the nucleophilic attack on
the ketone in the first step. However, this might be an effect of
BBr3 complexing the methoxy group or OH rendering it
slightly electron poor thus facilitating the somewhat off-route
reaction pattern. Notably, functional groups such as catechol,
phenol (entries 3n and 6h) and aromatic carboxylic acid, the
later easily derived from 4s or 6g, are common pharmaco-
phores providing a step-economical approach to potentially
active pharmaceutical ingredients.
Mechanistically, we propose that the formation of 6 starts

with a Friedel−Craft acylation occurring through a doubly
BBr3 activated ketoester. In the first step a reaction between
the more reactive nonsubstituted aromatic ring “2” and ester
group leading to the formation of tetralone II occurs. Next a
boron-mediated enol addition to the aromatic carbonyl forms
carbocycle III. Following the reaction on GC shows that an
intermediate builds up over time and reaches a maximum after
200 min (see ESI). We believe that this intermediate is
derivative III, indirectly verified by NMR after prematurely
quenching the reaction forming unsaturated olefinic species IV
(Figure 6). In the next step, bromine is introduced through a
BBr3 promoted substitution reaction to form V. The slightly
larger equatorial bromo substituent forces the aromatic ring
closer to the carbonyl and facilitates the attack on the ketone
to render the final annulation (VI). Finally, 6 is formed
through a BBr3 assisted substitution.63 Other domino
halocyclizations using boron trihalides have been reported in
for instance indene functionalizations64 and polycyclic
aromatic hydrocarbon synthesis.65

Figure 3. (A) Kinetic plot for the cyclization of 1a. (B) Possible
intermediates.

Figure 4. Plausible mechanism scheme for the polycyclization of
OTHO leading to derivatives 3 and 4.

Figure 5. Scope of derivatives 6. Reactions were carried out on 0.25
mmol scale of 1 in DCM (3 mL) in a sealed reaction vessel at rt.
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The versatility of above prepared derivatives was demon-
strated in the following sequence of transformation on
dibromo derivatives 6. We showed that 6 could be
orthogonally functionalized using the combination of radical
and cross-coupling chemistry (Figure 7). Accordingly, treating

6f with allylmagnesium bromide in the presence of silver
nitrate gave the corresponding bis-allylated product,66 which in
turn was directly used in a palladium-catalyzed Suzuki cross-
coupling reaction67 yielding the doubly functionalized
compound 7 in 42% yield, over two steps, as a single
diastereomer. Interestingly, the formation of radicals on the
carbon framework does not seem to cause any fragmentation,
suggesting that other radical reactions might also be suitable
for functionalizing the dibromo-scaffold.
In summary, a straightforward, step-economical route to

complex tricyclic molecules with up to five stereogenic centers
is presented. The BBr3 promoted stereoselective domino
polycyclization relies on easily accessible starting materials
(OTHOs) and is compatible with a range of modular aromatic
substituents. A systematic investigation of the aromatic
substitution pattern of the OTHOs shows that the cyclization
is under aromatic electronic control directing the cyclization
reaction to either tricyclic molecule 3 or bridgehead dibromo
derivative 6. Both types of compound classes are difficult to
prepare by any other known methodologies and can potentially
be used to position functional groups in space vital, for
instance, in the design of biologically active compounds. Lastly,
we have also been able to show the possibility of subsequent
transformations of polycycles demonstrating the synthetic
utility of the protocol.
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