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ABSTRACT

Prins cyclization of bis-homoallylic alcohols with aldehydes catalyzed by iron(III) salts shows excellent cis selectivity and yields to form
2,7-disubstituted oxepanes. The iron(III) is able to catalyze this process with unactivated olefins. This cyclization was used as the key step in the
shortest total synthesis of (þ)-isolaurepan.

Seven-membered oxacycles (oxepanes) are a common
structural unit present and widespread in many bioactive
marine natural products.1 The common structural features
are the 2,7-disubstituted oxepanes, with different halide
atoms at the side chains in the case of the simplerLaurencia
acetogenin metabolites (Figure 1),2 or being part of highly
complex natural compounds such as the marine polycyclic
toxins.3

The development of newmethodologies to gain access to
this type of oxacycle has steadily increased in recent years
mainly focusing on two major strategies of cyclization:
through C�C and C�O bond formation.4 However

simple, direct construction of oxepanes is not an easy task.
Ideally, such methodology should use accessible starting

Figure 1. Some representative lauroxepanes and (þ)-isolaure-
pan, the fully saturated core of (þ)-isolaurepinnacin.
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materials, achieving stereochemical control (usually cis) of
the (R,R0)-substituents adjacent to the oxygen atoms.
With our research group’s experience in the synthesis of

oxacycles of various sizes,4f we now focused on developing
a simple and directmethodology to gain access tomedium-
size-ring oxacycles in a sustainable metal catalysis con-
text,5 using nontoxic, abundant, and biologically relevant
iron(III).6 We decided to use Prins cyclization,7 in the
direct synthesis of oxepanes considering the fewprecedents

found in the literature.8 The seminal work of Overman

et al. was based on the indirect cyclization of mixed acetals

derived from silyl activated 4-alken-1-ols and promoted

by an excess of Lewis acid.9 Herein we report studies of

Prins cyclization, with unactivated olefins, in the direct

synthesis of oxepanes and its utility in the total synthesis of

(þ)-isolaurepan.
Prins cyclization of 4-alken-1-ol (1, R1 = H) and iso-

valeraldehyde was initially performed in dry CH2Cl2
using stoichiometric amounts of FeCl3. The desired all
cis-disubstituted oxepane 3a was obtained in 56% yield
contaminated with 41% of the monosubstituted tetra-
hydrofuran (THF) 5a (Table 1, entry 1). The oxepanes
3b and 3c were obtained exclusively, without the presence
of the corresponding THFs, usingmore hindered aldehydes
(Table 1, entries 2 and 3).
Next, we tested this cyclization using secondary bis-

homoallylic alcohols (1, R1 6¼ H) under the same reaction
conditions (Table 1). The all cis-2,4,7-trisubstituted oxe-
panes were obtained as the major compounds (Table 1,
entries 6�10, 3f�3j). Again, with a hindered aldehyde as
pivalaldehyde, the oxepane 3g was formed exclusively in
good yield (Table 1, entry 7). At this point, we had very
good overall yields from the cyclization process but with
high yields of THF derivatives (Table 1, 5b�5g). There-
fore, we applied our previously described catalytic system
formed from iron(III) salts and trimethylsilyl chloride in
the synthesis of oxepanes (Table 2).6c

To our delight, the application of such a catalytic system
to the Prins cyclization led, with very good yields, to the
mixtures of oxepanes (3 and 4) without the presence of
THFderivatives 5 (Table 2).With bis-homoallylic alcohols
1, the iron sources FeCl3 and Fe(acac)3 catalyzed the

cyclization, affording, in both cases, a mixture of cis-2,7-
dialkyl-oxepanes differing in the stereochemistry of the

Table 1. Prins Cyclization of Oxepanes Using Stoichiometric
Amounts of Iron(III) Chloridea

entry R1 R2

yieldd

(3)(%)

yieldd

(5)(%)

1 H i-Bu 3a, 5a 56 41

2 H c-C6H11 3b 60 0

3 H t-Bu 3c 70 0

4 H n-C6H13 3d, 5b 32 37

5 H CH2=CH(CH2)2 3e, 5c 15 21

6 n-C6H13 i-Bu 3f, 5d 42 33

7 n-C6H13 t-Bu 3g 75 0

8 n-C6H13 CH2=CH(CH2)2 3h, 5e 43 37

9 CH2Ph i-Bu 3i, 5f 63 35

10 CH2Ph CH2=CH(CH2)2 3j, 5g 45 42e

aReaction conditions: 1 (1.0 mmol), R2CHO (1.1 mmol), and FeCl3
(1.0 equiv) in dry CH2Cl2 (10 mL) at rt in an open atmosphere for 15 h.
bThe cis stereochemistry of the oxepanes was assigned by NOE experi-
ments. cThe relative stereochemistry of the THFs was determined by
NMR studies on 5g (see the Supporting Information (SI)). dYields
of products after purification by silica gel column chromatography.
eReaction time was 3 h; otherwise the final products are decomposed

Table 2. Iron(III)/TMSCl System Catalyzes the Direct Synthesis
of Substituted Oxepanesa

entry R1 R2

FeCl3
yieldc

(%)

Fe(acac)3
yieldc

(%)

ratiod

(3:4)

(%)

1 H i-Bu 3a,4a 99 85 55:45

2 H c-C6H11 3b,4b 99 92 73:27

3 H t-Bu 3c,4c 75 60 72:28

4 H n-C6H13 3d,4d 80 80 58:42

5 H CH2=CH(CH2)2 3e,4e 40 70 59:41

6 n-C6H13 i-Bu 3f, 4f 90 85 60:40

7 n-C6H13 t-Bu 3g,4g � 90 67:33

8 n-C6H13 t-Bu 3g,4g 90 � 71:29

9 n-C6H13 CH2=CH(CH2)2 3h,4h 90 85 58:42

10 CH2Ph i-Bu 3i,4i 95 95 56:44

11 CH2Ph CH2=CH(CH2)2 3j,4j 95 97 60:40

aReaction conditions: 1 (1.0 mmol), R2CHO (1.1 mmol), and FeCl3
(0.1 mmol)/TMSCl (1.1 mmol) in dry CH2Cl2 (10 mL) at rt in an open
atmosphere for 15 h. bThe relative stereochemistry of the oxepanes was
assigned by NOE experiments (see the SI). cYields of products after
purification by silica gel column chromatography. dThe ratios were
determined by 1H NMR spectroscopy.
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Cl-atom at C-4. Prins cyclization of 4-alkenol and isova-
leraldehyde led to a 55:45 mixture of substituted oxepanes
(3a/4a) with excellent yield (Table 2, entry 1).The yields are
very goodwith both iron(III) sources, being slightly higher
with FeCl3. However, Fe(acac)3 shows better results with
aldehydes bearing functionalized groups as double bonds
when R1 = H (Table 2, entry 5). It should be emphasized
that the excellent yields obtained with functionalized alde-
hydeswith both iron(III) sources (Table 2, entries 9 and 11)
led theway toother functional groups. Prins cyclization led
to 60:40 mixtures of oxepanes 3/4 except when a bulky
aldehyde was used (Table 2, entries 2, 3, 7, and 8).10

It must be noted that, from a synthetic point of view, the
absence of stereochemical control at the Cl-substituted
carbon is not a limitation for the effective synthesis of the
oxepane ring. The Cl-atom can be easily removed, yielding
a single cis-2,7-disubstituted oxepane. To test the stereo-
chemical behavior of the process and advance further
synthetic applications, we decided to explore this cycliza-
tion using enantiomerically enriched secondary bis-homo-
allylic alcohols (Scheme 1).
Prins cyclization with the commercially available

(S)-hex-5-en-2-ol (6) and isovaleraldehyde led to oxepanes
7 in excellent yield using both iron(III) sources, FeCl3 and
Fe(acac)3. The oxepane 8was obtained in 85%yield after a
subsequent dehalogenation reaction using n-Bu3SnH and
AIBN. We observed parallel results starting from the
corresponding enantiomer of the bis-homoallylic alcohol
6 (Scheme 1). The overall yield to generate enantiomeri-
cally enriched cis-2,7-disubstituted oxepanes was in the
76�83% range.

With all these data in hand, we concentrated our efforts
toward the total synthesis of (þ)-isolaurepan using the de-
scribedPrins cyclization as the key reaction step (Scheme 2).
We planned this synthesis from the enantiomerically

enriched bis-homoallylic alcohol 10 incorporating the
n-hexyl group which was obtained in one step. Regio-
selective ring opening of the known epoxide (�)-911 with
allyl magnesium bromide in the presence of CuI afforded
the desired 10 in 90% yield (>99 ee).12

Prins cyclization of 10 with butyraldehyde was per-
formed under standard reaction conditions, usingFe(acac)3
as the iron(III) source,13 to generate the desired oxepane 11
in 95%yield.14A final dehalogenation step led to formation
of (þ)-isolaurepan ([R]D25=þ1.5 (c 0.97, CHCl3)) in 90%
yield. From the enantiomerically enriched epoxide 9, we
have accomplished the shortest and most efficient total
synthesis of (þ)-isolaurepan with a 77% overall yield.15

Furthermore with this total synthesis, we have shown that
the cyclization proceeds without a loss in enantiopurity.
To gain insight into the reaction mechanism, mechan-

istic oriented experiments were performed. We propose
that the reactionof the secondary bis-homoallylic alcohol 1Scheme 1. Synthesis of Enantiomerically Enriched

cis-2,7-Disubstituted Oxepanes

Scheme 2. Total Synthesis of (þ)-Isolaurepan through the Prins
Cyclization
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andanaldehyde 2 catalyzedby ferric chloride generates the
oxocarbenium ion 12, which can also be generated from
the acetal 13 which was isolated and characterized.16 The
intermediate 12 evolves to the corresponding oxepanes 3
and 4 via the carbocation 14, explaining the ratio between
the oxepanes 3 and 4. THFs 5 and 17 could be generated
from the corresponding bicycles 15 and 16 (Scheme 3).

However, we have only observed oxepanes 3 and 4

and THF 5 as products of this reaction and suspected
that oxepane 4 was being transformed into the THF 5

(Tables 1 and 2).
Next, to confirm that the trisubstituted oxepane 4 is

transformed into THF 5, we decided to run a Prins cycliza-
tion using the commercially available bis-homoallylic
alcohol 6 enantiomerically enriched. We used 1.0 equiv
of iron(III) chloride to obtain the THF ring in addition
to the oxepane rings (Scheme 4). All the products were
isolated and fully characterized.16

Theoxepane 7-ciswas stable upon treatmentwith catalytic
amounts of iron(III) chloride during 24 h at rt (Scheme 4).
However, treatment of the oxepane 7-trans under the condi-
tions mentioned above afforded a mixture of the THF 18

with the startingoxepane7-trans (Scheme4).Longer reaction
times led exclusively to the THF 18 as the final product.17

All these experimental results show the bicycle 15 as an
intermediate to the THF 5 and support the mechanistic

proposal of Scheme 3.18 In the oxepane 4, the oxygen of the
ether participates in a transannular cyclization through
an SN2 due to the optimal spatial requirement with the
Cl-atom (internal angle O�C�Cl, 166.7�), leading to 15.
The leaving group nature of the Cl-ion is enhanced by
coordination with FeCl3. The attack of the chloride to the
carbon adjacent to the oxonium, with R2 as the substitu-
ent, led to the thermodynamically more stable THF 5.
In the case of bulky substituents at this position (R2 =
c-C6H11 and t-Bu) this attack is unfavorable, with the pres-
ence of THF 5 undetected (Table 1, entries 2, 3 and 7).
However, in the oxepane 3, the transannular cyclization is
unfavorable because the oxygen and chlorine (internal
angle O�C�Cl, 141.7�) did not meet the spatial require-
ment to form the bicycle 16 and therefore the tetrahydro-
furan 17.
In summary,we successfully developed an efficient Prins

cyclization of bis-homoallylic alcohols with aldehydes
catalyzed by iron(III) salts. The reaction provides a direct
entry to cis-2,7-disubstituted oxepanes with excellent yields.
Using this approachas akey step,weperformed the shortest
and most efficient total synthesis of (þ)-isolaurepan, thus
demonstrating the value of this methodology which uses
unactivated olefins. The suitable experiments allowed us to
propose a rational mechanism in the synthesis of 2,7-
disubstituted oxepanes.
We have developed a general and useful route to the

synthesis of a wide variety of functionalized cis-2,7-disub-
stituted oxepanes. Further application of this methodology
to the total synthesis of natural products (more complex
oxepanes) and computational studies are underway.
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Scheme 3. Mechanistic Proposal in the Synthesis
of 2,7-Disubtituted Oxepanes Catalyzed by Iron(III)

Scheme 4. Experiments Performed to Contrast the Mechanistic
Proposal
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