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Homoallylic alcohols (primary, secondary, or tertiary containing an endocyclic or an exocyclic double
bond) react with equimolar amounts of aldehydes (aliphatic or aromatic) and ketones (aliphatic) in
the presence of 5 mol % of iodine. This Prins cyclization was used in the preparation of hexa-
hydrobenzo[f]isochromenes and of a 4-hydroxy-tetrahydropyran, in 54–81% yield. The procedure is also
efficient for an aza-Prins cyclization of a homoallylic sulfonamide and benzaldehyde, producing a
hexahydrobenzo[f]isoquinoline.

� 2009 Elsevier Ltd. All rights reserved.
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Hydropyrans are the core of several compounds with biological
activity.1 Among them are included hexahydrobenzo[f]isochrom-
enes, such as the biologically active populene D.2a Their aza ana-
logues, that is, hexahydrobenzo[f]isoquinolines, are CNS active.2b,c

The Prins cyclization constitutes one of the most efficient and
widely used methods to diastereoselectively obtain hydropyrans.3

Thus, Prins cyclization was employed in the key step of several to-
tal syntheses of natural products.4 Moreover, this reaction has been
used in macrocyclizations,4c,d and in cascade reactions, such as
Mukayama Aldol Prins4e and Pinacol Prins.4g A highly used ap-
proach to perform Prins cyclization is the reaction of a homoallylic
alcohol with a carbonyl compound in the presence of a Brønsted or
a Lewis acid (Scheme 1). The described protocols have at least one
of the following limitations: (i) The use of stoichiometric amounts
(or excess) of acids,5a,b of transition metal salts,5c or of an additive,
such as TMSCl;5e (ii) The homoallylic alcohol or the aldehyde is
used in excess;4a,5,6 (iii) The reaction requires anhydrous condi-
tions and/or inert atmosphere;4,5 and (iv) only aldehydes can be
used as the carbonyl component.6

Iodine is a readily available, non-toxic, cheap, and easily manip-
ulated reagent.7 Prins cyclization can be induced by treating alde-
hydes8 or ketones6a with 2 equiv of homoallylic alcohols bearing
an exocyclic double bond, in the presence of 1 equiv of I2. Aza-Prins
cyclizations9 can also be induced by I2 in the presence of GaI3, pro-
ducing piperidines.9e Herein, we describe that new hexa-
hydrobenzo[f]isochromenes can be obtained through a novel
protocol for the Prins cyclization, which uses 5 mol % of iodine
and equimolar amounts of homoallylic alcohols and carbonyl com-
pounds (aldehydes and ketones). Anhydrous conditions and inert
ll rights reserved.

: +5511 3815 5579.
atmosphere are not required. To the best of our knowledge, the
Prins cyclization has never been performed with homoallylic alco-
hols bearing an endocyclic double bond and using catalytic
amounts of I2.

We have been investigating the reactivity of homoallylic alco-
hols, such as 1, with Tl(III) salts for several years.10 These 3-alke-
nols led to rearrangement products when primary and secondary
alcohols were used as substrates.10a,c Tertiary ones give rearrange-
ment products or fragmentation products, depending on their
d2-1 d2-2 (36%) d4-3 (22%)

Scheme 2.



Table 1
I2-promoted Prins cyclization of 1 and p-anisaldehydea

O

Ar
1

4 (cis:trans = 2:1)

I2, 4-MeO-C6H4CHO
CH2Cl2, rt, 2 h

O

Ar
+

Entry p-anisaldehyde (equiv) I2 (equiv) Yield of 4 (%)

1 2.3 1.1 54b

2 2.1 0.5 71c

3 1.0 0.2 81
4 1.0 0.05 75
5 1.0 0 —d

6 1.0 HTIB (0.05) 26
7 1.0 DIB (0.10) —d

8 1.0 TsOH (0.10) 24

a Ratio determined by NMR. Relative configuration assigned by NOESY.
b Aldehyde recovered: 31%.
c Aldehyde recovered: 67%.
d No reaction.
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structure.10b For all substrates investigated, the cyclization product
has never been isolated. In an effort to produce cyclic ethers from
1, we decided to study its reaction with I2. Treatment of this homo-
allylic alcohol with I2, in the presence of NaHCO3 gave the naphtha-
lene analogue 2 and the hexahydrobenzo[f]chromene 3, respec-
tively (Scheme 2). The compound 2 would be formed from an
overall 5-endo-trig iodocyclization,11 followed by aromatization.
The formation of 3 intrigued us due to the incorporation of an addi-
tional CH2 unit. The fragmentation of homoallylic alcohols has
been observed with I2,11d Pb(IV),12a,b Tl(III),10b,12c,d and other halo-
gens.12f Based on that, we envisioned that 3 would be originated by
an I2-induced fragmentation of 1, generating formaldehyde and
other products. The formaldehyde would react with another mole-
cule of 1, forming 3 via an iodine-promoted Prins cyclization reac-
tion (Scheme 3).6a,7f,g,8 To support the mechanism, the deuterated
compound d2-1 was subjected to the same conditions. Analogously
to 1, d2-2 and d4-3 were obtained (Scheme 2).

Inspired by the formation of 3 from 1, we decided to investi-
gate the generality of such Prins cyclization. First, the reaction of
1 and p-anisaldehyde was carefully studied. The use of 1.1 equiv
of I2 and excess of p-anisaldehyde (2.3 equiv) gave the compound
4 as a mixture of diastereomers (cis:trans = 2:1) in 54% yield and
31% of the aldehyde was recovered (Table 1, entry 1). Reducing
the amount of I2 to 0.5 equiv produced 4 in 71% yield in a more
clean reaction (entry 2). Reacting 1 with an equimolar amount of
aldehyde and with 0.2 equiv of I2 led to 4 in 81% yield (entry 3).
With only 5 mol % of I2, the yield was 75% (entry 4). Without I2, 1
was recovered after 20 h (entry 5). The reaction of HI and HOI,
which are formed in the reaction medium, gives I2 and H2O,
explaining the catalytic use of I2. The iodine(III) reagents PhI(O-
H)(OTs) (HTIB) and PhI(OAc)2 (DIB) were tested. HTIB produced
4 in 26% yield (entry 6), whereas DIB failed to give the desired
product (entry 7). Using TsOH, 4 was formed in 24% yield
(entry 8), suggesting that the Brønsted acid character of HTIB is
responsible for the reaction and not the presence of
the I(III) atom. In summary, the best condition for the Prins cycli-
zation of 1 is using 5 mol % of I2 and an equimolar amount of
aldehyde. This protocol was employed to study the scope of
the reaction.

When benzaldehyde was reacted with 1 and 5 mol % of I2, 5 was
obtained as a mixture of diastereomers (cis:trans = 8:1), in 77%
yield (Table 2, entry 1). Under similar conditions, 4-nitrobenzalde-
hyde afforded 6, as a single diastereomer in 68% yield (entry 2). Io-
dine induced the depolymerization of paraformaldehyde and
subsequently the Prins cyclization of the formaldehyde formed
in situ with 1, affording 3 in 54% yield (entry 3). Acetaldehyde gave
7, in 78% yield (entry 4). The relatively hindered t-BuCHO led to a
mixture of 8 and 9 (3:2) in 65% yield (entry 5).
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The results of Table 2 can be explained by the following mech-
anism. Two pathways are possible from the oxonium intermediate
10. If a transition state like 11 occurs, the carbocation 12 would be
formed, leading to cis-4–8. Otherwise, the less stable transition
state 13 would lead to 14, that produces the compounds trans-
4,5. The transition state 13 is more energetic than 11 because of
the repulsive interaction between the Me group and H10.10a The en-
ergy of the oxonium 10 presumably increases along the series
R = 4-MeO–C6H4, Ph and 4-NO2–C6H4. The formation of the trans
diastereomers is disfavored as the energy of 10 increases. Never-
theless, when R = t-Bu in 12 or 14, H1 is lost, producing 9 that
has a different pattern of insaturation than 8, formed by the exit
of H4a (Scheme 4).

After studying the Prins cyclization of various aldehydes, we
investigated the behavior of ketones. Acetone reacts with 1 in
the presence of 5 mol % of I2 leading to 15 in 76% yield. The cyclic
ether 15 was obtained in gram scale and has a structure analogous
to Populene D2a (Scheme 5).

The Prins cyclization of 1 and the cyclic ketones cyclo-penta-
none, -hexanone, and -heptanone proved to be efficient in the
preparation of the spiro compounds 16–18 in 67–77% yield, show-
ing that ring size has minor influence over the reaction (Table 3).

Once the Prins cyclization of 1 with different carbonyl com-
pounds was successfully performed, we check if other homoallylic
alcohols could be used. First, the influence of steric effects on the
alcohol moiety was investigated. Thus, the tertiary alcohol 19
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Table 2
Reaction of 1 and aliphatic and aromatic aldehydesa

Entry Aldehyde Productb (yield)

1 PhCHO

O

Ph

5 (77%, cis:trans, 8:1)

O

Ph
+

2 4-NO2C6H4CHO

O

6 (68%)
NO2

3 (CH2O)n

O

3 (54%)

4 MeCHO

O

7 (78%)

5 t-BuCHO

O

8

O

9

t-Bu t-Bu
H+

(65%, 3:2)

a Aldehyde (1.0 equiv), I2 (5 mol %), CH2Cl2, 2 h.
b Ratios obtained by NMR. Relative configuration of compounds 5–8 assigned

comparing their NMR data to those of 4. Relative configuration of 9 assigned by
NMR.
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Table 3
I2-Catalyzed Prins cyclization of cyclic ketonesa

Entry Ketone Product (yield)

1

O O

16 (77%)

2

O O

17 (74%)

3

O O

18 (67%)

a Conditions: ketone (1.0 equiv), I2 (5 mol %), CH2Cl2.
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was subjected to the reaction with PhCHO. Analogously to the
reaction of 1 and t-BuCHO, a mixture of 20 and 21 (2:1) was ob-
tained in 70% yield. We also tested the reactivity of a homoallylic
alcohol with an exocyclic insaturation. To this end, we selected
the monoterpene (�)-isopulegol (22), which was reacted with p-
anisaldehyde in the presence of I2, furnishing a mixture of 23
and 24 (5:1),13 which are formed by the addition of H2O to the car-
bocation 25 (Scheme 6). The favored formation of 23 over 24
agrees to Alder’s rule.14 It is important to mention that the Prins
cyclization of 22 does not occur through a benzylic carbocation,
as the other examples.

Considering that the I2-catalyzed Prins cyclization was effi-
ciently carried out, we decided to study the analogous aza version.
The protocol was tested for the sulfonamide 26 and benzaldehyde.
Unfortunately, even after 6 days, 5 mol % of I2 was unable to pro-
duce 27. However, 20 mol % of I2 gave 27 in 60% yield. The forma-
tion of the trans diastereomer is favored in the aza-Prins,
contrasting with the Prins cyclization (compare Table 1 and
Scheme 7). The analogous transition states of 11 in the aza-Prins
cyclization would be the iminiums E-27 and Z-28, which would
lead to trans-27 and cis-27, respectively. The steric interactions be-
tween Ar and Ts in Z-28 would decrease the formation of cis-26.
The crowded transition state also explains the longer reaction time
observed for the reaction of 26, when compared to 1 (72 vs 2 h).
The aza-Prins cyclization of an analogous homoallylic amine and
aldehydes and ketones was described using anhydrous TFA as sol-
vent. Compound 27 is analogous to CNS active isoquinolines.2b,c

In conclusion, an iodine-catalyzed method for the Prins cycliza-
tion was developed. The reaction tolerates different carbonylic
O
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HO
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compounds and homoallylic alcohols, which were used in equimo-
lar amounts. Furthermore, the aza-Prins version occurs under anal-
ogous conditions. Thus, an expeditious entry toward new
hexahydrobenzo[f]-chromenes and hexahydrobenzo[f]isoquino-
line has been disclosed. Additional studies for these Prins and
aza-Prins cyclizations are being developed in our group.
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