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ABSTRACT: In this study, the use of terminal cyclopropylsilyl
alcohols in Prins cyclization is reported as a very efficient methodology
for the preparation of polysubstituted tetrahydropyrans, in which three
new stereogenic centers have been created in a single pot. The reaction
is general for a wide variety of aldehydes (alkylic, vinylic, aromatic, or bl
dialdehydes), different types of alcohols, and halogenation agents F :;V
tetrasubstituted tetrahydropyranyl frameworks. Interestingly, diastereo-  prins

providing high yields and excellent diastereoselectivity 2,3,4,6-

meric alcohols provide the same tetrahydropyranyl derivatives, showing
that the reaction mechanism proceeds through common intermediates.

S aturated six-membered oxacycles are important scaffolds
abundantly dispersed in the structure of naturally
occurring compounds." Within the plethora of oxacycles of
varying substitution patterns found in nature, the occurrence of
2,3,4,6-tetrasubstituted tetrahydropyranyl frameworks in rele-
vant bioactive natural products is attracting particular interest.
Among them, clavosolide A, isolated from the marine sponge
Myriastra clavosa, and polycavernoside A® (isolated from red
alga, Gracilaria edulis) are representative examples which
contain a common 2,4,6-cis-3-trans-tetrahydropyranyl moiety
and have a marine origin (Figure 1).

Osugar

Polycavernoside A Clavosolide A

Figure 1. Bioactive natural products containing 2,3,4,6-tetrasubsti-
tuted tetrahydropyranyl frameworks.

Among the various methods developed for the synthesis of
substituted tetrahydropyrans, the acid-mediated intramolecular
condensation of alkenols with aldehydes, known as Prins
cyclization, has been demonstrated as a powerful approach.”*
The reaction implies the addition of a 7-nucleophilic alkene to
an electrophilic oxocarbenium ion, formed in situ, by an endo
cyclization, which affords the desired oxacycle. In order to
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¢ Yields up to 94%
¢ Stereoselectivity >95%
¢ Very short reaction times (<20 min)
¢ Broad scope

Reaction

broaden the versatility of this atom-economy methodology a
variety of nucleophilic and electrophilic components have been
tested. Within the z-nucleophilic component, the use of
alkenyl silanes, as enhanced nucleophiles, has enabled faster
and more selective processes due to the formation of a
stabilized f-silyl carbocation intermediate.® Different 7-
nucleophilic silanes have shown great efliciency for the
selective formation of various sized oxa- and azacycles. In
this field, we have reported both the use of allylsilyl alcohols
for the synthesis of 7- and 8-membered oxacycles’ and
azacycles,® as well as the use of vinylsilyl alcohols for the
preparation of tetrahydropyrans.”'® However, almost no
attention has been paid to the possibilities of cyclopropyl
moieties as highly strained structures in Prins cyclizations.
Within the insignificant number of reports on cyclopropanes
used as 7-nucleophilic components in Prins cyclizations, Yadav
has reported the acid-catalyzed reaction of either 2-
silylmethylcyclopropylmethanols'' or 2-arylcyclopropylmetha-
nols'” with aldehydes to generate the corresponding 2,4,6-
substituted tetrahydropyrans. In both cases, the reaction
mechanism implies an initial dehydration process to give a
stabilized carbocation (either a f-silyl or benzylic carbocation).
Further attack by the aldehyde provides an intermediate
oxocarbenium ion that readilgr undergoes Prins cyclization. In
another example, Shi'® uses 2-(arylmethylene)-
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cyclopropylcarbinol as a convenient aldehyde partner to obtain
disubstituted methylenetetrahydropyrans in moderate to high
yield and good stereoselectivity. In a similar approach, Cha'*
has described the stereoselective preparation of 2,4,6-cis-
trisubstituted tetrahydropyrans from cyclopropanols (Scheme
1). A common drawback of all of these strategies is the very
limited number of compounds reported and the exclusive
access to 2,4,6-substituted tetrahydropyrans.

Scheme 1. Prins Cyclization with Cyclopropyl Alcohols
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Ar., _O._.R
;A RCHO O
a
A\/OH SnCls, 0°C, 1h :
Cl
2,4 ,6-trisubstituted THP
w2 4 examples
I% RCHO \E%
R’ R'
R? = Ar, R3SiCH,
12
S_'B Ph R'=H,Ph s.*Buth
I'bu
2 L. _o_.R
OH RCHO
H TFA (10 iv),-30°C,1.5h S
Ph (10 equiv) PH OH
2,4,6-substituted THP
/<R1 5 examples
1 2
7 “oH R., _O_.R
c) ; ;
R?CHO, TMSOTf R
S U — -L-T=g | T
TMSO -78°Ctort,4h |TMSO R2 ® PN
2,4,6-trisubstituted THP
This work 9 examples
R!
A R! 0. .R?
OH R2CHO &/
d)
PhMe,Si BiCl3 TMSX, 0 °C, 10 min :
X

2,3,4,6-tetrasubstituted THP
46 examples

Considering the few methodologies reported to date on
Prins cyclization with cyclopropanes, their limited scope, and
the sole use of cyclopropylmethanols or ethanols as starting
materials, we decided to study the outcome of this interesting
approach using cyclopropylpropanols in which a silyl group is
bonded to the chain.

The substrate chosen for the initial cyclization studies was
cyclopropylsilyl alcohol 3a, which was readily obtained in two
steps from phenyldimethylallylsilane using the methodology
shown in Scheme 2. Thus, deprotonation of phenyldimethy-
lallylsilane followed by reaction of the corresponding a-silyl
carbanion with methyloxirane gave a mixture of the a- and y-
addition products. After separation of the isomers, allylsilyl
alcohols 1a and 1b were converted (either using Simmons—
Smith or Yamamoto cyclopropanation conditions) into
cyclopropylsilyl alcohols 3a and 3b in good yields.

We then chose cyclopropylsilyl alcohol 3a and (E)-
cinnamaldehyde, as starting materials, to evaluate Prins
cyclization with a variety of Lewis acids in CH,Cl, under
mild conditions. As shown in Table 1, using TMSOTf or BiCl,
as promoters the reaction did not occur or gave complex
mixtures (Table 1, entries 1 and 2), while the reaction
mediated by AICl; or TMSCI mainly provided tetrahydrofuran
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Scheme 2. Synthesis of Cyclopropylsilyl Alcohols

SiMe,Ph
(Lo ,Q @’H «
PhMe,Si PhMe,Si*" PhMe,Si

1a (39%) 1b (32%)

lc
OH
PhMe,Si

3a (70%)

(15%)

3b (60%)

“Reaction conditions: (a) "BuLi (1.2 equiv), TMEDA (1.6 equiv),
THF, 0 °C, 2 h; (b) then methyloxirane, —78 °C, 30 min; (c) Et,Zn
(3.5 equiv), CH,I, (3.5 equiv), CH,Cl,, 0 °C to r.t,, 20 h; (d) Me,;Al
(2 equiv), CH,I, (2 equiv), CH,Cl, 0 °C to r.t, 20 h.

Table 1. Optimization of the Silyl-Prins Cyclization from
Cyclopropylsilyl Alcohols

OH RoHo + R
PhMe,Si ; SiMe,Ph
cl Cl
4f 5f 6
= (E)-PhCH=CH
roduct”
entry Lewis acid (equiv) conditions  4+5:6%  4:5° () ield, %)
1 TMSOTS (1) —78-0 °C,
4h
2 BiCl (0.6) 0°C,3h nr?
3 AlCkL (06) 0°C,2h 991 6 (45)
4 TMSCI (1.2) 0°C,20h 991 6 (60)
S FeCl, (0.6) 0°C,3h  100:0 88:12  4f+5f (58)
6  TMSCI (1.2)/ 0°C, 100:0  94:6 4f (75)
FeCl; (0.1) 20 min
7 TMSCI (1.2)/ 0 °C, 100:0  »95:5  4f (72)
BiCl, (0.1) 20 min

“Determined by NMR analysis of the crude mixture. bIsolated yield.
CM stands for complex mixtures. “n.r. stands for “no reaction”.

6, which is the product of the acid-catalyzed cyclization of 3a
(Table 1, entries 3 and 4). The product of a Prins cyclization
was finally obtained under FeCl; catalysis in moderate yield as
an 88:12 mixture of epimers. Fortunately, the use of either
catalytic BiCl; or FeCl; together with stoichiometric amounts
of TMSCI (as the chloride source) produced high yields of the
tetrahydropyranyl derivative (Table 1, entries 6 and 7). From
both, we chose BiCl;/TMSCI for further studies since under
these conditions a single diastereoisomer 4f was obtained
(Table 1, entry 7).

We then decided to study the scope and generality of this
reaction leading to 2,3,4,6-tetrasubstituted tetrahydropyrans,
using various cyclopropyl alcohols and a broad range of
aldehydes. The results are shown in Table 2.

As shown, the use of either saturated, unsaturated, or
aromatic aldehydes gave good yields of the corresponding
tetrahydropyranyl structures. Substituted aromatic aldehydes
with a variation in both the electronic nature and the position
of the substituent with respect to the aldehyde were tested.
Interestingly para-substituted aldehydes with either electron
withdrawing or electron donating substituents were shown to
be great reaction partners in this process. Moreover, the same
type of substituents at the ortho or meta position were also
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Table 2. Prins Cyclization from Cyclopropylsilyl Alcohols”

R! R! 0. .R?
: ) , R
OH AL ()\/
BiCls, TMSCI, 0 °C, 10-20 min Y
PhMe,Si &
3a,R' = Me 3d,R"=Pr 4
3c,R'=CH,Cl 3e,R'='Bu
N q\/f)h 2 @\Ph
& Cl Cl

a (70%, dr >95:5)  4b (83%, dr >95:5)  4c (70%, dr >95:5)

4d (50%, dr >95:5)

Br CFs ' :
e )
Lg O
&l é| ¢l
41 (71%, dr >95:5) m (77%, dr >95:5)  4n (63%, dr >95:5)

&
4v (69%, dr >95:5)

4u (70%, dr >95:5) CCDC: 2326085

QO

60%, dr 90:10)

cl
KJ%\/W ©/
o] &l

4aa ( 4ab (70%, dr >95:5) 4ac 65%, dr >95:5)

4ad (55%, dr >95:5)°  4ae (74%, dr >95:5)

4af (80%, dr >95:5)°

4ag (45%, dr >95:5)

“Reaction conditions: compound 3 (0.32 mmol), aldehyde (0.39
mmol), BiCl; (0.032 mmol), TMSCI (0.39 mmol), DCM, 0 °C, 10—
30 min. dr was determined by '"H NMR spectroscopy. ’R = Pr. ‘R =
‘Bu.
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tolerated with not significant changes in either yield or
selectivity (40-4q). Noteworthy, the use of alcohol 3¢ (derived
from epichloridrine) furnishes tetrahydropyrans (4aa-4ac)
with two derivatizable groups. The reaction is also compatible
with the presence of very bulky groups in the neighborhood of
the alcohol (3d—e). Excellent diastereoselectivity toward the
formation of a single or very major diasteroisomer was
observed in all cases. The stereochemical assignments were
performed with the help of "H NMR and NoESY experiments.
Definitive confirmation was obtained thanks to the X-ray
crystal structure of compound 4u (Table 2).

To further expand the scope of this efficient methodology,
we examined the reaction using an aromatic dialdehyde that
could undergo either single or double Prins cyclization. To our
delight, under controlled conditions we could obtain, in
moderate vyields, either the product of double Prins'
cyclization or the product of single addition, although in the
last case the acid-catalyzed cyclization of 3a to give 6 was
shown to be a competitive reaction (Scheme 3).

Scheme 3. Prins Cyclization with Aromatic Dialdehydes

@ o—"
/(; BIC|3 ™sCl CDJ\: \p
PhMe,Si 0 °C, 20 min : 2
N 5 Cl' p-CHO, 4w 50%
eq”“’ m-CHO, 4x 35%
H = )
: CHO v 0.l JCHO
OH 4 Bicl, TMSCI ()\/
+ > —_—
PhMe,Si 0°C, 20 min -
(£)-3a CHO o]
B 2.2 equiv p-CHO, 4y 40%, dr >95:5

m-CHO, 4z 51%, dr >95:5

With these promising results in hand, we next decided to
evaluate the effect on the outcome of the process of the relative
configuration of the starting alcohol at the silicon bearing
carbon. Thus, reaction of cyclopropylsilyl alcohol 3b with
either alkylic, vinylic, or arylic aldehydes resulted in the
formation of the same adducts previously obtained with 3a,
which implies that both reaction pathways go through
common intermediates (Scheme 4).

Scheme 4. Influence of the Configuration of the Starting
Alcohol

OH
PhMe,Si*"

3b

RCHO
BiClz, TMSCI, 0 °C, 20 min

Cl
4b, R = PhCH,CH, 85%, dr >95:5
4f, R = PhCH=CH 63%, dr>95:5
4j, R = p-CIPh 70%, dr >95:5

To explain these interesting results, we hypothesize that in
the presence of small amounts of HCI (a byproduct of the
silylation of the alcohol), an initial protodesilylation process
will occur. During this process, the acid-catalyzed opening of
the cyclopropylsilane will take place in a preferred con-
formation where the hydrogen at the stereogenic center
adjacent to the cyclopropane is oriented toward the ring. The
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known preference for an antiperiplanar arrangement between
the silane and the leaving group in elimination reactions would
allow the formation of a f-silyl carbocation stabilized by
hyperconjugation between the C—Si bond and the parallel p
empty orbital. The final loss of the silyl group would then
produce the trans alkene I. Presumably, the configuration of
the distant carbinol will not interfere with this arrangement.
The formation of a single (E)-alkene in this step is interesting,
since previous findings by Wilson et al. have shown that
solvolysis of [ (trimethylsilyl)alkyl]cyclopropanes occurs with a
moderate control of the olefin geometry.'® Further Prins
cyclization of intermediate I, in the presence of the Lewis acid,
would initially provide an (E)-oxocarbenium ion II and then
the tetrahydropyranyl cation III, through a chairlike transition
state in which all the substituents will be equatorial. The final
equatorial trapping of the secondary tetrahydropyranyl cation
will afford the shown compound (Scheme 5).

Scheme 5. Mechanistic Proposal

Ho— H (\ . ol R
PhMe,Si BiCl3, TMSCI :
3aor3b ¢l 4
lAcid Wsm
HO H, @ Et
5 . [ °"rero OQ @ R
AN — > . - o
PhMe,Si LA R
2 ‘\Cle 1 1 I

The formation of intermediate I during the course of this
cyclization was unambiguously confirmed by treating com-
pound 3a with BiCl; and TMSCI for S min. Under these
conditions the reaction mixture y1elded a single compound,
identified as (E)-hept-4-en-2-ol L'” Moreover, when I was
submitted to reaction with butyraldehyde (in the presence of
BiCly and TMSCI) tetrahydropyran 4a was obtained as a single
product (65%, dr > 95:5)

It is important to highlight that within the limited number of
examples detailing the synthesis of 2,3,4,6-tetrasubstituted
tetrahydropyrans through Prins cyclization of homoallylic
alcohols (with an internal double bond similar to I),'® various
challenges have been reported.'”** Notably, none of these
secondary reactions were observed in our cyclization, resulting
in a single 2,3,4,6-tetrasubstituted tetrahydropyran with
excellent chemo- and stereoselectivity and good yield.

We next studied the full potential of this methodology using
a tertiary alcohol 3f, which are not commonly used in Prins
cyclization due to their reduced nucleophilicity and higher ease
of dehydration (Scheme 6).

Scheme 6. Prins Cyclization with Tertiary Alcohol 3¢

0_.R
oH RCHO

BiClz, TMSCI, 0 °C, 20 min

PhMe,Si él
3f 7a, R = PhCH,CH, 85%, dr >95:5
7b, R = PhCH, 56%, dr 90:10
7c,R=PhCH=CH 63%, dr>95:5
7d, R = p-CIPh 40%, dr >95:5
7e, R = p-OMe 60%, dr 93:7

Interestingly, the reaction is effective with either alkylic,
vinylic, or aromatic aldehydes (both electron-rich and electron-
poor) giving moderate to good yields of the corresponding
tetrahydropyrans 7. Moreover, excellent diasteroselectivity is
observed toward the shown isomer.

Finally, to expand the chemical tool box of this process, we
explored the introduction of different halogens at C4.
Interestingly, the use of the appropriate reagent enabled the
introduction of different halides, such as bromide or iodide, at
C4. Thus, treatment of 3a with aldehydes in the presence of
catalytic BiCl; and stoichiometric TMSBr provided the 4-
bromo-tetrahydropyranyl derivatives 8a—g with high efficiency.
Moreover, a reaction on larger scale (300 mg, 1.21 mmol of
3a) using TMSBr and cinnaldehyde was conducted, providing
compound 8b in good yield (235 mg, 63%) and stereocontrol
(>95:5). On the other hand, the best reagent for the
preparation of 4-iodo derivatives was shown to be TMSI in
combination with catalytic BiCl;. The results are shown in
Table 3. For both halides, the cyclization is again general for
various types of aldehydes (alkylic, vinylic, or arylic) and
proceeds in high yield and excellent stereoselectivity toward a
single 2,4,6-cis-3-trans-tetrasusbstituted tetrahydropyran. Inter-
estingly, the formation of only one C4 halogenated
tetrahydropyran, in which the halogen atom is always
transferred from the TMSX reagent, seems to indicate that

Table 3. Prms Cyclization from Cyclopropylsilyl
Alcohols™”

S, O_.R
OH — @/
BiCl3, TMSX, 0 °C, 20 min Y
PhMe,Si X X =Br 8
3a e
X=19
0o O X _Ph

8c (71%, dr>95:5) 8d (78%, dr>95:5) 8e (78%, dr >95:5)
©/CF3
% S
. 8g

r

9a (72%, dr >95:5) 9b (61%, dr >95:5) 9¢ (76%, dr >95:5)
Cl Br.
oL X

9d (72%, dr >95:5) 9e (55%, dr >95:5)

“Reaction conditions: compound 3a (0.32 mmol), aldehyde (0.39
mmol), BiCl; (0.032 mmol), TMSX (0.39 mmol), DCM, 0 °C, 20
min. “dr was determined by 'H NMR spectroscopy.
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BiCl; acts as the Lewis acid and TMSX acts as the external
halogen source.

In conclusion, the use of terminal cyclopropylsilyl alcohols
in Prins cyclization has been shown as a very effective
methodology for the synthesis of 2,4,6-cis-3-trans-tetrasubsti-
tuted tetrahydropyrans. The reaction proceeds in short time,
high yield, and excellent chemo- and stereoselectivity to
provide a single tetrahydropyran for a wide range of alcohols,
aldehydes, and halogenated Lewis acids. Interestingly the
cyclization of diastereomeric alcohols provides a common
tetrahydropyranyl derivative, showing that the reaction
mechanism goes through common intermediates.
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