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Expanding the silyl-Prins toolbox: selective
access to C4-quaternary stereocenters in
tetrahydropyrans using internal cyclopropylsilyl
alcohols
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Our ongoing research into silyl-Prins cyclizations has now provided a promising solution for the stereo-
selective synthesis of tetrahydropyrans bearing quaternary centers at C4. Building on the previous success
with terminal cyclopropylsilyl alcohols, we now demonstrate that internal cyclopropylsilyl alcohols can
also be effectively employed to construct highly substituted tetrahydropyrans. This new approach delivers
products featuring both a quaternary center at C4 and a tertiary center at C6 with excellent stereocontrol.
These findings not only broaden the scope of silyl-Prins cyclization but also establish a general and
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Introduction

The development of new synthetic methodologies for produ-
cing scaffolds of industrial importance is highly valuable.

Many commercially available drugs trace their origins to the
discovery of natural products with important medicinal pro-
perties. Consequently, organic chemists have long focused on
developing rapid and efficient processes to construct these
essential scaffolds."

Another key area that has contributed to the development
of numerous drugs is the generation of libraries of analogues
based on bioactive natural products.>® Some of these deriva-
tives have demonstrated significantly enhanced properties and
have ultimately received FDA approval as new treatments for
human diseases. In this context, a key factor to consider when
selecting the optimal synthetic route to a target compound is
its potential to enable the preparation of a series of analogues
by incorporating different reagents in one of the final steps of
the sequence.

Among the vast array of biologically active natural products,
saturated cyclic ethers have played a crucial role in medicinal
chemistry. Many of these molecules feature polysubstituted tet-
rahydropyrans with one or more quaternary carbons. Notably,
those with quaternary stereocenters at C4 are present in
various natural and synthetic antibiotics of significant rele-
vance, such as spliceostatin K,* a polyketide isolated from
Pseudomonas sp. bacteria with cytotoxic activity against
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efficient strategy for accessing complex oxacyclic architectures with precise stereochemical outcomes.

MDA-MB-231 and A-549 cell lines; kidamycin,” a member of
the pluramycin family isolated from Streptomyces phaeoverticil-
latus which displays potent cytotoxic activity against leukemia
L-1210 as well as antibacterial activity, and oliceridine,® an
opioid agonist approved in 2020 in the USA for the intravenous
treatment of moderate-to-severe post-operative pain, highlight-
ing their importance in drug discovery and development
(Fig. 1).

To solve the synthetic challenges associated with the prepa-
ration of these structurally complex frameworks, different

spliceostatin K

MeoN

N HN oM
\ ©

Kidamycin Oliceridine

Fig. 1 Biologically active tetrahydropyranyl derivatives containing C4
quaternary stereocenters.
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approaches have been devised. One such approach, the Prins
cyclization, has proven highly effective in generating libraries
of substituted oxacycles by simply varying the electrophilic
reagent used in the process.” Furthermore, the versatility of
this method allows for the selective preparation of different
stereoisomers by choosing the appropriate starting materials,
catalyst, or reaction conditions.® Despite these advancements,
challenges remain in this field, particularly in the stereo-
selective synthesis of tetrahydropyrans containing quaternary
centers, particularly at C4.>'® Most reported Prins-type meth-
odologies produce either tertiary stereogenic carbons or sp’
carbons at this position."'* In contrast, strategies for con-
structing quaternary stereocenters at C4—beyond domino pro-
cesses for spirobicycle'® synthesis—are exceedingly rare. Even
among these limited approaches, the majority (with rare excep-
tions)"* yield random mixtures of the two possible epimers at
C4,"'¢ significantly diminishing their practical value for med-
icinal chemistry applications (Scheme 1).

In recent years, our research has focused on developing pro-
cedures for the selective synthesis of various types of substi-
tuted oxacycles'”*® through silyl-Prins cyclization of alkenylsi-
lyl alcohols and aldehydes. This approach has allowed us to
explore new methods for constructing oxacyclic frameworks
with a high degree of control over substitution patterns and
stereochemistry. We have recently introduced an interesting
and nearly unprecedented variant of this approach that
employs terminal cyclopropylsilyl alcohols as the
n-nucleophilic component in the cyclization."® The results
have been compelling, providing a very general methodology
for constructing 2,3,4,6-tetrasubstituted tetrahydropyrans in
which three new tertiary stereocenters have been created with
complete selectivity. By strategically selecting substituents on
the alcohol or aldehyde and optimizing the choice of Lewis
acid, we have successfully synthesized a diverse array of com-
pounds with high efficiency and selectivity.

a) Previous attempts to obtain C4 quaternary THP by Prins cyclization
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b) This work: selective construction of C4 quaternary THP from cyclopropylsilyl alcohols
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up to 95:5dr
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Scheme 1 Prins-type strategies to access tetrahydropyrans with C4
quaternary stereocenters.
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We here present another example of the silyl-Prins cycliza-
tion, where the use of internal cyclopropylsilyl alcohols facili-
tates the efficient construction of polysubstituted tetrahydro-
pyrans featuring a newly created quaternary center at C4, along
with a tertiary stereocenter at C6, with high levels of stereocon-
trol (Scheme 1).

Results and discussion

The starting cyclopropylsilyl alcohols 2a-c were synthesized
following the procedures outlined in Scheme 2. Their precur-
sors, allylsilyl alcohols 1a-c¢, were obtained through two dis-
tinct approaches: (i) treatment of 3-methylbut-3-en-1-ol with
BulLi, generating a dianion that reacts with PhMe,SiCl to form
a disilylated intermediate, which undergoes selective desilyla-
tion with TBAF to afford 1a or (ii) reaction of 2-bromo-3-
phenyldimethylsilylpropene with magnesium, followed by
addition of methyl- or phenyloxirane, yielding 1b and 1c.
Subsequent cyclopropanation of 1a-c efficiently furnishes the
target cyclopropylsilyl alcohols 2a-c in high yields (Scheme 2).

To establish the optimal conditions for the Prins cycliza-
tion, we chose the reaction of cyclopropylsilyl alcohol 2b with
p-chlorobenzaldehyde, using a variety of Lewis acids and con-
ditions. The results are shown in Table 1.

As shown, the reaction mediated by either BF;-OEt, or
TMSOTf provided a complex mixture from which it was
difficult to identify any product (Table 1, entries 1 and 2). The
use of BiCl; or TMSCI afforded the products of Prins cycliza-
tion although in low yield (Table 1, entries 3 and 4). Finally,
the best results were obtained using a mixture of catalytic
BiCl; and stoichiometric TMSCI which, at 0 °C, furnished a
4:1 mixture of tetrahydropyrans 3a and 4a (Table 1, entry 5).
By lowering the temperature to—78 °C, a single stereoisomer
3a was obtained in very good yield (Table 1, entry 6).

With the optimal conditions in hand, we next decided to
evaluate the generality of the process employing cyclopropyl-
silyl alcohols 2a and 2b and a wide variety of aldehydes. The
results are shown in Scheme 3.

1. BuLi, TMEDA, THF

mH 2. PhMe,SiCl N\ /WR
OH

3. TBAF

PhMe,Si

TBr 1. Mg, THF, A /

1a R=H 60%
1b R=Me 45%
1c R=Ph 50%

R
2.7 ., cul
PhMe,Si o Et,Zn, CHaly
3. HgO" DCM, 0°C
_R
PhMe,Si o
€% 2a R=H 85%

2b R=Me 98%
2c R=Ph 65%

Scheme 2 Synthesis of starting cyclopropylsilyl alcohols.
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Table 1 Optimization of the cyclization conditions?

cl,
%/Y R—CHO
A +
OH L. A, conditions
PhMe,Si R (©)
2b R =p-CI-Ph 3a

Yield
Entry Lewis acid T3, time dr’3a:4a (%)
1 BF;-OEt, -78°C,5h CM*
2 TMSOTf -78°C,3 h CM°
3 BiCl, 0°C,7h 73:27 40
4 TMSCI 0°C,24 h 15
5 BiCl, (0.05 eq.)/ 0°C,2h 80:20 59

TMSCI (1.2 eq.)

6 BiCl, (0.05 eq.)/ -78°C,5h 95:5 82

TMSCI (1.2 eq.

<

% General reaction conditions: cyclopropylsilyl alcohol 2b (0.20 mmol,
1 equiv.), p-chlorobenzaldehyde (0.24 mmol, 1.2 equiv.), dry dichloro-
methane (5 mL). ” Determined by NMR analysis of the crude mixture.
¢ CM stands for complex mixture.

As illustrated in Scheme 3, the Prins cyclization of cyclo-
propylsilyl alcohols 2a and 2b with aldehydes proved to be a
very general process, working for either arylic (both electron-
rich and electron-poor), vinylic and alkylic aldehydes. The reac-
tion is high yielding, providing polysubstituted tetrahydropyr-
ans in which a quaternary and a tertiary stereogenic centers
have been created in one pot. Moreover, high levels of stereo-
selectivity towards the formation of a single or very major dia-
stereoisomer were observed in most cases, both for primary
and secondary alcohols (3a-3g, 3m, 3r-3z and 3aa-3ac). The
only deviation from this general trend arises with less reactive
aldehydes, such as aromatic aldehydes bearing electron-donat-
ing groups (3h-31) and vinylic aldehydes (30-3q), which yield
mixtures of epimers at the quaternary center. Notably, the reac-
tion remains compatible with aldehydes featuring ester groups
(3aa, 3ab) and even extends to certain ketones (3ac, 3ad),
demonstrating its broad applicability. The mechanism pro-
posed for this interesting process is depicted in Scheme 4.

An initial acid-catalyzed opening of the cyclopropyl ring,
facilitated by trace amounts of acid in the reaction medium,
generates a stabilized p-silicon cation. This intermediate
readily undergoes evolution via the loss of the silyl group,>®
forming a homoallylic alcohol Ia.*' Subsequent Prins cycliza-
tion in the presence of an aldehyde produces a tertiary tetrahy-
dropyranyl cation, which is ultimately trapped by the Lewis
acid counterion to give the thermodynamically more stable
isomer.””> To assess the plausibility of the proposed mecha-
nism, we examined the reaction of alcohol Ib (analogous to
intermediate alcohol Ia) under the optimized conditions. As
illustrated in Scheme 5, the Prins cyclization of alcohol Ib
yielded the corresponding tetrahydropyranyl derivative 5,
maintaining good stereocontrol although in lower yield.*?

With these promising results in hand, we decided to study
the possibility of introducing other halogens at C4. The optim-
ization process revealed that while the use of equimolar

This journal is © the Partner Organisations 2025
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Scheme 3 Substrate scope in Prins cyclization of internal cyclopropyl-
silyl alcohols 2a and 2b mediated by BiCls/TMSCL.

amounts of BiBr; facilitated the formation of Prins products,
yields and stereocontrol remained low (Table 2, entry 1). As
shown, the best results were achieved using catalytic amounts
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Scheme 4 Proposed mechanism for the Prins cyclization of cyclo-
propylsilyl alcohols.

p-CIPhCHO
BiCl, (0.05 eq)

T
TMSCI (1.2 eq)

b DCM, -78°C, 2 h

5 44% 89:11 dr

Scheme 5 Control experiment.

of BiBr; in combination with equimolar amounts of TMSBr
(Table 2, entry 3).

We then studied the generality of the process by employing
aldehydes with varying electronic properties. The results are
summarized in Scheme 6.

Scheme 6 illustrates the broad applicability of the process.
Again, the reaction proved effective for a wide range of alde-
hydes, including aromatic, vinylic and aliphatic substrates.
Furthermore, high yields and excellent stereoselectivity were
observed in most cases (6a-6d, 6j-6n), favoring the formation
of a single or predominant diastereoisomer. As observed in the
reactions with chlorinating agents (Table 2), a significant

Table 2 Optimization of the cyclization conditions to obtain C4 bromo
derivatives’

R—CHO
OH L. A, conditions

PhMe,Si
2a R =p-CI-Ph 6b 7b
Yield
Entry Lewis acid T2, time dr’ 6b:7b (%)
1 BiBr; (1.2 eq.) -78°C,5h 45:55 30
2 Br, 0°C,6h n.r.
3 BiBr; (0.05 eq.)/ 0°C,1h 90:10 62

TMSBr (1.2 eq.)

“General reaction conditions: cyclopropylsilyl alcohol 2a (0.20 mmol, 1
equiv.), p-chlorobenzaldehyde (0.24 mmol, 1.2 equiv.), dry dichloro-
methane (5 mL). ” Determined by NMR analysis of the crude mixture.
‘n.r. stands for no reaction.
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Br,
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MeO
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6i, R'=H 66% 70:30 dr

Br,

6j, R'=Me 50% 95:5 dr
6k, R'=H70% 90:10 dr

6m, R'=H 84% 90:10 dr 6n, R'=Me 50% 85:15 dr

Scheme 6 Substrate scope in Prins cyclization of cyclopropylsilyl alco-
hols 2a and 2b mediated by BiBrs/TMSBr.

exception arose with less reactive aldehydes which led to epi-
meric mixtures at the quaternary center (6e-6i), deviating from
the otherwise high stereoselectivity of the reaction.

Stereochemical assignments of tetrahydropyranyl deriva-
tives were established using "H NMR and NOESY experiments,
with definitive confirmation provided by the X-ray crystal struc-
ture of compound 7e (Fig. 2).

We concluded by assessing how the arrangement of substi-
tuents on the precursor alcohol affects stereocontrol in the
cyclization process. To this end, we selected a 2-substituted
alcohol (2¢) as a model substrate. Interestingly, cyclization
using either chlorinating or brominating agents, in combi-
nation with aldehydes of varying electronic character, yielded
nearly equimolar mixtures of the C5 epimeric tetrahydropyr-
ans. This outcome suggests that, for this system, the relative
energies of the chair-like transition states are nearly equi-

This journal is © the Partner Organisations 2025
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Fig. 2 X-ray crystal structure of compound 7e; displacement ellipsoids
at 50% probability. H atoms are omitted for clarity. Color key: C (grey), O
(red), Br (orange). CCDC: 2448365.

Ph
] R—CHO
OH L. A, conditions
PhMe,Si
2c 8 9

a) R = p-MePh, X = Cl, 66%, 8a:9a 70:30 dr

b) R =Pr, X =Cl, 70%, 8b:9b 46:54 dr

¢) R = p-MePh, X = Br, 54%, 8c:9¢ 70:30 dr

d) R = PhCH,CH,, X = Br, 70%, 8d:9d 46:54 dr
e) R=Pr, X =Br, 52%, 8e:9e 42:58 dr

Scheme 7 Substrate scope in Prins cyclization of 2-substituted cyclo-
propylsilyl alcohols.

valent, which accounts for the lack of strong stereocontrol in
the cyclization step (Scheme 7).

Conclusions

In conclusion, the methodology presented herein significantly
advances the field of stereoselective tetrahydropyran synthesis
by addressing the longstanding challenge of constructing qua-
ternary centers at C4. Building upon our earlier work with
terminal cyclopropylsilyl alcohols, the use of internal cyclo-
propylsilyl alcohols in silyl-Prins cyclizations has proven to be
a powerful extension of this strategy. This approach enables
the efficient and highly stereoselective formation of complex
tetrahydropyran frameworks bearing both quaternary and ter-
tiary stereocenters. The high level of control over substitution
and stereochemistry achieved in this work offers new opportu-
nities for the synthesis of structurally diverse oxacycles with
potential utility in medicinal chemistry and natural product
synthesis.
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