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Abstract: The relative stability of the
intermediates involved in the alkyne
Prins cyclization and the competitive 2-
oxonia-[3,3]-sigmatropic rearrangement
was studied. This rearrangement was
shown to occur slowly under typical
alkyne Prins cyclization conditions
when the allenyl oxocarbenium ion
that results from the rearrangement is
similar to or higher in energy than the

formal 2-oxonia-[3,3]-sigmatropic rear-
rangement may be disfavored by desta-
bilizing the resultant allenyl oxocarbe-
nium ion or by stabilizing an intermedi-
ate dihydropyranyl cation. The trime-
thylsilyl group as a substituent at the
alkyne  and  electron-withdrawing
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zation - rearrangement - silanes

groups (CH,CI and CH,CN) located at
the a-position to the carbinol center
are shown to be effective. DFT calcula-
tions suggest that these substituents
stabilize the dihydropyranyl -cations,
thus leading to a more uniform reor-
ganization of the electronic density in
the ring, and do not have a direct
effect on the formally positively
charged carbon atom.

starting alkynyl oxocarbenium ion. The

Introduction

During the past two decades the Prins cyclization has
emerged as a powerful tool in the synthesis of tetrahydro-
pyran rings.'! This methodology uses homoallylic alcohol®
or homoallylic acetals® to generate an oxocarbenium ion as
an intermediate to give the corresponding tetrahydropyran
ring and has been applied to the synthesis of natural prod-
ucts.”! While this reaction shows great potential in organic
synthesis, two deleterious problems have been reported: a
mixture of products and racemization.”!

Several authors have reported mechanistic studies that
show that the oxonia-Cope rearrangement is the main com-
petitive process in the Prins cyclization (Scheme 1).17 A de-
tailed study, including factors that modulate these competi-
tive processes, was recently reported by Rychnovsky and co-
workers.[® ¥ The Prins cyclization of alkynes with homopro-
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Scheme 1. Prins cyclization and oxonia-Cope rearrangement.

pargyl acetals has also been reported, but this methodology
has attracted much less attention.!”

We recently described the alkyne Prins cyclization be-
tween homopropargyl alcohols and aldehydes in the pres-
ence of inexpensive, environmentally friendly, stable iron-
(IIT) halides to obtain 2-alkyl-4-halo-5,6-dihydro-2H-pyrans
6 (Scheme 2).¥ Trying to extend this study, we explored this
methodology for the synthesis of 2,6-disubtituted dihydro-
pyrans with secondary homopropargyl alcohols. However,
the treatment of pent-4-yn-2-ol and 3-methylbutanal in the
presence of iron(IIl) chloride led to unsaturated (F)-p-hy-
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Scheme 2. Synthesis of 2-alkyl-4-halo-5,6-dihydro-2H-pyrans.
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droxyketone 9 and (E)-a,p-unsaturated ketone 10 in a 2.5:1
ratio and 65% yield, without any trace of the expected
Prins-type cyclic product 11 (Scheme 3).”)
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Scheme 3. Coupling of secondary homopropargyl alcohols and aldehydes
catalyzed by iron(III) halides.

The addition of secondary homopropargyl alcohols to al-
dehydes promoted by ferric halide generates the oxocarbe-
nium ion 13, which undergoes a 2-oxonia-[3,3]-sigmatropic
rearrangement to give allenolate 15. Further intramolecular
1,3-oxygen transposition generates the unsaturated enolate
16. Protonation or a subsequent coupling reaction with a
suitable aldehyde leads to compounds 17 or 18, respectively
(Scheme 4). Thus, the course of the reaction (rearrangement
or Prins cyclization) depends directly on the stability of the
species involved, namely, 13 versus 14.
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Scheme 4. Proposed mechanism for the addition of secondary homopro-
pargyl alcohols to aldehydes.
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One of the factors that affects the relative stability of the
sigmatropic isomers of this rearrangement is the nature of
the R* group. Thus, when the bulkiness of R* is increased
from methyl to cyclohexyl, the Prins dihydropyran was ob-
tained as the major product. However, this is a particular
case that does not permit full control over the sigmatropic
rearrangement versus alkyne Prins cyclization. Recently, we
reported that the presence of the trimethylsilyl (TMS)
group at the triple bond (R*=SiMe;) of secondary homo-
propargyl alcohols favors the alkyne Prins cyclization and
minimizes the 2-oxonia-[3,3]-sigmatropic rearrangement as a
competitive alternative pathway (Scheme 5).1"! This cycliza-
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Scheme 5. Silyl alkyne Prins cyclization with silylated secondary homo-
propargyl alcohols and aldehydes.

tion is highly stereoselective and affords cis-dihydropyran as
the only isomer. The presence of the silyl group at the
alkyne moiety is essential to achieve the reaction because
when the acetylene unit is substituted with a methyl group
the process is inhibited. In addition, the size of the substitu-
ent at the silicon atom is also a critical factor. For example,
when the triple bond bears a triisopropylsilyl group instead
of TMS, the reaction does not take place.

Herein, we describe the different factors that control the
alkyne Prins cyclization. We provide evidence that the rela-
tive rate of the formal 2-oxonia-[3,3]-sigmatropic rearrange-
ment versus alkyne Prins cyclization depends on the type of
substituents at the homopropargyl alcohol. The difference in
energy between the initial cations and the product of the
oxonia Cope rearrangement increases upon incorporating
electron-withdrawing groups. In addition, we show that
TMS and electron-withdrawing groups stabilize the dihydro-
pyranyl cation intermediate by reorganizing the electronic
density of the six-membered ring and not by its direct effect
on the positively charged carbon atom.

Results and Discussion

Control of the alkyne Prins cyclization versus the sigmatrop-
ic rearrangement: The relative stability of intermediates 13
and 14 (Scheme 4) is the key factor to consider, inasmuch as
it can favor the Prins reaction or the corresponding domino
process. Therefore, we decided to perform theoretical calcu-
lations at the B3LYP/6-31G(d) level for simplified struc-
tures!'! with a trimethylsilyl group at the triple bond (25 to
27) and compared the results of these studies with our previ-
ous results from compounds 22-24, 28, and 29.1°! The rela-
tive energies obtained from these calculations are summar-
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ized in Figure 1. As reported before, the silyl dihydropyranyl
cation 23 is 7.7 kcalmol " less stable than its open form and
is protected from ring-opening by an activation energy of
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Figure 1. Silyl substituent effects on the relative-energy profile of formal
2-oxonia-[3,3]-sigmatropic rearrangements.

Relative Energy (kcal mol-')

1.7 kcalmol ', This rearrangement is an endothermic pro-
cess, thus being less favored than without silicon. Further-
more, the replacement of a silane group with a TMS group
as a substituent results in a less-favored rearrangement.
Thus, the a-trimethylsilyl allenyl cation 27 is 6.4 kcalmol™
less stable than 2§, and the trimethylsilyl dihydropyranyl
cation 26 is 1.2 kcalmol ' more stable than 27.1”

In addition, the stabilities of the B-silyl cyclic vinyl cations
were evaluated in the isodesmic hydride transfer equa-
tion."”! The isodesmic reaction [Eq. (1)] shows that the silyl-
substituted dihydropyranyl cation 23 is 32.7 kcalmol ™!
higher in energy than cation 26.

.9 ; . 9@

MesSi._~ H3Si_~ Me;Si_~ HaSi_~
+ —_— + 1

9] 0] [¢] ¢}

26 23

This stabilization is consistent with our proposed mecha-
nism (Scheme 6), in which the dihydropyranyl cation 31
serves as a branch point in a 2-oxonia-[3,3]-sigmatropic rear-
rangement (30—32) and Prins cyclization (31—21). On the
basis of calculations described above, we surmised that the
generation of a trimethylsilyl dihydropyranyl cation, such as
31, should lead to the alkyne silyl Prins product 21 more
rapidly than the o-trimethylsilyl allenyl cation 32,Y! formed
by the Grob-type ring-opening reaction.™™ Cation 31 could
then be trapped by attack of the corresponding halide, sub-
sequently leading to the alkyne silyl Prins product 21.
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Scheme 6. Proposed mechanism for the silyl alkyne Prins cyclization.

Since the incorporation of a trimethylsilyl group as a sub-
stituent (25-27) favors the Prins cyclization by destabiliza-
tion of the allenic cation 27, we reasoned that similar results
may be obtained by introducing other types of substituent
that destabilize the corresponding allenic cation and conse-
quently accelerate the Prins cyclization.

Based on the excellent work of Rychnovsky and co-work-
ers, ) which showed that stabilizing and destabilizing groups
near the carbinol center also affected the diastereoselectiv-
ity of the Prins cyclization, we decided to study the influ-
ence of electron-withdrawing groups located at the a-posi-
tion of the hydroxy group, such as chloride or nitrile, on the
relative rate of the ring-opening process versus alkyne Prins
cyclization (Table 1). The corresponding secondary homo-
propargyl alcohols used for this study were prepared accord-
ing to a reported procedure!'® and are further documented
in the Supporting Information. Table 1 shows that in secon-
dary homopropargyl alcohols with -electron-withdrawing
groups the alkyne Prins cyclization is a rapid process rela-
tive to the formal 2-oxonia-[3,3]-sigmatropic rearrangement.
The cis-2,6-disubstituted dihydropyran was the main product
with chloromethyl and cyanomethyl substituents, as elec-
tron-withdrawing groups favor the alkyne Prins cyclization
(Table 1, entries 1 and 2, respectively), although the yield
was lower with the cyanomethyl group.

Table 1. Substituent effects on the rate of the Prins Cyclization versus
the formal 2-oxonia-[3,3]-rearrangement.

O
OH R.._ 0O
R CHoCly, 1t X
33 cl
34
Entry Substrate R Product Yield [% ]

1 33a CH,Cl1 34a 68
2 33b CH,CN 34b 35

[a] Traces of noncyclic products through the formal 2-oxonia-[3,3]-sigma-
tropic rearrangement were not detected; the starting materials 33a and
33b were totally consumed.
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DFT calculations: To provide further insight into the ob-
served electronic effects, DFT theoretical calculations at the
B3LYP/6-31G(d) level were performed on simplified struc-
tures. The results of these calculations are summarized in
the energy diagram shown in Figure 2.

Relative Energy (kcal mol-")

Z

£
' ]
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Figure 2. Substituent effects on the relative-energy profile of a formal 2-
oxonia-[3,3]-rearrangement.

It should be noted that we were unable to locate a dihy-
dropyranyl cation intermediate for the alkynyl carbocation
28, thus presumably indicating a concerted pathway to 29 in
an exothermic process (3.2 kcalmol™'; Figure 1). The incor-
poration of cyanomethyl and chloromethyl substituents
shows that both processes are slightly endothermic, thus per-
mitting the dihydropyranyl cations 36 and 39, respectively,
to be detected as intermediate species. A ring-opening pro-
cess from the dihydropyranyl cation 39 to the allenyl cation
40 requires a small activation energy of 0.1 kcalmol™,
whereas ring-opening from 39 to 38 requires 1.0 kcalmol™.
With the cyanomethyl substituent, the process is slightly
more endothermic, but has a very similar energy diagram to
the chloromethyl substituent. This increased energy of allen-
yl cations 37 and 40 (versus 35 and 38 respectively), which
favors the alkyne Prins cyclization, is consistent with our hy-
pothesis and the experimental data of Table 1. However, di-
hydropyranyl cation intermediates 36 and 39 are less pro-
tected from ring-opening (very small activation energy) to
form allenyl cations 37 and 40 than the trimethylsilyl cation
26. These data suggest that the dihydropyranyl cations 36
and 39 are more prone to ring-opening than 26.
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In addition, the isodesmic reaction in Equation (2) shows
that TMS dihydropyranyl cation 26 is 25.7 kcalmol ™' lower
in energy than cation 39. Also, the isodesmic reaction in
Equation (3) shows that the chloride-substituted dihydropyr-
anyl cation 39 is 4.0 kcalmol™' lower in energy than cation
36.

These two isodesmic reactions permit us to order the dif-
ferent dihydropyranyl cations 26, 39, and 36 in decreasing
stability (Scheme 7). Interestingly, such an order is consis-

. ® ® ®
Cl CN

O o) (0]

26 39 36

Scheme 7. Decreasing stability of the substituted dihydropyranyl cations.

tent with the obtained yields in the alkyne Prins cyclization,
as 26 was obtained in the highest yield and 36 the lowest.

Thus, we demonstrated that certain substituents (Me;Si,
CH,Cl, and CH,CN) stabilize the dihydropyranyl cations,
with Me;Si being the most effective. We then turned our at-
tention to the reasons why these substituents stabilize dihy-
dropyranyl cations.

Stability of dihydropyranyl cations: It is now well known
that the silyl group hyperconjugatively stabilizes the inter-
mediate P-carbenium ion. This process is called the f-
effect,'” as discovered by Ushakov and Itenberg in 1937.0'%1
The origin of this effect is more commonly attributed to the
strongly stabilizing interaction between the C—Si bond orbi-
tal and a developing or fully formed empty p orbital of the
carbenium ion at the B-position to the silicon atom.”! The
structure of the postulated intermediate species could be de-
scribed as either a bridged structure I, in which the silicon
atom exploits the ability to expand its coordination, or a [3-
silylated carbenium ion IT (Scheme 8).1*"

.....

Scheme 8. Structure of the postulated species in the (-effect of a silicon
atom in carbocations.

Vinyl cations are especially well suited for the study of 3-
hyperconjugation. The C*=C; bond is shorter than a single
bond and the o bond of a -substituent to the Cg atom is in
the plane of the vacant 2p orbital on the C* atom, thus al-
lowing maximum overlap for hyperconjugation. An NMR
study of several B-silyl vinyl cations, developed by Siehl,*!!
shows hyperconjugative stabilization of the positive charge
by B-silyl substituents (Scheme 9). There are several studies
on cyclic vinyl cations,” but to the best of our knowledge
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Scheme 9. Si—C;; hyperconjugative stabilization in a-aryl-p-silyl vinyl cat-
ions.

none in which the (-silyl effect is considered.” For this
reason, we decided to perform DFT calculations at the
B3LYP/6-31G(d) level on different vinyl cations to observe
the stabilization of the p-trimethylsilyl group with respect to
the positive charge [see the isodesmic reactions in Eqs (4)-

(©)].

® .
/\ + Me3si\/\ —— Me3Si \/(ﬁ\ +

®
MesSi MesSi.__2
OO0 — "0
® . h ®
OO — "0
+
0 o

(@) (9)

N AH = -33.0 keal mol™

Equation (4) shows the stabilizing effect of the -silyl group
in acyclic vinyl cations. Although it is evident that cyclic
vinyl cations are less stable than acyclic analogues,?* the
stabilizing effect of the pB-trimethylsilyl group in cyclic vinyl
cations can be seen from Equations (5) and (6).

Two methods were applied to confirm and analyze the
structures of these cyclic vinyl cations.

1) Atoms-in-molecules (AIM) method: The method® of
using the topology of the electronic charge density o(r) pro-
vides accurate mapping of the chemical concept of atom,
bond, and structure. The nuclear positions behave topologi-
cally as local maxima in p(r). A bond critical point is found
between each pair of nuclei, which are considered to be
linked by a chemical bond. Furthermore, a ring critical point
appears as a consequence of any ring of bonded atoms. A
single-point energy calculation was performed on the previ-
ously optimized geometries by using B3LYPT/6-311+G-
(d,p)//B3LYP/6-31G(d) for all the atoms involved to obtain
the necessary electronic density for AIM analysis. This pro-
cedure showed that the dihydropyranyl and TMS dihydro-
pyranyl cations are stable structures, as shown in molecular
graphs (Figure 3).

Table 2 shows the numerical parameters at the different
bond critical points that correspond to significant bonds in
the cyclic vinyl cation structures.” The six bond critical
points guarantee a ring system with prevailing covalent
bonds, since the covalent interactions are defined by large
electron-charge density values p(r) in the bond region and
negative values of its laplacian of charge density /’0o(r).
However, the C2—C3 and C5-C6 bonds have lower
po(r) values and lesser covalent character (Table 2, entries 3,
4,9, and 10, respectively). The bond ellipticity ¢ a measure
of the shape of the electron-density distribution in a plane

6264 ——
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Figure 3. Molecular graphs that correspond to dihydropyranyl and trime-
thylsilyl dihydropyranyl cations. Small dots in bond paths are the bond
critical points; small dots in the ring are ring critical points.

Table 2. AIM study of dihydropyranyl and TMS dihydropyranyl cations.

9
Entry Bond R o(r) V(7 £ A2y
[ea, ] [ea, ]
1 Cl1—C2 H 0.368 —1.104 0.336 3.629
2 Cl1—C2 TMS 0.380 —1.153 0.220 3.601
3 C2-C3 H 0.201 —0.356 0.056 1.048
4 C2—C3 TMS 0.173 —0.232 0.041 0.882
5 C3—04 H 0.264 —0.386 0.086 0.866
6 C3—04 TMS 0.276 —0.443 0.096 0.901
7 04-C5 H 0.293 —0.386 0.092 0.778
8 04-C5 TMS 0.273 —0.405 0.067 0.855
9 C5—C6 H 0.131 —0.105 0.097 0.721
10 C5—C6 TMS 0.177 —0.262 0.048 0.922
11 C6—C1 H 0.307 —0.867 0.096 2.148
12 C6—C1 TMS 0.289 —0.783 0.050 1.879

through the bond critical point and perpendicular to the
bond, has a range of around p(r)=0.04-0.09 according to
the expected o character (circular electronic distribution) of
these bonds. In the case of bond C1—C2 (Table 2, entries 1
and 2, respectively) these values are greater, therefore show-
ing one m orbital and a double-bond character for this inter-
action.")

The strength of a covalent bond depends on the electron
density shared between the two bonded atoms and is also
associated with the value of p(r). A comparative analysis of
the electron-charge density and the absolute value of select-
ed bond critical points 4,/4; of C2—C3 and C5—C6 shows us
the strength of these bonds between the unsubstituted struc-
ture and the TMS derivative. When R=H, C2—C3 is stron-
ger than C5—C6 (p(r)=0.201 vs 0.131; Table 2, entries 3 and
9, respectively), but the replacement of the hydrogen atom
by the TMS group produces a density reorganization that
leads to similar p(r) values (o(r)=0.173 and 0.177; Table 2,
entries 4 and 10, respectively). Bond C2—C3 becomes stron-
ger and C5—C6 weaker, but both become structurally more
similar, thus reinforcing the ring character of the structure.

Chem. Eur. J. 2008, 14, 6260 —6268
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2) Natural bond orbital (NBO) analysis: In acyclic vinyl cat-
ions with [-silyl groups, Siehl reported the hyperconjugative
stabilization of a positive charge.?!! We performed a NBO
analysis™™ to provide evidence that this stabilization can
occur in cyclic vinyl cations. In this analysis, the electronic
wave function is interpreted in terms of a set of occupied
Lewis orbitals and a set of unoccupied non-Lewis orbitals.
Natural-resonance-theory analysis performed by the
NBO 5.0 program shows that the contribution of the alkyne
resonance structure (45.5%) is greater than the vinyl cation
contribution (23.0%) in the case of the acyclic vinyl cation.
In the cyclic vinyl cation, the alkyne resonance structure
contribution decreases from the TMS cyclohexenyl (19.8 %)
to the TMS dihydropyranyl cation (14.6%), probably as a
result of the angle and torsional strains (ring strains) of the
alkyne function in a six-membered ring (Scheme 10). There-

Se 7
23.0% 45.5%
| |
//S‘% — //Si®©
35.9% 19.8%
G lo
[e) O
30.6% 14.6%

Scheme 10. Si—C;; hyperconjugative stabilization in a-aryl-B-silyl vinyl
cations.

fore, there is less hyperconjugative stabilization of (-silyl
groups in cyclic than acyclic vinyl cations.”®! However, we
did not observe direct stabilization of the cyclic vinyl cation
charge by the TMS group (Table 3; compare entries 1 and 2
with 3 and 4, respectively, in terms of the charge distribu-
tion).

Delocalization effects can be identified from the presence
of off-diagonal elements of the Fock matrix on basis of the
NBO and the strength of these delocalization interactions
can be estimated by the second-order perturbation energies
(donor—acceptor). This analysis is carried out by examining
all the possible interactions between “filled” (donor) Lewis-
type NBOs and “empty” (acceptor) non-Lewis NBOs and
estimating their energy by using the second-order perturba-
tion theory. These interactions lead to donation of occupan-
cy from the localized NBOs of the idealized Lewis structure
into the empty non-Lewis orbitals. Table 3 shows the main
second-order perturbative energy interaction and the bond
order of some selected bonds of the cyclic vinyl cations.

In the first case with the cyclohexenyl cation (Table 3,
entry 1), there is an electron-donating contribution from the
Ocy-c3 and Ocs_c Orbitals towards the p orbital of the vinyl
cation at C1 (p;). The major contribution comes from the
Ocs-cs orbital (51.0 kcalmol ™), thus causing a weakening of
this bond, as can be seen in the bond order (C5—C6: 0.634

Chem. Eur. J. 2008, 14, 6260 —-6268
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Table 3. NBO analysis of cyclic vinyl cations.

Bond order™

Entry Energy interaction!! Charges!®!

[kcalmol ]
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[a] Main second-order perturbative energy interaction. [b] Total (normal)
and covalent bond orders (bold). [c] Main charge distributions.

versus C2—C3: 0.958). The same behavior was observed for
the dihydropyranyl cation (Table 3, entry 2), both o orbitals
contribute to the vinyl cation stabilization, but in this case
the contribution of the o5 4 orbital is even greater than for
cyclohexenyl (59.5%), in which there is an additional inter-
action between the unshared electron pair on the endocyclic
oxygen atom and the gcs ¢ orbital, which is similar to the
well-known anomeric effect.’” This electronic donation
from the endocyclic oxygen atom contributes to raising the
electron density of the o¢s ¢ orbital, thus leading to a more
weakened C5—C6 bond. The total and covalent bond order
of C5—C6 decreases from the cyclohexenyl cation to the di-
hydropyranyl cation, as seen by comparing the total and co-
valent bond orders (Table 3, entries 1 and 2). The C2—C3
bond has a more covalent character than C5—C6 (0.848
versus 0.361, respectively; Table 3, entry 2). For this reason,
the cyclic structure of the dihydropyranyl cation is strongly
allenic in character.

Different behavior was observed in the trimethylsilyl
cyclic vinyl cations as a result of the presence of the sub-
stituent silyl groups. In the TMS cyclohexenyl cation
(Table 3, entry 3), both the o orbitals contribute electrons
towards p; in almost the same order of magnitude as the
Oc,_s; orbital does towards p; (20.8 kcalmol™"). The presence
of the TMS group reinforces the ring character of this
cation, thus leading to an almost equal contribution from
the C2—C3 and C5—C6 bonds, of which the latter is stronger
with greater covalency relative to the cyclohexenyl cation
(Table 3, entry1). In the TMS dihydropyranyl cation
(Table 3, entry 4), there is stabilization of the O¢-¢3, Ocs—cs
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(31.5 and 34.5 kcalmol ™!, respectively), and o¢, s (17.2 kcal
mol ') orbitals and an equal destabilizing interaction be-
tween the unshared electron pairs on the oxygen atom and
the G c; and gcs g orbitals (13.2 and 12.5 kcalmol !, re-
spectively). The TMS group produces a slight weakening of
the C2—C3 bond, thus reinforcing the C5—C6 bond with re-
spect to the dihydropyranyl cation (Table 3, entry 2). The
bond order values of C2—C3 and C5—C6 are almost equal.
Therefore, the cyclic structure is reinforced, thus decreasing
the possibility of the allenic form.

The B-silyl substituents increase the bond order C5—C6 to
make it almost equal to C2—C3 (Table 3, entries 3 and 4).
Furthermore, the presence of the B-TMS group stabilizes
the cyclic vinyl cation by inducing a more uniform reorgani-
zation of the electron density in the ring and not by a direct
effect on the positively charged carbon atom at C1%.

NBO analysis of dihydropyranyl cations with electron-
withdrawing groups at C5, such as dihydropyranyl 39,
showed similar behavior to those cations described above
(Table 3, entry 5). This analysis shows that 03 and Oc¢s_cs
stabilize the p; orbital, an equal interaction between the un-
shared electron pairs on the oxygen atom and the ¢, ¢; and
0*cs_cg Orbitals, with the same electron-density reorganiza-
tion as above. In this case, the chloromethyl substituent at
CS5 produces a similar ring stabilization to the B-silyl groups.
The bond orders of C2—C3 and C5—C6 are almost equal,
which is in agreement with the experimental data of Table 1.

Conclusion

In summary, to control the alkyne Prins cyclization versus
the 2-oxonia-[3,3]-rearrangement the nature of the substitu-
ents in both the homopropargyl alcohol and aldehyde is im-
portant (Scheme 11). In secondary homopropargyl alcohols,
one of the factors that affects the relative stability of the sig-
matropic isomers of this rearrangement is the bulkiness of
the R* group. However, the most important factor is the
presence of groups able to destabilize the resultant allenyl
oxocarbenium ion. Thus, TMS groups at R?* or electron-with-
drawing groups at R! disfavored the allenyl oxocarbenium
ion of the 2-oxonia-[3,3]-sigmatropic rearrangement, thus fa-
voring the alkyne Prins cyclization. However, the substitu-

Bulky groups favored
the cyclization

favoring the cyclization

R' = electron — withdrawing
groups stabilize the intermediate

1
R'._OH o

v Qe
R2 S H CHyX5,
S rt
R® X
R? and R* are not

important to cyclization
when R® = TMS

R3 = TMS favored the cyclization
by stabilizing the dihydropyranyl
cation

Scheme 11. Factors controlling the alkyne Prins cyclization.
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ents at R? and R* have no influence over the control of the
cyclization when R*=TMS. In addition, stabilizing the dihy-
dropyranyl cation intermediate raises the energy of the tran-
sition state for ring-opening and effectively eliminates the 2-
oxonia-[3,3]-rearrangement. Ab initio theoretical calcula-
tions show that the TMS group stabilizes the six-membered
ring structure of the dihydropyranyl cation by reorganizing
the electronic density and not by a direct B-silyl effect over
the positively charged carbon atom.

Experimental Section

General methods and computational data are given in the Supporting In-
formation.

General procedure for a ferric chloride-promoted alkyne Prins cycliza-
tion (Table 1): Anhydrous FeCl; (1 equiv) was added in one portion to a
solution of secondary homopropargyl alcohol (1equiv) and aldehyde
(1 equiv) in dry CH,Cl, (0.1 m). The reaction was concluded after approx-
imately 1 min, quenched by the addition of water with stirring for 10 min,
and the reaction mixture was extracted with CH,Cl,. The combined or-
ganic layers were dried over magnesium sulfate, and the solvent was re-
moved under reduced pressure. This crude reaction mixture was purified
by flash column chromatography on silica gel (eluent: n-hexane/EtOAc).
Preparation of the starting materials and products in Table 1:
1-Chloropent-4-yn-2-ol and 1-cyanopent-5-yn-3-ol: Prepared in a racemic
form following the previously reported procedure. !
cis-4-Chloro-2-chloromethyl-6-cyclohexyl-3,6-dihydro-2H-pyran (33a;
Table 1, entry 1): '"H NMR (300 MHz, CDCl;): 6=5.78 (s, 1H), 3.93 (s,
1H), 3.76 (m, 1H), 3.54 (dd, /=112, 5.7Hz, 1H), 3.44 (dd, /=112,
5.6 Hz, 1H), 2.30 (m, 2H), 1.64 (m, 5H), 1.46 (m, 1H), 1.07 ppm (m,
5H); "CNMR (75 MHz, CDCl;) 6=128.5 (C), 125.3 (CH), 79.5 (CH),
73.6 (CH), 45.9 (CH,), 42.3 (CH), 36.1 (CH,), 28.1 (CH,), 27.6 (CH,),
262 (CH,), 259ppm (2CH,); IR (film): #=2931.4, 1730.9, 1670.4,
1589.5 cm™!; elemental analysis caled (%) for C,,H;sCLO (249.07): C
57.84 H 7.28; found: C 57.85 H 7.64.
cis-2-(4-Chloro-6-cyclohexyl-3,6-dihydro-2H-pyran-2-yl)acetonitrile (34a;
Table 1, entry 2): '"H NMR (300 MHz, CDCl;): 6=5.78 (s, 1H), 3.96 (s,
1H), 3.85 (m, 2H), 2.55 (d, /=5.9 Hz, 2H), 2.29 (m, 2H), 1.65 (m, 5H),
1.43 (m, 1H), 1.07 ppm (m, 5H); "CNMR (75 MHz, CDCl;) 6=127,7
(C), 125.4 (CH), 116.4 (C), 79.5 (CH), 69.3 (CH), 42.2 (CH), 37.4 (CH,),
28.1 (CH2), 27.4 (CH,), 26.1 (CH,), 25.9 (2 CH,), 23.8 ppm (CH,); IR
(film): 7=2931.6, 1731.3, 1673.7, 1599.2 cm™!; elemental analysis calcd
(%) for C;3HxCINO (239.11): C 65.13 H 7.57; found: C 65.13 H 7.87.
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